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Preface to ”Glassy Materials Based Microdevices”

Galileo Galilei, in his book titled Discorsi e Dimostrazioni Matematiche Intorno a Due Nuove Scienze
(in English: Discourses and Mathematical Demonstrations Concerning Two New Sciences) [1],
published in Holland in 1638, when writing “Whereas, if the size of a body be diminished, the
strength of that body is not diminished in the same proportion; indeed the smaller the body the
greater its relative strength” seemed to someway anticipate by more than three centuries the visionary
lecture delivered by Richard Feynman in 1959 titled "There’s plenty of room at the bottom” [2], which
has definitely provided inspiration to many scientists for the field of micro and nanotechnology. The
attempt to understand physical and chemical processes at a smaller and smaller scale, as well as
to produce instruments and devices more and more compact, dates back to the beginning of the
past century, but microtechnology started to become relevant in 1960s, with the first semiconductor
microchips, and exploded in the 1970s with microelectronics.

Glass has been part of the development of microtechnologies since the very beginning; even
in microelectronics, glass films are useful to protect the underlying silicon substrate and conductive
paths in semiconductors and help with device planarization. Glass ceramics have proven to offer a
valid alternative to alumina for microwave integrated circuits. Thin glass substrates may be used in
high density interconnection integrated circuit (IC) packages. Optics and photonics, however, remain
the main field of application of glasses and glass devices, even at a micrometer level: optical fibers,
integrated optical circuits, optical microcomponents, and microresonators are excellent examples of
the capabilities of this material.

Polymers, on the other hand, have been fundamental for the development of a critical step in the
fabrication process of integrated circuits, namely photolithography and electron-beam-lithography.
Moreover, they, too, have found wide application in microphotonics, sometimes competing with
glasses, due to their excellent material properties and usually lower cost both in purchase price and
cost of processing.

Glasses and most of the polymers are substances frozen in a liquid-like structure and are
characterized by a glass transition temperature; from this comes the common definition of glassy
materials. The processing of glassy materials (among others) by ultrashort laser pulses has evolved
significantly over the last decades and has opened new ways to microfabrication; it now reveals
all its scientific, technological and industrial potential. Another revolutionizing technology, first
introduced during the 1980s, is represented by the additive manufacturing or 3D printing (the
former term being more used by engineers, the latter being more common in the media). Almost
all the 3D printing techniques utilize thermoplastic or thermoset polymers as build materials. The
development of 3D printing has introduced a break-through in the computerized fabrication of
complex objects and multifunctional materials systems; the spatial resolution is usually in the range
of tens of micrometers but may go down to a fraction of micron for some materials, like acrylate
polymers. Thus, the prospects for glassy materials are excellent. Both glasses and polymers are
widely used in sensing and biomedical applications; for example, microfluidics and optofluidics,
which are fundamental components of many lab-on-chip architectures, are usually based on etching
(and/or laser processing) of these materials. Glass-polymer hybrid materials represent a novel
frontier allowing significant improvements in properties that are impossible to achieve from classical
materials. Flexible electronics, flexible photonics, metamaterials with extraordinary properties are

being developed also thanks to the combination of glasses and polymers.



This book, which is the printed copy of the Special Issue of Micromachines on Glassy Material
Based Microdevices [3], seeks to collect a set of works on the application of glassy materials to
microdevice fabrication. Characterization and processing of materials are treated, together with the
design and application (especially in microfluidics and in photonics) of glassy microdevices. We hope
that this collection will be useful to both newcomers and researchers in this field.

We would like to thank all the authors and the reviewers who contributed to ensure the quality of
the published papers. The efficient assistance of the editorial office of Micromachines, and in particular

of Ms. Mandy Zhang; is also gratefully acknowledged.
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Glassy materials, i.e., glasses and most polymers, play a very important role in microtechnologies
and photonics. Both are substances frozen in a liquid-like structure and are characterized by a glass
transition temperature. The excellent properties of glasses have made them fundamental for the
development of optical and photonic components, from very large sizes (e.g., telescope lenses) down
to the micrometric scale (e.g., microlenses and microresonators). Polymers, too, generally do not
crystalize but form amorphous solids: their glassy properties are important for many applications
such as nanolithography. This special issue of Micromachines, entitled “Glassy Materials Based
Microdevices”, contains 19 papers (five reviews and 14 research articles) which highlight recent advances
in microdevices and microtechnologies exploiting the properties of glassy materials. Contributions
were solicited from both leading researchers and emerging investigators.

Several of these papers deal with the fabrication, physics and applications of glass and polymer
microspheres, which constitute a very simple but very intriguing type of microdevice. A broad
overview of the smart uses of solid and hollow glass microspheres in the field of energy, from
solar cells to hydrogen storage and nuclear fusion, is presented in the review paper by Righini [1].
Polystyrene microspheres are used in the article by Piccolo et al. to construct a two-dimensional grating
for the development of a low-cost chromatic sensor able to simultaneously determine the vectorial
strain—stress information in the x and y directions [2]. As it is well known, microspheres may also
operate as resonating cavities, where the light is trapped at the surface in whispering gallery modes
(WGM). Yu et al. review the fabrication methods of microspherical resonators using various compound
glasses, including heavy metal oxide glasses and chalcogenide glasses, and present some applications,
e.g., lasing and sensing [3]. The critical issue of the robust coupling of light into a glass microspherical
resonator is discussed in the article by Chiavaioli et al., who present a comprehensive model for
designing an all-in-fiber sensing set-up and validate it by comparing the simulated results with the
experimental ones [4]. Another aspect of light coupling in and out a WGM resonator is examined in
the article by Konstantinou et al., where the implementation of a three-port, light guiding and routing
T-shaped configuration based on the combination of a WGM microresonator and micro-structured
optical fibers is demonstrated [5]. To complete this group of papers, the work by Li et al. illustrates
the potential of an optofluidic hollow microsphere (microbubble) resonator for the highly sensitive
label-free detection of small molecules and drug screening [6].

Microfluidics is fundamental for the development of biomedical sensing and analysis
microsystems. Glass has proved to be a very convenient substrate for microfluidic chips thanks
to its insulating properties, mechanical resistance and high solvent compatibility. The prototyping of
microfluidic devices in low quantities may be time-consuming and expensive; the article by Wlodarczyk
etal. describes a laser-based process that enables the fabrication of a fully-functional microfluidic device
in less than two hours by using two thin glass plates [7]. The femtosecond laser irradiation followed

Micromachines 2019, 10, 39; doi:10.3390/mi10010039 1 www.mdpi.com/journal /micromachines
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by chemical etching (FLICE) technique was used by Italia et al. to fabricate a buried microfluidic
device in a silica substrate; the design was optimized to minimize the diffusive mass transfer between
two laminar flows [8]. The fabrication of glass microfluidic chips by a molding process that requires
only tens of minutes and therefore appears to be a promising method for fast prototyping and mass
production of microfluidic chips is described in the article by Wang et al. [9]. A microfluidic flow
cytometer fabricated in polydimethylsiloxane (PDMS) by using a SU-8 photoresist mold was employed
by Fan et al. for single cell analysis; data about the expression of 3-actin proteins in ~10,000 single
cells were obtained [10].

Precision glass molding and micropatterning technologies are of paramount importance in other
fields, too. Zhou et al. provide a review of the fabrication technique of infrared aspherical lenses and
microstructures in chalcogenide glass through precision glass molding [11]. Micropatterning of metal
substrates, in particular the forming of microdomes on an aluminum substrate, is described in the
article by Kim et al. [12]. The silicon-glass platform is at the base of the MEMS technology, which has
been exploited by Knapkiewicz for the construction of high-vacuum self-pumping cells that are fully
suitable for atomic spectroscopy [13]. The scribing of glass for subsequent dicing may be critical in the
manufacturing of some microcircuits and microdevices; Zhang et al. discuss and experimentally test a
method involving micro-crack-induced severing in order to realize the rapid and precision cleaving of
the hard quartz glass in chip materials [14].

Many microdevices find application in the field of photonics. The paper by Amiri et al.
provides a basic introduction to optical waveguides and to their applications, with special attention
to fiber Bragg gratings for sensing applications [15]. Materials are very important both in
microelectronics and in photonics: Falcony et al. provide an overview of the spray pyrolysis
technique, with the focus on the research work performed in relation to the synthesis of high-K
dielectric and luminescent materials in the form of coatings and powders as well as multiple
layered structures [16]. The sol-gel technique is also extensively used to synthesize optical materials,
especially glassy materials doped with rare earths; in the article by Trejo-Garcia et al., the synthesis
and spectroscopic characterization of Eu**-doped hybrid silica—poly(methyl methacrylate) (PMMA)
material is presented [17]. The photoluminescent properties of rare earth-doped glasses are discussed
in the article by Enrichi et al., with reference to the broadband sensitization effect of Yb3* ions due to the
energy transfer from silver dimers/multimers [18]. Frequency conversion processes, based on efficient
light excitation and re-emission in rare earth ions, may be exploited to increase the performance of
silicon solar cells, and the article by Quandt et al. discusses the modelling of up-conversion processes,
in particular, in the context of solar cell device simulations, showing their potential for the proper
design of new types of highly efficient solar cells [19].

We would like to thank all the authors for their submissions to this special issue. We also thank
all the reviewers for dedicating their time and helping ensure the quality of the submitted papers, and,
last but not least, the staff at the editorial office of Micromachines for their efficient assistance.

Conflicts of Interest: The authors declare no conflicts of interest
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Abstract: It is difficult to cut hard and brittle quartz glass chips. Hence, a method involving
micro-crack-induced severing along a non-crack microgroove-apex by controlling the loading rate
is proposed. The objective is to realize the rapid and precision severing of the hardest quartz
glass in chip materials. Firstly, micro-grinding was employed to machine smooth microgrooves of
398-565 pm in depth; then the severing force was modelled by the microgroove shape and size; finally,
the severing performance of a 4-mm thick substrate was investigated experimentally. It is shown that
the crack propagation occurred at the same time from the microgroove-apex and the loading point
during 0.5 ms in micro-crack-induced severing. The severing efficiency is dominated by the severing
time rather than the crack propagation time. When the loading rate is less than 20-60 mm/min,
the dynamic severing is transferred to static severing. With increasing microgroove-apex radius,
the severing force decreases to the critical severing force of about 160-180 N in the static severing,
but it increases to the critical severing force in the dynamic severing. The static severing force and
time are about two times and about nine times larger than the dynamic ones, respectively, but the
static severing form error of 16.3 um/mm and surface roughness of 19.7 nm are less. It is confirmed
that the ideal static severing forces are identical to the experimental results. As a result, the static
severing is controllable for the accurate and smooth separation of quartz glass chips in 4 s and less.

Keywords: micro-crack propagation; severing force; quartz glass; micro-grinding

1. Introduction

Rolling scribing with a tungsten carbide or polycrystalline diamond (PCD) wheel is widely used
to separate silicate glass substrates without any coolant and material removal. In order to improve the
life of tool micro-tips, a chemical vapor deposition (CVD) diamond roller was developed for scribing
instead of PCD and carbide alloy rollers [1]. Lateral and radial cracks were, however, produced on
severing surfaces due to the mechanical force of mechanical wheel rolling [2,3]. Generally, a follow-on
smooth profile grinding and polishing were needed along with inefficiency and pollution. Recently,
researchers have focused on the crack generation on severing surfaces. From the in-process estimation
of fracture surface morphology, severing surface cracks and breakages were produced during wheel
scribing of a glass sheet [4]. It has been known that the median crack depth decreased with decreasing
loading force, but it still reached about 90 um with the load of 22 N in scribing alumina ceramics [1].
In scribing LCD glass, it reached about 45 um with the load of 5.5 N [2] and about 90 um with the
cutting pressure of 0.16 MPa [3], respectively. Until now, the scribing of harder quartz glass chips has
not yet been reported.

In order to improve scribing performance, vibration-assisted scribing was used to increase the
median cracks for severing [5], but uneven cracks existed on microgroove-apex edges and the severing
surface. It has been reported that laser beams could be used to irradiate the scribing [6-9]. Although
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laser beam irradiation enhanced scribing speed, edge cracks, severing form deviation and the bevel
surfaces were produced [6]. Moreover, the laser irradiation made the mechanical breaking easier
in scribing [7], but thermal damage accumulated at the severing edges. Because the laser scribing
produced micro-cracks and burrs on the machined microgrooves, it led to the cracks and burrs on the
severing surface edge [8]. Although a hybrid of laser beam, water jet coolant and pre-bending were
employed to eliminate the micro-cracks [9], form deviation happened along the beam moving direction.
A picosecond Ultraviolet (UV) laser was also used to induce the scribing of polyethylene terephthalate
films to control the local bending flexibility [10], but it has not yet been applied to severing.

To predict severing force, Filippi first proposed the existence of linear elastic stress fields in the
neighborhood of rounded-tip V-shaped notches [11]. The linear elastic stress was also used to derive
two brittle fracture criteria such as mean stress (MS) and point stress (PS) criteria [12]. Moreover,
these criteria were used to predict compressive notch fracture toughness [13,14]. The minimum fracture
loading of a U-notches plate was introduced by means of MS and PS criteria [15]. In the case of low
and high loading rates, it was found that the loading rate produced little influence on the maximum
load for the V-notch on fracture [16]. However, these workpieces only concerned easy-to-cut polymeric
and metallic materials. Until now, these criteria have not been applied to difficult-to-cut quartz glass
due to the fabrication difficulty of microgroove. Although the fracture of ceramic-metal joint surface
has been divided into static and dynamic states [17], the critical loading rate and force have not yet
been studied in detail.

As for the fabrication of microgroove, laser and etching approaches have been used to fabricate
the microgroove with 7.5 pm and less in depth on Si surface and ceramic cylinder [18,19], but it
was irregular and rough. It would lead to cracks on the severing surface when it was used for the
induced severing. Moreover, the micro-grinding with a sharpened diamond wheel micro-tip may be
employed to fabricate accurate and smooth microgrooves on difficult-to-cut silicon, carbide alloy and
glass surfaces [20], but it has not yet been applied to the crack propagation for precision and smooth
severing of difficult-to-cut materials.

In this paper, a new micro-crack-induced severing with static loading and dynamic loading is
proposed for the crack propagation along an accurate and smooth microgroove-apex. The objective
is to realize rapid and precision severing of difficult-to-cut quartz glass. Firstly, the trued diamond
wheel micro-tip was employed to grind the accurate and non-crack microgroove on workpiece surface;
then the severing force was modelled in micro-crack induced severing by microgroove parameters and
loading rate; finally, severing force, severing time, cracking propagation time, severing form errors
and severing surface roughness were experimentally investigated.

2. Micro-Crack Induced Severing of Brittle Workpiece

Figure 1 shows the stress field model in micro-crack induced severing along a microgroove-apex.
The microgroove is parameterized by height i, angle 8, and microgroove-apex radius r,. Under mode
I'loading condition, oy, 0,9, and o, are tangential stress, shear stress and radial stress, respectively,
and . is critical distance (see Figure 1a) [11]. When the loading force F increases to the critical value
called severing force F, the tangential stress ogg (1., 0) reaches the ultimate tensile strength oy and the
micro-cracks are produced from the microgroove-apex (see Figure 1b). It leads to the crack propagation
along the microgroove-apex.

Figure 2 shows the scheme of micro-crack-induced severing. The working sizes of the workpiece
substrate are given by the thickness W and the width B. The workpiece is supported by two supporting
rods with an interval L. The arc-shaped loading rod is loaded on the upper surface of substrate.
The microgroove-apex is positioned on the opposite side of substrate. The vertical loading direction
aims to the microgroove-apex. The loading rod moved vertically with the loading rate v. When the
loading force F reaches the severing force F,, the micro-crack occurs at the microgroove-apex. It leads
to the severing for the separation of workpiece.
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Figure 1. The stress field model in micro-crack induced severing along a microgroove-apex: (a) the
stress filed components and (b) the critical distances of point stress (PS) criterion.
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Figure 2. The scheme of micro-crack induced severing.

3. Modelling of Severing Force

The elastic stresses were described at the neighborhood of microgroove-apex in polar coordinate
system (see Figure 1a). ry is the distance between coordinate origin O and microgroove-apex.
The critical distances 7." and . are defined from the coordinate origin O and the microgroove-apex,
respectively (see Figure 1b). The ideal severing force F." was described as follows [15]:

3K YL

2B(W — hy)? @

Omax = OnomKi =
where 0'max and 0nom are the maximum stress and the nominal stress at microgroove-apex, respectively.
K; is the stress concentration factor.

At the neighborhood of microgroove-apex under pure mode I loading, the elastic stresses are
described in the polar coordinate system as follows [11]:
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o | VI e |0 o (6)
where the my(0) is expressed as follows:
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The ngy(6) is expressed as:

19(0) . (1+ p1) cos(1 —p1)0 cos(1+ p1)0
np(0) p=——7————— x5 B—p1)cos(l—p1)0 p+xc,q —cos(l+p)0 (4)
1y0(8) g [t (-] (1— 1) sin(1 — )8 sin(1+ 1)

The K;¥"™ is the mode I notch stress intensity factor (NSIF). It is described as follows:

KV,rv _ \4 27-”'01_)”(7max (5)
1 1+ wq

where w; is an auxiliary parameter. They are expressed as follows:
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where g is a real positive coefficient ranging as:
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A1, M1, X1, Xe1 and x g1 are the values of auxiliary parameters for different microgroove angle [11].
Under pure mode I loading, the tangential stress gy (r, 0) from Equation (2) can be written as follows:

B KIVr’v F\ MM
e (r,0) = ;e <5> 199 (0) ©)

Substituting Equation (5) into Equation (9), the tangential stress can be expression as follows:

=M
1+ (%) ngg(O)} (10)

According to PS criterion, the brittle fracture takes place when the tangential stress ogy (7, 0)
reaches critical value o, at specified critical distance [21]. Hence, 7o' (seein Figure 1b) can be expressed
as follows:

1-A
70 "10max

0 = R T )

ri=rc+r (11)
For brittle materials, the critical distance 7. can be written as follows [22]:
1 (Kic\?
I (% 12
e 87 ( oy ) (12)

where Kjc is the material attribute called fracture toughness.
According to Equations (1) and (9)—(12), the ideal severing force F." is deduced as follows:

20, B(W — 1) (1 + w1) (ro + 7o) ™

Fr =
1-) M
3K Lr 1<1 T (1 T ;—0) n99(0)>

[

(13)

In Equation (13), the K; is achieved in the case of the U-notch with 8, = 0 [15], but it was calculated
by the fitting of experimental data in this study. This is because a microgroove with B, > 0 was
employed in micro-crack-induced severing.
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4. Micro-Grinding of Microgroove on Workpiece Surface

Figure 3 shows the micro-grinding of microgrooves on a workpiece surface with a diamond wheel
micro-tip. It was difficult to dress the wheel micro-tip due to its high hardness. Before micro-grinding,
the truing of the #600 metal-bond diamond wheel micro-tip (Changxing technology Co. LTD.,
Shenzhen, China) was performed by the Numerical Control (NC) mutual wearing between the
diamond wheel and the #3800 Green Silicon Carbide (GC) dresser using Computer Numerical Control
(CNC) grinder (Fuyu Machine Tool co. LTD., Zhang Hua, Taiwan) (see Figure 2a) [20]. Finally,
the diamond wheel micro-tip angle a;, was identical to the angle of the NC tool paths. The truing
conditions of the wheel micro-tip are shown in Table 1.

a
\ -~ Micro-tip

Diamond wheel

vz

'd
< (]
w \vf
Micro-tip

v H

)

/A Tool path Dresser

ay v L :
’ Experimental scene
Dresser

(a) The truing of diamond wheel micro-tip

Diamond wheel

Micro-tip -
Y, Diamond wheel 7 Y
Z - '
Workpiece .

Workpiece

ICrOgroove-apex”

Experimental scene
(b) The micro-grinding of microgroove

Figure 3. Micro-grinding of microgroove on quartz glass: (a) the truing of diamond wheel micro-tip
and (b) the micro-grinding of microgroove.

Table 1. The truing conditions of diamond wheel micro-tip.

CNC grinder SMART B818

SD600 (Metal-bond, Grain size: 24 pm),
D =150 mm, w = 4 mm

Dresser #800 GC, Ceramic bond
Tool paths V-shaped symmetrical, « = 60°, 90°, 120°

Diamond wheel

Truing parameters vf= 500 mm/min, N = 2400 rpm, a = 20 um, 2 = 5 mm

Coolant Water

Then, the diamond wheel micro-tip was used to grind a microgroove on the workpiece surface
(see Figure 2b). A quartz glass substrate was chosen as workpiece. The diamond wheel micro-tip angle
a, was equal to the microgroove angle B, [19]. The micro-grinding conditions are shown in Table 2.
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Table 2. Micro-grinding conditions of microgroove on workpiece substrate.

CNC Grinder SMART B818

SD600 (Metal-bond, grain size: 24 um),
D =150 mm, w = 4 mm

Diamond wheel

Workpiece Quartz glass
L v = 500 mm/min, N = 2400 rpm, a = 20 pum,
Grinding parameters Yo = 500 pm,
Coolant Water

5. Experiment and Measurement

Figure 4 shows the experimental setup of micro-crack induced severing. It is based on its working
principle (see Figures 1 and 2). A WDW-05 electronic universal testing machine (Jinan Kason Testing
Equipment Co., Ltd., Qingdao, Shandong, China) was employed to perform the loading and measure
the on-line loading force F. A high-speed camera was used to record the propagation of micro-cracks
during the loading process (see Figure 4). In the experiments, the microgroove angle 5, was set as
60°,90° and 120°, respectively. The loading rate v was set as 5 mm/min, 10 mm/min, 20 mm/min,
60 mm/min, 100 mm/min, 200 mm/min and 300 mm/min, respectively. In order to calculate ideal
severing force F,, the values of the auxiliary parameters such as Ay, #1, X1, Xc1 and xg1 in Equation (13)
were given in Table 3. The mechanical properties of quartz glass were given in Table 4.

Figure 4. The experimental setup of micro-crack induced severing.

Table 3. The auxiliary parameters.

Bo M m Xb1 Xet Xt
60° 0.5122 —0.4057 1.3123 3.2832 0.0960
90° 0.5448 —0.3449 1.8414 2.5057 0.1046
120° 0.6157 —0.2678 3.0027 1.5150 0.0871

Table 4. Mechanical properties of quartz glass.

Property Value
Young’s modulus [GPa] 77
Poisson’s ratio 0.17

Ultimate tensile strength o, [MPa] 50
Fracture toughness Kic [MPa-m®?]  0.81

In order to compare the traditional scribing with the micro-crack induced severing,
an SFT-QG500A glass-cutter machine (Shufeng technology co. Ltd., Shenzhen, China) was employed
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to perform the scribing-and-breaking severing experiments of quartz glass. The rolling scribing
conditions were given by 120° in tungsten carbide wheel V-tip angle, 0.19 MPa in scribing pressure,
1 mm in setting depth and 30 mm/s in scribing speed.

6. Results and Discussions

6.1. Profile of Micro-Ground Microgroove on Workpiece Surface

Figure 5 shows the microgroove profile of quartz glass after micro-grinding. It is shown that the
microgroove was regular and its edges were smooth. No micro-cracks existed on the microgroove.
This is because the grain cutting depths may be controlled to be less than the critical cutting depth
transferred from brittle cutting to ductile cutting in micro-grinding, leading to a no-crack microgroove.
According to the measured results of VHX-1000 microscope (Keyence, Osaka, Japan), the microgroove
angle 3, averagely reached 61.7°, 91.8° and 119.4° in contrast to the designed ones of 60°, 90° and
120°, respectively. The microgroove angle error was £1.8°. Correspondingly, the microgroove heights
hy were 545 pm, 495 um and 479 pm, respectively. The microgroove-apex radius r, were 39.3 um,
41.3 um and 39.7 um, respectively. The microgroove surface roughness R, was 80-100 nm. As a result,
the micro-grinding was able to fabricate an accurate and smooth microgroove without any cracks
around its apex. In contrast, the scribing produced the cracks along the scratch [2,3].

‘Workpiece surface

Microgroove

Microgroove-apex

Quartz glass

100 pum

Figure 5. The microgroove profile of quartz glass after micro-grinding.

6.2. Severing Surface Topography

Figure 6 shows the severing surface topographies of quartz glass in mechanical rolling scribing
and micro-crack-induced severing. It is shown that breakages happened on the scratch microgroove
edges in mechanical rolling scribing (see Figure 6a). This is because the pure mechanical compression
produced the radial cracks, leading to edge cracks. It also produced median cracks, radial cracks
and lateral cracks, leading to an uneven severing surface in break-severing. It was identical to the
results in the scribing-and-breaking severing of ceramics and silica glass substrates [1,3]. In contrast,
no breakages happened on the severing workpiece edges along the micro-ground microgroove-apex
in micro-crack-induced severing (see Figure 6b).

The severing surface edges were undamaged. The severing surface was flat and smooth. This is
because the crack propagation was precisely induced along the micro-ground microgroove-apex
in micro-crack-induced severing (see Figure 5). This also means that the accurate and smooth
microgroove-apex without any micro-cracks was able to induce the accurate and smooth crack
propagation in severing.

10
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Figure 6. The severing surface topographies of quartz glass substrate: (a) mechanical rolling scribe
(b) micro-crack induced severing.

6.3. Loading Force and Loading Time versus Loading Rate

Figure 7 shows the loading force F and loading time T versus loading rate v. Experimental results
showed that the loading force F increased with increasing loading time T at beginning, but it rapidly
decreased after the micro-crack propagation happened on the microgroove-apex.

300 1
250 v=5-20 mm/min -
a v
f, 200
153
E »
S 150 A7 =5 mm/min )
& —o— y=10 mm/min
3 100 —— y=20 mm/min
_3 & y=60 mm/min \\
5 —#— y=100 mm/min | i
—o—v=200 mm/min A
—7— v=300 }mn/min .

P!
n

0 0’5 i 5 2 23 3 35 .
Loading time 7'(s)

Figure 7. Loading force F and loading time T versus loading rate v.

It was identical to the relationship between loading force and displacement in tensile fracture
of notched polycrystalline graphite [23]. The critical loading force and time were regarded as
severing force F. and severing time T, respectively. In the case of loading rate v = 60-300 mm/min,
the severing force rapidly increased with increasing loading time T, but it slowly increased in the case
of v = 5-20 mm/min. This mean that there existed two different mechanisms in micro-crack induced

11
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severing. Their critical loading rate v, was distributed between 20 mm/min and 60 mm/min. As a
result, the micro-crack induced severing may be distinguished by static severing (v < v.) and dynamic
severing (v > v.), respectively.

6.4. Severing Force versus Microgroove-Apex Radius and Loading Rate

Figure 8 shows the severing force F. versus microgroove-apex radius r;, for different loading
rate v and microgroove angle f,. Three experiments were accomplished for the same loading rate.
The singularity was removed. It is shown that the severing force F. rapidly increased and slowly
approach the critical severing force F. with increasing microgroove-apex radius r, in dynamic severing,
but it slowly decreased and gradually approach the critical severing force F.. in static severing.
This mean that the static severing and dynamic severing produced different influence on severing
force with reference to microgroove-apex radius. Moreover, the microgroove angle 3, produced little
influence on the severing force F. The severing force F. averagely reached 226.5 N in static severing,
but it averagely reached 116.2 N in dynamic severing. As a result, the static severing increased the
severing force by 95% compared to the dynamic severing.

300 ; e ‘
L y=5mm/min _ v=10 mm/min
Now _ e —
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3¢ N N . v=20 mm/min

%3
=3
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a
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<
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Figure 8. Severing force F. versus microgroove-apex radius 7, for different loading rate v and
microgroove angle ;.

Itis also seen that the severing force F; rapidly decreased with increasing loading rate v in dynamic
severing. In contrast, it slowly decreased in static severing. However, the loading rate produced little
influence on maximum loading force in low and high loading rate when the workpiece was thermoset
epoxy resin [14]. When the microgroove-apex radius was larger than the critical value of 40-50 um,
the severing force was not dominated by the microgroove-apex radius and the loading rate. Moreover,
the critical severing fore F. ranged 160-180 N when the dynamic severing was transformed into
static severing.

6.5. Prediction of Severing Force

In contrast to the ideal F..", the experimental severing force F. was fitted to achieve K; as follows:

Ki = —0.3741pB, + 4.787 (14)
According to Equation (13), the ideal severing force F, may be described as follows:
26.06(0.4012 0104) 4578
o 326.06(0.4012r, + 0.0104) —60° (15)

’ ﬁv
—0.9179
rgA878 <1 +0.5791 (1 + 094g§ggv) )
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331.66(0.3333r, +0.0104)"4>

Fr = , Bo = 90° (16)
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7‘9‘4552 (1 +0.54 (1 0932%%%1,) )
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Using Equations (15)~(17), the results of ideal severing force F. were plotted in Figure 8. It is
seen that the experimental cutting force was identical to the ideal severing force F." (see Figure 8).
When the microgroove-apex radius was larger than the critical value of 40-50 um. The ideal severing
force F," was stabilized at 159.5-190.0 N, which was identical to the experimental results. This mean
that the Equations (13)-(16) may be used to predict and control the severing force according to the
microgroove height /1, angle B, and microgroove-apex radius 7, in static severing.

6.6. Ideal Severing Force versus Microgroove Angle and Height

Figure 9 shows the ideal severing force F." versus microgroove angle 8, and height I, in the static
severing. It is shown that the microgroove angle 8, produced little influence on the severing force F,"
in the case of B, = 60-120°, but the severing force F." decreased with increasing microgroove B, in the
case of B, >120° and h, > 30 pum, respectively (see Figure 9a). It is also seen that the severing force F’
decreased with increasing microgroove height /1, and microgroove-apex radius r, (see in Figure 9b).
When the microgroove-apex radius r, was larger than 40-50 um, the severing force was not dominated
by the microgroove angle and microgroove-apex radius.
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Figure 9. Ideal severing force F." versus microgroove parameters: (a) microgroove angle f8, and
(b) microgroove height /.

6.7. Severing Time versus Microgroove-Apex Radius

Figure 10 shows the severing time T, versus microgroove-apex radius r,. The severing time
T, was regarded as the mean value of experimental data at the same loading rate v. Experimental
results showed that the severing time T, rapidly decreased with increasing microgroove-apex radius
1y in static severing, but the microgroove-apex radius r, produced little influence on severing time in
dynamic severing. Moreover, the severing time T, averagely reached 2.43 s in static severing, but it
averagely reached 0.27 s in dynamic severing. Hence, the static severing increased the severing time
by about 900% compared to the dynamic severing.
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Figure 10. Severing time T versus microgroove-apex radius ;.

6.8. Severing form Errors versus Loading Rate

Figure 11 shows the microgroove-direction e, and the loading-direction severing form errors
e; versus loading rate v in micro-crack induced severing. Experimental results showed that the
severing form errors gradually increased with increasing loading rate v in both static severing
and dynamic severing. The microgroove-direction severing form error e, averagely reached
8.8 um/mm (see Figure 11a), which was much less than the loading-direction severing form error
of 31.7 pm/mm (see Figure 11b). This is because the microgroove direction was dominated by the
accurate micro-ground microgroove-apex, but the loading direction depended on precision positioning
and loading rate. Moreover, the static severing form error averagely reached 16.2 pm/mm, which was
less than the dynamic severing form error of 25.3 um/mm. The reason is that high loading rate easily
produced the position deviation between workpiece and loading rod. Hence, the static severing may
decrease the severing form error by 36% compared to the dynamic severing.
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Figure 11. Severing form errors versus loading rate v: (a) microgroove-direction severing form error ey,
and (b) loading-direction severing form error ¢;.

6.9. Severing Surface Roughness versus Loading Rate

Figure 12 shows the severing surface roughness R, versus loading rate v. Experimental results
showed that the loading rate v had little influence on the severing surface roughness R, in both static
severing and dynamic severing. However, the microgroove-direction severing surface roughness of
13.7 nm was much less than the loading-direction severing surface roughness of 29.6 nm. This mean
that severing surface roughness could be dominated by material properties. Moreover, the static
severing surface roughness of 19.69 nm was less than the dynamic severing surface roughness of
22.34 nm. Hence, the static severing surface roughness decreased by 12% compared to the dynamic
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severing. As a result, the micro-crack induced severing may produce smooth severing surface of
quartz glass without any polishing.
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Figure 12. Severing surface roughness R, versus loading rate v: (a) microgroove-direction severing
roughness and (b) loading-direction severing roughness.

6.10. Cracking Propagation Time and Loading Positions

Figure 13 shows the micro-crack propagation process in static severing. It is shown that crack
propagation occurred at the same time from the microgroove-apex and the loading point in 0.5 ms
(see Figure 13a,b). This mean that the micro-crack was induced from the microgroove-apex to extend
to the loading point. Hence, the loading positions dominated the severing form errors in micro-crack
induced severing. This may explain why the severing form errors increased with increasing loading
rate v (see Figure 11).
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Figure 13. Micro-crack propagation process in static severing (v = 20 mm /min).

It is also found that the cracking propagation time reached 0.5 ms and less to achieve the smooth
surface (see Figure 13b). In contrast, the severing time T, averagely reached 2430 ms in static severing
(see Figure 10). This also mean that the severing time was much larger than the crack propagation
time. Hence, the efficiency of micro-crack induced severing is dominated by the severing time rather
than the crack propagation time.

7. Conclusions

1.  Compared to a mechanical rolling scribe, the micro-crack-induced severing by a non-cracked
microgroove-apex produces smooth severing edges without any breakages, median cracks,
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radial cracks and lateral cracks. The micro-grinding may machine the accurate and smooth
microgroove-apex without any cracks.

In micro-crack-induced severing, the crack propagation occurred at the same time from the
microgroove-apex and the loading point. The severing efficiency is dominated by the severing
time rather than the crack propagation time. The severing energy and quality depend on the
loading rate.

When the loading rate was less than 20-60 mm/min, the dynamic severing changes to static
severing. In static severing, the severing force slowly decreases with increasing microgroove-apex
radius, but it rapidly increases in dynamic severing. For the critical severing force of 160-180 N,
the static severing force is about two times larger than the dynamic one.

The severing time rapidly decreases with increasing microgroove-apex radius in static severing,
but it slowly increases in dynamic severing. It reaches on average 2.43 s and 0.27 s, respectively.
The static severing increases the severing time by about 9 times compared to the dynamic severing.
In contrast, the cracking propagation time reaches 0.5 ms and less.

The severing form error and the severing surface roughness reach 4.6-32.5 um/mm and
12.8-34.9 nm in static severing and 6.9-56.3 um/mm and 13.3-40.9 nm in dynamic severing,
respectively. The static severing may decrease the severing form error by 36% and the severing
surface roughness by 12% compared to the dynamic severing, respectively.

In static severing, the severing force may be modelled and predicted by microgroove-apex radius,
microgroove angle and height. Theoretically, it decreases with increasing the microgroove height.
In dynamic severing, it is little influenced by microgroove-apex radius and microgroove angle
when the microgroove angle is less than 120°.
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Abstract: Semi-quantitative studies have located varied expressions of (-actin proteins at the
population level, questioning their roles as internal controls in western blots, while the absolute copy
numbers of 3-actins at the single-cell level are missing. In this study, a polymeric microfluidic flow
cytometry was used for single-cell analysis, and the absolute copy numbers of single-cell -actin
proteins were quantified as 9.9 + 4.6 x 10°, 6.8 + 4.0 x 10° and 11.0 + 5.5 x 10° per cell for A549
(neenn = 14,754), Hep G2 (ngey = 36,949), and HeLa (ng) = 24,383), respectively. High coefficients
of variation (~50%) and high quartile coefficients of dispersion (~30%) were located, indicating
significant variations of $-actin proteins within the same cell type. Low p values (<0.01) and high
classification rates based on neural network (~70%) were quantified among A549, Hep G2 and HeLa
cells, suggesting expression differences of 3-actin proteins among three cell types. In summary,
the results reported here indicate significant variations of 3-actin proteins within the same cell type
from cell to cell, and significant expression differences of 3-actin proteins among different cell types,
strongly questioning the properties of using 3-actin proteins as internal controls in western blots.

Keywords: microfluidics; single-cell analysis; polymeric microfluidic flow cytometry; single-cell
protein quantification

1. Introduction

As housekeeping proteins, $-actins are obligatory parts of cell cytoskeletons, playing important
roles in the maintenance of cellular shapes, migrations, and signal transductions [1]. Due to their
constitutive expressions, 3-actin proteins are commonly used as internal controls in western blots,
based on the assumptions of constant expressions from cell to cell and sample to sample.
However, recent studies indicate varied expressions of 3-actin proteins; thus, the use of 3-actin
proteins as internal controls is under question [2,3].

As pioneering studies, in 2005, Banks et al. reported varied expressions of 3-actin proteins with
(1) coefficients of variation of 28% among 10 renal cancer cell lines; (2) higher levels in tumor versus
normal renal tissues; and (3) 4-fold differences between stomach and adrenal tissues [4]. Furthermore,
in 2006, Liu et al. reported a 2.5-fold increase in 3-actin proteins in injured spinal cords in comparison to
normal counterparts [5]. In addition, in 2008, significant differences in 3-actin proteins were observed
in skeletal muscle tissues of early symptomatic, symptomatic, and terminal stages [6].

More recently, in 2014, Gupta et al. reported higher levels of $-actin proteins in gastric tumor
tissues in comparison to normal counterparts [7]. Also in 2014, Deybboe et al. reported decreases in
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[-actin proteins in human skeletal muscles with aging [8]. Furthermore, in 2015, Nam et al. reported
that 3-actin proteins were dramatically lower in the proximal duodenum relative to the rest of the
small intestines [9]. In addition, in 2016, Chen et al. reported differences of 3-actin proteins in the
submandibular glands of male and female mice [10].

All of these previous data about the expressions of (-actin proteins were obtained from
western blots. As a semi-quantitative approach, it cannot report absolute copy numbers of
-actin proteins, and thus, data reported by different groups cannot be effectively compared
with each other. In addition, the previously reported data were derived from population studies,
which cannot be used to address questions of whether there exist different expressions of (3-actin
proteins from cell to cell even within the same cell type.

In order to address this issue, in this study, absolute copy numbers of [-actin proteins
were obtained, leveraging a recently reported polymeric microfluidic flow cytometry [11].
More specifically, lung, liver, and cervical tumour cell lines of A549, Hep G2 and HeLa were
characterized by the microfluidic platform, yielding absolute copy numbers of 3-actin proteins from
~10,000 single cells. Varied expressions of (3-actin proteins among individual cells within the same cell
type and among different cell types were located. The data reported here may be used as references
for future studies of $-actin proteins.

2. Materials and Methods

2.1. Materials

All cell-culture reagents were purchased from Life Technologies Corporation (Grand Island, NY, USA).
Materials required for device fabrication included SU-8 photoresist (MicroChem Corporation, Westborough,
MA, USA) and polydimethylsiloxane (PDMS, 184 silicone elastomer, Dow Corning Corporation, Midland,
MI, USA).

More specifically, materials in cell culture and staining include RPMI-1640 medium (GIBICO,
Life Technologies Corporation, Grand Island, NY, USA), DMEM medium (GIBICO, Life Technologies
Corporation, Grand Island, NY, USA), fetal bovine serum (GIBICO, Life Technologies Corporation,
Grand Island, NY, USA), penicillin and streptomycin (GIBICO, Life Technologies Corporation,
Grand Island, NY, USA), trypsin (GIBICO, Life Technologies Corporation, Grand Island, NY, USA),
phosphate buffer saline (GIBICO, Life Technologies Corporation, Grand Island, NY, USA), FITC labelled
anti-B-actin antibody (ABCAM, ABCAM Corporation, Cambridge, UK), paraformaldehyde (Sigma,
Sigma-Aldrich Corporation, St. Louis, MO, USA), triton x-100 (Sigma, Sigma-Aldrich Corporation, St.
Louis, MO, USA), and bovine serum albumin (Sigma, Sigma-Aldrich Corporation, St. Louis, MO, USA).

2.2. Working Flowchart

The characterization of the absolute copy numbers of single-cell 3-actin proteins mainly includes
four steps: device fabrication, cell preparation, device operation & data processing, and data analysis
(see Figure 1). In this study, single cells stained with fluorescence labeled antibodies are forced to
deform through a polymeric constriction channel (microfabricated channel with a cross-sectional area
smaller than a cell) where fluorescent profiles are collected as a function of time, which are further
translated to cellular sizes and absolute copy numbers of specific intracellular proteins. Coefficients of
variation and quartile coefficients of dispersion were quantified to determine the varied expressions of
[-actin proteins among individual cells within the same cell. Statistical analysis and neural network
based pattern recognition were conducted to determine the varied expressions of 3-actin proteins
among different cell types.
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Figure 1. Methodology. Working flowchart for the characterization of the absolute copy number of
B-actin proteins at the single-cell level. Key steps include device fabrication (a); cell preparation (b);
device operation & data processing (c) and data analysis (d). In this study, single cells stained
with fluorescence labelled antibodies are forced to deform through a polymeric constriction channel
(microfabricated channel with a cross-sectional area smaller than a cell) where the obtained fluorescent
profiles are translated to cellular sizes and absolute copy numbers of specific intracellular proteins.
Coefficients of variation and quartile coefficients of dispersion were quantified to determine the varied
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expressions of 3-actin proteins among individual cells within the same cell. Statistical +analysis and
neural network based pattern recognition were conducted to determine the varied expressions of
B-actin proteins among different cell types.

2.3. Device Design and Fabrication

In this study, a constriction channel with a cross-sectional area of 8 um x 8 pm and a chrome
gap of 2.5 pm in width was chosen for single-cell protein characterization [11]. The cross-sectional
area of 8 um x 8 um ensures that cells with a mean diameter of 15 pm deform through and fully fill
the constriction channel. In order to divide fluorescent pulses of traveling cells into rising domains,
stable domains and declining domains, the gap of the chrome window should be as small as possible;
2.5 um was used in this study.

As shown in Figure la, the proposed device was fabricated based on conventional
microfabrication, including key steps of SU-8 mould fabrication (see Figure 1(a-i)—(a-iii)),
PDMS replication (see Figure 1(a-iv),(a-v)), chrome layer patterning (see Figure 1(a-vi)-(a-x)),
and bonding (see Figure 1(a-xi),(a-xii)). Detailed fabrication steps can be found from [11].

2.4. Cell Preparation

All cell lines were purchased from China Infrastructure of Cell Line Resources and cultured in
a cell incubator (3111, Thermo Scientific, Waltham, MA, USA) at 37 °C in 5% CO,. More specifically,
a lung tumor cell line of A549, a liver tumor cell line of Hep G2, and a cervical tumor cell line of HeLa
were cultured with RPMI-1640, DMEM and DMEM media, respectively, which were supplemented
with 10% Fetal Bovine Serum (FBS) and 1% penicillin and streptomycin. Prior to experiments, cells were
trypsinized, centrifuged, and resuspended in phosphate buffer saline with 0.5% bovine serum albumin
at a concentration of ~1 million cells per mL.

Intracellular staining of 3-actin proteins was conducted, following well-established protocols
used in flow cytometry [12,13], which included key steps of fixation (see Figure 1(b-i)), membrane
permeabilization (see Figure 1(b-ii)), blocking (see Figure 1(b-iii)), and antibody staining (see
Figure 1(b-iv)). Firstly, the cell suspension was mixed with a 2% formaldehyde solution and incubated
for 15 min at 4 °C for fixation. Then, triton x-100 (0.05% for A549 cells, 0.03% for Hep G2 cells,
and 0.1% for HeLa cells) was added for an incubation of 15 min at 4 °C, in order to penetrate cellular
membranes. Then blocking was conducted based on 5% vs. 1% bovine serum albumin for 30 min at
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room temperature. Both FITC labelled anti-3-actin antibodies (1:100) and isotype controls (1:34.5 the
same final concentration as anti-beta actin antibody) were used to stain cells in suspension for 1, 2, 4,
or 8 h at 37 °C for comparison. After the step of staining, cells were divided into two portions which
were placed on an inverted fluorescence microscope (IX 83, Olympus, Tokyo, Japan) for imaging, and
applied to the microfluidic constriction channel for fluorescent detections, respectively.

2.5. Device Operation and Data Processing

In operations, the microfluidic constriction channel was first filled with phosphate buffer saline
with 0.5% bovine serum albumin. Then, suspended cells stained with FITC labelled anti-f-actin
antibodies or isotype controls were applied to the entrance of the cell loading channel where
a negative pressure of roughly 10 kPa generated from a pressure calibrator (DIP-610 pressure calibrator,
Druck, UK) was used to aspirate cells continuously through the constriction channel (see Figure 1(c-i)).
Fluorescence of single cells travelling in the constriction channel was captured by a photomultiplier
tube (PMT, H10722-01, Hamamatsu, Japan), and sampled by a data acquisition card (PCI-6221, National
Instruments, Austin, TX, USA) at a sampling rate of 100 kHz (see Figure 1(c-ii)). In calibrations,
solutions with FITC labelled anti-3-actin antibodies were applied into the constriction channel under
the same conditions as experiments (see Figure 1(c-iii)).

The fluorescent pulse of a representative cell was divided into three domains: a rising domain
with a time duration of Ty, a stable domain with a fluorescent level of If and a time duration of Ty,
and a declining domain with a time duration of T4 (see Figure 1(c-iv)). These raw parameters were
then translated to the diameters of cells (D), concentration of 3-actins at the single-cell level (Cp),
and the absolute copy number of 3-actins (n}) (see Figure 1(c-v)) [11].

2.6. Data Analysis

The measurement results of the absolute copy numbers of single-cell 3-actin proteins of the same
cell type were represented as means =+ standard deviations with three quantified quartiles (e.g., Q1, Q
and Qs). Dimensionless parameters, including the coefficients of variation (the ratio of the standard
deviation to the mean) and the quartile coefficient of dispersion (Q3 — Q1)/(Q3 + Q1)), were calculated
to evaluate the expression differences of 3-actin proteins from cell to cell within the same cell type.

In addition, analysis of variance (ANOVA) was used to locate statistical differences of 3-actin
proteins among A549, Hep G2, and HeLa cells, where values of p < 0.01 (*) were considered as
statistically significant. Furthermore, neural network based pattern recognitions were conducted
based on a “Neural Network Pattern Recognition App” (MATLAB 2010, MathWorks, Natick, MA, USA)
to differentiate the distribution of $-actin proteins among these three cell types. The app employs
a two-layer (hidden and output layer) feed forward neural network, with sigmoid hidden and softmax
output neurons [14,15].

3. Results

Figure 2a shows representative fluorescent pictures of stained A549, Hep G2, and HeLa cells
where the intensities of single cells stained with fluorescence labelled anti-B-actin antibodies or
isotype controls were quantified as a function of time. It was observed that the intensities of stained
single cells initially increased with the incubation time, and then showed the signs of saturation at 4 h.
Further increases in the incubation time (e.g., eight hours) did not lead to further significant increases in
the fluorescent intensities, suggesting that after four hours of incubating cells with fluorescence labelled
antibodies, all the intracellular $-actin proteins were bound with fluorescence labelled antibodies.
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Figure 2. (a) Fluorescent pictures of stained A549, Hep G2, and HeLa cells where the intensities of
single cells stained with fluorescence labelled anti-3-actin antibodies or isotype controls were quantified
as a function of time under two concentrations of bovine serum albumin (1% vs. 5%) for blocking.
These results validated the process of intracellular staining where (1) all the exposed proteins are taken
by the fluorescence labelled antibodies and (2) non-specific sites within cells are properly blocked;
(b) Fluorescent pulses of travelling A549 (I), Hep G2 (II), and HeLa (III) cells can be effectively divided
into rising domains, stable domains and declining domains based on curve fitting; (c) The scatter
plots of diameters of cells based on the processing of fluorescent pulses vs. images of microscopy
where neural network based pattern recognition produced successful classification rates of 58.7% of
A549 cells, 56.6% of Hep G2 cells and 60.6% of HeLa cells. These results indicate that comparable cell
diameters were obtained based on curve fitting of fluorescent pulses and processing of microscopic
images, validating the processing of fluorescent pulses.
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In addition, two blocking parameters of 1% and 5% bovine serum albumin solutions produced
comparable fluorescent intensities, indicating that non-specific intracellular sites were properly
occupied by bovine serum albumin, and thus, the issue of non-specific binding is not a concern
(see Figure 2a). Furthermore, the intensities of isotype controls were two orders lower than the
intensities obtained from fluorescence labelled antibodies, further addressing the potential concern of
non-specific binding in the step of intracellular staining (see Figure 2a).

Figure 2b shows the preliminary measurement results of travelling A549, Hep G2, and HeLa cells
with corresponding pulses effectively divided into rising domains, stable domains and declining
domains. By processing these raw parameters, the diameters of cells (D.) were quantified as
14.3 + 1.9 um (A549, nq = 14,754), 13.1 + 2.2 um (Hep G2, ne = 36,949), and 12.7 + 1.6 um
(HeLa, ngep = 24,383). These results were consistent with the diameters of cells (D) of 15.7 4+ 2.6 um
(A549, ngep = 394), 13.9 £ 2.5 um (Hep G2, ngeyp = 195), and 14.1 £ 2.7 um (HeLa, nej = 268) obtained
from image processing of cell pictures, validating the processing of fluorescent pulses (see Figure 2c
and Table 1).

Table 1. A summary of quantified key parameters of A549, Hep G2 and HelLa cells including T
(time duration of the rising domain for a fluorescent pulse representing a traveling cell), Ts (time
duration of the stable domain for a fluorescent pulse representing a traveling cell), T4 (time duration
of the declining domain for a fluorescent pulse representing a traveling cell), I¢ (fluorescent level
of the stable domain for a fluorescent pulse representing a traveling cell), D. (diameter of cells),
Cp (concentration of B-actins at the single-cell level) and ny, (absolute copy number of B-actin proteins
at the single-cell level).

Cell Type T, (ms) Ts (ms)  Tg4 (ms) If (mv) D (um) Cp (uM) ny, (/cell)

A549 (neep =14,754)  2.0+1.6 45+43 15+12 85.0+244 143+19 1.0£03 99+46x 105
Hep G2 (neeyy =36,949)  1.64+23 29456 14430 7554262 131+22 09+03 6.8+40x10°
HeLa (e = 24,383)  26+29 39453 19422 1324+345 128416 17+05 114+55x 10°

Neural network based pattern recognition produced successful classification rates of 58.7% of
A549 cells, 56.6% of Hep G2 cells, and 60.6% of HeLa cells, when two groups of cell diameters were
compared (see Figure 2c). These values of successful classification rates are within the range of
55-60%, suggesting comparable diameters obtained from fluorescent pulses and microscopic images,
which further confirms the processing of fluorescent pulses.

Figure 3 summarizes the quantified single-cell copy numbers of 3-actins of A549, Hep G2, and
HeLa cells. For A549 (n.ey = 14,754), Hep G2 (neep = 36,949) and HeLa (ng = 24,383) cells, absolute
copy numbers of beta-actins were quantified as 9.9 + 4.6 x 10°, 6.8 + 4.0 x 10° and 11.0 + 5.5 x 10°
per cell, respectively. The coefficients of variation were quantified as 46.4% for A549, 58.9% for Hep G2,
and 47.8% for HeLa cells, which significantly deviated from 0%, and indicated significant variations
of B-actin proteins from cell to cell for A549, Hep G2 and HeLa cells, respectively (see Figure 3a
and Table 1). Furthermore, three quartiles and the quartile coefficients of dispersion were quantified
as 6.53 x 10%, 9.27 x 10°%, 1.25 x 10°, and 31.5% for A549 cells, 4.11 x 10%, 5.92 x 10°, 8.34 x 105,
and 33.9% for Hep G2 cells and 7.81 x 10°,1.05 x 10°, 1.38 x 10°, and 27.7% for HeLa cells, respectively.
These values of quartile coefficients of dispersion significantly deviated from 0%, further indicating
the significant variations of 3-actin proteins within the same cell types (see Figure 3b).

As to the comparisons among three cell types (A549, Hep G2 and HelLa), statistical significances
were located based on ANOVA, indicating the existences of expression differences of 3-actins among
these three cell types (see Figure 3a). Neural network based pattern recognition produced successful
classification rates of 73.8% for A549 vs. Hep G2 cells, 63.9% for A549 vs. HeLa cells, and 73.1% for
Hep G2 vs. HeLa cells (see Figure 3c). These values of successful classification rates are significantly
higher than 50% as an indicator of no distribution difference between two cell types, further confirming
expression differences of 3-actins among these three cell types.
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In this study, the absolute copy numbers of single-cell 3-actin proteins of A549 cells were
compared to the population approaches based on the conventional enzyme-linked immunosorbent
assay (ELISA), producing the results at the same order, which were 1.0 & 0.5 x 10° vs. 3.6 £ 0.2 x 10°
per cells, respectively [11]. Actually, intracellular staining in flow cytometry has been functioning
as a well-established semi-quantitative approach in deep phenotyping [16,17] and signaling state
characterization [18-21], which has been demonstrated to be capable of producing trustworthy results.
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Figure 3. (a) Scatter plot of the absolute copy numbers of single-cell -actin proteins of A549
(e = 14,754), Hep G2 (e = 36,949) and Hela (ng = 24,383) cells with means and standard
deviations included (* represents the statistical difference with p < 0.01); (b) Distributions of absolute
copy numbers of 3-actin proteins at the single-cell level for A549, Hep G2 and HeLa cells with three
quartiles and the quartile coefficients of dispersion included; (c) Neural network was used to evaluate
the distribution differences of (-actin proteins among A549, Hep G2 and HelLa cells, producing
successful classification rates of 73.8% for A549 vs. Hep G2 cells, 63.9% for A549 vs. HeLa cells and
73.1% for Hep G2 vs. HeLa cells.

4. Conclusions

In this study, the copy numbers of 3-actin proteins from ~10,000 single cells were reported,
based on a previously developed microfluidic platform, and the results were validated by the quality
controls in key steps of experimental operations and data analysis. Based on data analysis, significant
variations of -actin proteins within the same cell type from cell to cell and significant expression
differences of 3-actin proteins among different cell types were located, strongly questioning the use of
[3-actin proteins as internal controls in western blots, with the assumption of constant expressions of
[3-actin proteins from cell to cell and sample to sample.
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Abstract: Compared with polymer-based biochips, such as polydimethylsiloxane (PDMS), glass based
chips have drawn much attention due to their high transparency, chemical stability, and good
biocompatibility. This paper investigated the glass molding process (GMP) for fabricating microstructures
of microfluidic chips. The glass material was D-ZK3. Firstly, a mold with protrusion microstructure
was prepared and used to fabricate grooves to evaluate the GMP performance in terms of roughness
and height. Next, the molds for fabricating three typical microfluidic chips, for example, diffusion
mixer chip, flow focusing chip, and cell counting chip, were prepared and used to mold microfluidic
chips. The analysis of mold wear was then conducted by the comparison of mold morphology, before
and after the GMP, which indicated that the mold was suitable for GMP. Finally, in order to verify
the performance of the molded chips by the GMP, a mixed microfluidic chip was chosen to conduct
an actual liquid filling experiment. The study indicated that the fabricating microstructure of glass
microfluidic chip could be finished in 12 min with good surface quality, thus, providing a promising
method for achieving mass production of glass microfluidic chips in the future.

Keywords: glass molding process; groove; roughness; filling ratio

1. Introduction

Microfluidic devices have been drawing a great deal of attention among academic and engineering
communities due to their potential to revolutionize analytical measurements in chemical and
biomedical areas [1]. They are much smaller, lighter, and cheaper than traditional instruments,
and can improve efficiency and reduce reagents’ consumption dramatically. Various microfluidic
devices are fabricated for various applications, such as capillary electrophoresis [2,3], semen testing [4],
electrochromatography [5], and DNA separation [6].

To date, many substrates have been reported to fabricate microfluidic chips, such as silicon [7],
polydimethylsiloxane (PDMS) [8], polymethyl methacrylate (PMMA) [9], and glass [10]. Silicon
has good chemical and thermal stability, and can obtain complicated 2D and 3D microstructure
by photolithography and etching approaches, but the downsides of fragility, high-cost, opacity,
poor electrical insulation, and complex surface chemical properties impede its application.
Contrastingly, PDMS and PMMA are widely used, in both academic and industrial fields, for biochips
due to their high efficiency and low cost of fabrication process. However, they are not appropriate for
certain applications, such as operating hydrophobic molecules or when stable surface characteristics
are required, due to the issues of dissolution and surface property control [11]. Among them, glass is
proved to be a more suitable substrate for microfluidic chips, which can provide advantages over

Micromachines 2018, 9, 269; doi:10.3390/mi9060269 27 www.mdpi.com/journal /micromachines
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other materials, such as beneficial optical properties, good insulating properties, high resistance to
mechanical stress, high surface stability, and high solvent compatibility of the glass [12].

However, fabricating the precise microstructure on glass for microfluidic chips is still challenging
and many researchers have been exploring the field of glass microstructure fabrication techniques.
Generally, glass microstructure fabrication techniques can be classified into six categories, as shown in
Figure 1.
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(e) Photostructuring (1) Molding process

Figure 1. Six typical glass microstructure fabrication techniques. (a) Wet etching; (b) Dry etching;
(c) Laser fabrication; (d) Mechanical fabrication; (e) Photostructuring; (f) Molding process.

(1) Wet Etching

Glass is an isotropic material, which can be wet-etched by buffered hydrofluoric acid (HF)
in a non-directional manner, as shown in Figure 1la. Wet-etching technique is well developed in
fabricating microfluidic channels on glass [13-16] and it can achieve the production of microfluidic
glass chips at a commercial scale at a reasonable cost. However, the wet-etching process suffers
some inherent limitations, such as undercut, which exerts a challenge to fabricate high aspect ratio
microstructure. In addition, the chemical liquid used in the process, especially buffered HF, is harmful
to the environment, which needs further disposal before discharging.

(2) Dry Etching

Dry chemical etching of glass is carried out by capacitively coupled plasmas (CCP) [17],
CCP/microwave plasma [18] and inductively coupled plasmas (ICP) [19]. It can achieve an anisotropic
and precise profile, as shown in Figure 1b. Reactive ion etching results in an anisotropic profile due to
the directional nature of the ion bombardment, affecting surface chemical reaction, as well as physical
sputtering [20]. The technique for fabricating glass has been reported using different chemistries,
such as C3Fg, CHF3, CF4/CHF3, SF¢/Ar and CF,4/Ar [17-21]. The major weaknesses of glass dry
etching are the low etch rate and the low etching selectivity of the glass to the etch mask, which impede
its widespread application substantially.
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(3) Laser Fabrication

Laser fabrication of microstructure on glass has been reported using CO,, UV, and ultra-short
pulse lasers [22-24], and its mechanism is shown in Figure 1c. Although the efficiency of laser glass
micromachining is much higher than those of other conventional methods, its wide application is
hindered by the brittleness and poor thermal properties of glass, resulting in a risk of microcracking
and poor surface quality on the bottom of groove [25].

(4) Mechanical Fabrication

The major mechanical fabrication techniques include micromilling [26,27], powder blasting [28-30],
and micro-ultra-sonic machining [31]. They are superior in fabricating efficiency, despite it usually
being a challenge to obtain smooth machined surfaces by mechanical fabrication. In addition,
the minimum size of the microstructure mainly depends on the tool.

(5) Photostructuring

Some photosensitive glass is commercially available, with the material itself being sensitive
to ultraviolet (UV) light of a wavelength of around 310 nm (e.g., Schott Fortran [32]), which is
amenable to anisotropic photostructuring. Therefore, it does not require an intermediate photoresist
layer for patterning, as shown in Figure le. Although the fabrication process is simpler than the
conventional wet-etching process, the whole processing period is still long at over 20 h. This is due to
the required heating and cooling processes. In addition, the cost of Schott Fortran glass is greater than
for conventional glass.

(6) Molding Process

Glass is a strongly temperature-dependent material. It is hard and brittle at room temperature,
while it becomes a viscoelastic body or viscous liquid at high temperate. To date, the GMP has been
accepted as a promising technique to efficiently generate microstructure on glass [33-35], as shown
in Figure 1f. The main challenges are the microstructure fabrication on mold and the optimization of
parameters for GMP.

Although GMP has been investigated in fabricating microstructure on glass for decades, the majority
of the published reports focus on optical components [33-38], in which the typical microstructures
are arrays of microgrooves, micropyramids, microneedles, microlenses, and microprisms. However,
in reference to fabricating microfluidic chips, the typical microstructure is a U or rectangle cross-section
groove. Recently, some researchers have started to shift the focus to the fabrication of microfluidic
chips. Chen et al. [39,40] used nickel alloy mold to conduct their GMP for fabricating microfluidic
chips in a conventional furnace, instead of a large-volume vacuum hot press. Since there is no water
cooling system, the entirety of the GMP lasted more than 15 h. Huang et al. [41] utilized silicon molds
to conduct the GMP in a GMP-207-HV (Toshiba Machine Co., Ltd., Shizuoka-ken, Japan) optical glass
mold press machine for fabricating microfluidic chips, and the time of the GMP could, therefore,
be reduced to less than 15 min. Since silicon material is inherently brittle, it is easy for fractures to
occur during the GMP.

This paper explored the microstructure fabrication method of GMP on glass for microfluidic
chips, which could lay an experimental and theoretical foundation for achieving mass production
of microfluidic glass chips in the future. Since the glass—glass bonding process is an important issue
for glass microfluidic chips, it will be investigated thoroughly in the future. Therefore, the chip
verification in this paper was only conducted on a tape-glass bonding chip for simplification. In the
present research, groove molding experiments were conducted and the molded profiles were observed.
Moreover, the influence of the molding parameters was investigated, with corresponding experiments
investigating the molding of microfluidic chips also being conducted and the molded chips were
demonstrated. Finally, issues surrounding the curved side wall and bonding technique were discussed.
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2. Experiments

2.1. Experimental Setup and Measurement

All experiments were carried out on an ultraprecision glass molding machine, PFLF7-60A
(SYS Corp., Tochigi, Japan), which could operate between 20-750 °C The glass molding process
is schematically illustrated in Figure 2. The GMP consists of four steps: Heating, pressing, annealing,
and cooling. In the first step, the glass and mold are placed on the bottom platen and heated together
until the molding temperature is reached, which is typically 10 °C above the transition temperature
of the glass material, as shown in Figure 2a. Next, the upper platen is driven downward to conduct
the pressing process, which achieves the replication of the microstructure from the mold onto the
preform. Then, the temperature is slowly cooled down to somewhat below the annealing point, while
a small pressing pressure is used to maintain high fidelity, as shown in Figure 2c. Finally, the preform
experiences the fast cooling step via the water cooling system and the microstructure is obtained by
demolding, as shown in Figure 2d. The typical evolution of temperature and pressure during the GMP
in experiment is shown in Figure 3.
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Figure 2. The schematic photo of the GMP. (a) Heating; (b) Pressing; (c) Annealing; (d) Cooling.
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Figure 3. The typical evolution of temperature and pressure during the glass molding process (GMP).

The surface morphology of the mold was observed by a VK-X200 3D Laser Scanning Microscope
(Keyence Corporation, Osaka, Japan) and FEI Quanta 250 FEG (Thermo Fisher Scientific, Waltham,
MA, USA). The surface morphology of the molded glass was studied by an Olympus Lext OLS4100

(Olympus Corporation, Tokyo, Japan) and all the roughness measurements were conducted by this
as well.

2.2. Glass and Mold

The D-ZK3 optical glass wafer, with a 25.4 mm diameter and 0.6 mm thickness, was used in the
experiment. The material is dense barium crown optical glass manufactured by CDGM GLASS Co.,
LTD (Chengdu, China). The major chemical compositions and thermal properties are listed in Tables 1
and 2, respectively. Ty is defined as the transition temperature, above which the volume expanding
rate increases abruptly as the temperature increases. T is defined as the yielding temperature, at which
the glass reaches its maximum expansion point and starts shrinking as temperature increases further.
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In order to shorten the paper length, the morphology details of molds are listed in Figures S1-S5 in
Supplementary Materials.

Table 1. The major thermal properties of D-ZK3 glass [42].

Content Tg(°C) Ts(°C) T3 (°C) T (°O)  T1o7¢ (°O)  a1001300 °c 10~7/K)
Value 511 546 471 499 605 93

Table 2. The chemical compositions of D-ZK3 glass [42].

Content SiOz 3203 CaO A1203 BaO Sb203
Value 30-40% 20-30% 0-10%  0-10%  10-20%  0-10%

2.3. Design of Experiment

The main factors influencing the molded morphology are the pressing temperature, pressure, and
time. The pressing temperature is usually set 10 °C above the transition temperature, Ty, according to
previous experiments. In this paper, the pressing temperature range was set between 547 °C and 552 °C,
which means that the adhesion between the glass and the mold was avoided and demonstrates the
influence of temperature. In regards to pressure, this was set between 0.1 MPa and 0.5 MPa, which is
the main molding pressure in the molding machining. Pressing times was set as 80s in all experiments
as its influence is insignificant if the time is above 60 s, based on our previous research. The present
experiment consisted of two parts. The first part was the fundamental study investigating the influence
of molding parameters, such as temperature and pressure, on the morphology of the molded groove,
which can help to ascertain the optimal parameters. The second part was the investigation of the
microstructure morphology during the fabricating of microfluidic chips by the GMP. The details of the
parameters in the experiment design are listed in Table 3.

Table 3. Details of the parameters in the glass molding process (GMP).

Item No. Temperature (°C)  Pressure (MPa)
1 547 0.3
2 548 0.3
Varying temperature 3 549 0.3
ying femp 4 550 03
5 551 0.3
6 552 0.3
7 549 0.1
Varying pressure 8 549 0.2
ymgp 9 549 0.4
10 549 0.5
Diffusion mixer chip 11 550 0.5
Flow focusing chip 12 550 0.5
Cell counting chip 13 550 0.5

3. Results and Discussion

3.1. Groove Molding Experiment

The aim of this study was to investigate molding performance during the fabricating of grooves
with a 60 um depth. The molded grooves at different molding temperatures are shown in Figure 4.
There are three grooves with a width of 200 pm, 100 um, and 50 pm, respectively in each photo. All
bottom surfaces of the grooves are extremely smooth. In order to get the quantitative value of the

31



Micromachines 2018, 9, 269

surface quality at the groove bottom, the sample molded at the temperature of 547 °C was taken
and the surface roughness measurements were taken of all bottom surfaces running parallel to the
grooves by the Olympus Lext OLS4100 (Olympus Corporation, Tokyo, Japan), as shown in Figure 4a.
The results demonstrate that the surface roughness, R,, with the width of 200 pm, 100 pm, and 50 pm,
are 13 nm, 9 nm, and 7 nm, respectively. Although the results somewhat indicate a correlation between
the channel width and the mold surface roughness, its value is mainly determined by the mold surface
roughness due to the contact between the mold surface and the groove bottom surface during the
molding process. Due to the polishing process, the surface roughness, R, of the mold can achieve
around 10 nm. However, as an exploring investigation, the molding experiment was not conducted
in a clean room and the individual roughness value may be influenced by some dust on the groove
bottom surface, leading to small variations in the measurements at different locations.

500pm 500um 500pm 500pm 500um 500pm
Ry~ 13nm
=
2 I I l I l
R —

(a) 547°C (b) 548°C (c) 549°C (d) 550°C (e) 551°C (f) 552°C

Profile direction

Figure 4. The molded grooves at different molding temperatures (P = 0.3 MPa). (a) 547 °C; (b) 548 °C;
(c) 549 °C; (d) 550 °C; (e) 551 °C; (f) 552 °C.

It is worth mentioning that the bottom of the groove fabricated by the GMP is much better
than those of the conventional fabricating methods, which is beneficial to the reduction of residual
bio-samples and the increase of light transmittance performance. In addition, when temperature
increases to 551 °C, some rough zones can be observed between grooves, and as temperature increases
further, the size of the zones increase correspondingly. Since the surface roughness of the mold during
the GMP is relatively rough (R, around 0.3 um) due to its fabricating process, it is expected that this
zone touched the bottom of the mold during the GMP.

In order to provide more information about the molded grooves, the profiles perpendicular to the
grooves were extracted in each sample, as shown in Figure 5. It is evident that the depth of the groove
increases with the molding temperature, from 40 pum at 547 °C to 60 pum at 550 °C. The corner radius of
the grooves decreases with the molding temperature also. In addition, when the temperature reaches
550 °C, the glass almost touches the mold bottom and when it increases further, the contact zones in
the profiles can be observed as the rough and horizontal areas on the top, as shown in Figure 5e,f.

The influence of the pressure is similar to that of the temperature. In order to avoid redundancy,
the microstructure images and profiles molded at different pressures are ignored in the paper.
The influence of the molding parameters, such as pressure and temperature, on groove depth are shown
in Figures 6 and 7, respectively. It indicates that the groove depth increased with both parameters.
The depth value reached was maximum at a pressure of 0.4 MPa, with the temperature set at 549 °C,
and at 550 °C when the pressure was set at 0.3 MPa. It is worth noting that, although further increases

32



Micromachines 2018, 9, 269

of both parameters would benefit the fill ratio, this increases the risk of cracking in the glass, in addition
to adhesion between the mold and the glass. Therefore, the investigation of the optimal parameters for
the maximum filling ratio are not included in the scope of the paper. Nevertheless, all the parameters
of temperature and pressure used in this experiment were sufficient to avoid adhesion during the
demolding process. The phenomenon of typical broken up in glass after demolding is shown in
Figure 8. The whole part of the bottom material breaks away from the top material, which should be
avoided in the GMP.
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Figure 5. The profiles of the molded grooves at different molding temperatures. (a) 547 °C; (b) 548 °C;
(c) 549 °C; (d) 550 °C; (e) 551 °C; (f) 552 °C.
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Figure 6. The influence of pressure on depth.
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Figure 7. The influence of temperature on depth.

Broken up zone

Figure 8. A broken glass.

In order to reveal the accuracy of the molded glass grooves relative to the actual mold features,
the width comparisons between mold protrusions and glass grooves are shown in Figure 9. The sample
of glass groove data is extracted from the profile at a temperature of 552 °C, which is demonstrated
at the bottom of Figure 5. It indicates that the widths of mold protrusions are all wider than
the corresponding widths of glass grooves, and that the molding accuracy was around 4-6 pm.
The different widths can be attributed to the fact that, when the force from the protrusions compressing
the glass preform is taken off by demolding, the walls of the glass grooves experience springback,
therefore, leading to the smaller glass groove width.
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Figure 9. The width comparison between mold protrusions and glass grooves.
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3.2. Microfluidic Chips

A typical microstructure of a molded diffusion mixer chip is shown in Figure 10. The macro photo
indicates that the basic morphology of the diffusion mixer chip was achieved. In order to provide
more details of the molded chip, area A (which is the combination area of the two input channels)
and area B (which is in the typical U-shape mixed area) were enlarged, as is shown in Figure 10b,c,
respectively. Since it is a small area, the highest depth was only 23.9 um in Figure 10b. The Y shape
was formed, which is suitable for the two liquids combining. In order to provide more details of the
morphology, the profile extraction was conducted along the location, as shown in Figure 10b, and the
profile is shown in Figure 10d. Although the corner radius is relatively large, it can be reduced by
further parameter optimization. In addition, it is also valuable if there are some round corners in the
cross-section profile of the channel in microfluidic chips. Regarding the mixing zone, this profile was
also extracted, and is shown in Figure 10e. It indicates that the channels running parallel to each other,
with a depth of 40um, can be formed by the GMP, which is deep enough for the mixing function.
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Figure 10. The microstructure of the molded diffusion mixer chip (550 °C, 0.5 MPa). (a) Marco photo;
(b) Enlarged area A; (c) Enlarged area B; (d) Profile A; (e) Enlarged area B.

A typical microstructure of the molded flow focusing chip is shown in Figure 11. The macro
photo indicates that the basic morphology of the flow focusing chip was achieved, as shown in
Figure 11a. In order to provide more details about the formed microstructure, the area A and area
B were enlarged, as shown in Figure 11b,c, which are the combination of the three channels at the
bottom and top, respectively. They both demonstrate that the expected channels” morphology was
generated, which was deep enough for the flow focusing experiment. The extracted profiles are shown
in Figure 11d,e, and the section profiles are both characterized by a large corner radius.
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Figure 11. The microstructure of the molded flow focusing chip (550 °C, 0.5 MPa). (a) Macro photo;
(b) Enlarged area A; (c) Enlarged area B; (d) Profile A; (e) Profile B.
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A typical microstructure of the molded cell counting chip is shown in Figure 12. The macro photo
indicates that the basic morphology of the cell counting chip was achieved, as shown in Figure 12a.
The enlarged images of area A and area B are shown in Figure 12b,c, respectively. The profile extracted
from Figure 12b is shown in Figure 12d. Although the line width was only 1.5 um on the mold,
the molded groove is clear, with a depth of approximately 2 um. Due to the contact between the glass
and the mold bottom, the top of the chip was relatively rough, which is beneficial for cells to stay
inside. According to currently morphology, the molded glass is potentially valuable for cell counting.
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Figure 12. The microstructure of the molded cell counting chip (550 °C, 0.5 MPa). (a) Marco photo;
(b) Enlarged area A; (c) Enlarged area B; (d) Profile A.

3.3. Chip Application

In order to verify the performance of the molded chips by the GMP, a mixed microfluidic chip
was chosen to conduct the filling microfluidic system experiment. In terms of the bonding material,
ARseal PSA clear polypropylene film tapes (MH-90697, Adhesives Research, Inc., Glen Rock, PA, USA)
were used for their simplicity, and was coated with an inert silicone adhesive. The tapes provide an
immediate bond to most materials and can also provide a barrier for preventing evaporation and
cross contamination.

The experiment of the filling microfluidic system is shown in Figure 13. Firstly, the corresponding
liquid inlet and the outlet hole were fabricated by a laser cutting machining and the bonding process
was carried out in a clean room, as shown in Figure 13a. Next, the polyetheretherketone (PEEK)
connectors were bonded with the chip by glue, which helped to locate the inlet holes during the filling
with liquid, as shown in Figure 13b. Next, two inlet holes were filled with the red and blue ink by a
pump at the same filling speed of 2 uL/min. The filling status is shown in Figure 13c and the enlarged
image of the mixed channel zone is shown in Figure 13d. It was shown that the two reagents can flow
along the channel without cross contamination occurring, and the obvious stratification phenomenon
was observed. This proves that the molded chip can be used in a microfluidic system.
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Figure 13. The experiment of filling the mixing microfluidic system. (a) A schematic image; (b) A physical
image; (c) Mix experiment; (d) The enlarged image.

4. Discussions

4.1. Curved Side Wall

Currently, only the curved sidewall of the microchannel could be achieved by the GMP in this
experiment. Since the cross-section of the microstructure on the mold is rectangle, it is possible to
obtain a side wall of the channels on the molded glass that is close to 90 when appropriate parameters
are set. However, this scenario did not occur due to the severe adhesion problem between the mold and
the glass in the actual experiment. A promising direction is the utilization of the ultrasonic vibrations
during the GMP, which is worth exploring in the future.

Although the curved side wall generated by the GMP is somewhat similar to the morphology
obtained by the wet-etching, the GMP has obvious advantages over the wet-etching in several aspects,
which are detailed below:

(1) Higher efficiency in the fabricating of a single microfluidic glass chip

The wet-etching process consists of cleaning, lithography, and buffered oxide etch (BOE) etching,
which needs several instruments and is longer than 1 h [43]. This process can achieve the production
of microfluidic glass chips at a commercial scale on a regular basis and at reasonable costs. However,
for the fabricating of a single microfluidic glass chip, the time of the GMP is usually less than 15 min,
which is much shorter than that of the hydrofluoric acid (HF) etching.

(2) More eco-friendly

The chemical liquid used in the wet-etching process, especially buffered HF, is harmful to
environment, while only nitrogen is utilized in the GMP as a protecting gas, which is significantly
more eco-friendly.

(8) Wider fabricating capacity

Some researchers [13-16] have found that it is typically hard for the wet-etching process to
generate a microstructure with a depth-to-width ratio that is higher than 0.5, while the GMP has wider
fabricating capacity than the wet-etching. For instance, a microstructure with a depth-to-width ratio of
one has been achieved by the GMP [44].

In terms of the application of channels with a curved side wall, many researchers have conducted
biochemical tests on these. Lin et al. [43] demonstrated a micro flow-through sampling glass chip,
which was fabricated by wet-etching, and the side walls of the channels were curved. The chip
sampled and separated Cy5-labelled BSA (Nanocs Inc., New York, NY, USA) and anti-BSA successfully.
Lee et al. [45] demonstrated a microcapillary electrophoresis (1-CE) device for DNA separation and
detection, and the channels with curved side walls on the plastic chip were fabricated by the hot
embossing method. Castafio-Alvarez et al. [46] fabricated glass microfluidic channels with curved
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side walls by photolithography and wet-etching. The microfluidic chips were successfully used,
in combination with a metal-wire end-channel amperometric detector, for capillary electrophoresis
(CE). Evander et al. [47] fabricated glass microchannels with curved side walls by wet-etching, and the
glass microfluidic chip was used for acoustic force control of cells and particles in a continuous
microfluidic process. Nevertheless, although the side walls of the channel fabricated by the GMP were
curved, currently, the chips are still valuable for many applications.

4.2. Bonding Techniques

Generally, there are three categories of glass bonding techniques: (1) Direct bonding, involving
surface-activated or fusion bonding; (2) Anodic bonding, with silicon as the intermediate layer;
and (3) Adhesive bonding, with additional adhesive material. The strengths and weaknesses of
each method can be found in [48]. In this paper, since the focus is on investigating the new
material performance in the GMP, the bonding process was achieved by a simple method of the
glass microchannel being sealed by a polymer adhesive sheet. Compared with the three traditional
methods, the bonding process in this paper has the following two advantages:

(1) High efficiency

Compared with direct and anodic bonding, the polymer adhesive sheet bonding can be achieved
in room temperature without any additional chemical solution and, subsequently, there is no clogging
problem, which usually occurs in adhesive bonding. Thus, it is much faster to achieve the prototyping
of the microfluidic chips for research.

(2) Recycling value

The bond of failed or used bonded microchips can easily be broken by soaking the microchips in
acetone, with sonication, without damaging the glass microstructure, and they can be reused by the
polymer adhesive sheet bonding process.

Although it is a simple method, it is worth pointing out that the bonding process in this paper is
assumed to not compromise the main advantages of the glass microfluidic chips over polymer chips,
such as biocompatibility, optical transparency, and surface modification. As for biocompatibility, since
the anti-reflection (AR) film is designed to be biocompatible, the influence of the AR film is supposed
to be small enough. In terms of optical transparency, it is true that the polymer AR film may exert some
negative influence on this aspect. However, this issue can be resolved if the test is conducted by placing
the chip upside down, as shown in Figure 14. When the surface modification is concerned, since there
are still three glass surfaces left in the microchannel, different surface modification procedures can be
conducted as well, such as protein immobilization [49]. Therefore, the microfluidic chip assembled by
polymer adhesive sheet bonding is still valuable for practical applications.

lass surface ———Glass

olymer surface

Detected liquid ﬁ

— AR film

Figure 14. A typical testing diagram of the produced glass and anti-reflection (AR) film chip.
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5. Conclusions

This paper investigated the fabricating of glass microfluidic chips by the GMP, which provided
a promising method for fast prototyping and mass production of microfluidic chips in the future.
The main conclusions were as follows:

(1) A groove with a 60 pm height could be obtained by the GMP in 12 min, and the bottom roughness,
Ra, could be as small as 10 nm. The molded groove depth increased dramatically with the molding
temperature and pressure before the time when the glass contacted with the bottom of the mold.
Precautions should be taken to avoid cracks generated inside the glass.

(2) The microstructure of a diffusion mixer chip and a flow focusing chip were generated with more
than 40 pm groove depths by the GMP, and the microstructure of the cell counting chip was
fabricated with the groove of a 2 um depth and 1.5 um width.

(3) The study of mold wear indicated that the macro shape of the microstructure on the mold changed
little over the time of 20 experiments, although the edge became a little blunt due to the weak
stiffness in this area. The results from the energy-dispersive X-ray spectroscopy (EDS) analysis
found that there was no chemical wear.

(4) The performance verification of the molded chips was conducted on a mixed microfluidic chip
and the result indicated that the two reagents could flow along the channel without cross
contamination, and that the obvious stratification phenomenon was observed. This proved that
the molded chip could be used in a microfluidic system.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-666X/9/6/269/s1,
Figure S1: The morphology of the mold for fabricating channels on glass, Figure S2: The morphology of three
different molds for fabricating microfluidic chips, Figure S3: The mold morphology after GMP, Figure S4:
The microstructure of molds before GMP, Figure S5: The microstructure of the molds after GMP.
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Abstract: The detection of small molecules has increasingly attracted the attention of researchers
because of its important physiological function. In this manuscript, we propose a novel optical sensor
which uses an optofluidic microbubble resonator (OFMBR) for the highly sensitive detection of small
molecules. This paper demonstrates the binding of the small molecule biotin to surface-immobilized
streptavidin with a detection limit reduced to 0.41 pM. Furthermore, binding specificity of four
additional small molecules to surface-immobilized streptavidin is shown. A label-free OFMBR-based
optical sensor has great potential in small molecule detection and drug screening because of its high
sensitivity, low detection limit, and minimal sample consumption.

Keywords: label-free sensor; optofluidic microbubble resonator; detection of small molecules

1. Introduction

Methods to detect small molecular analytes (<1000 Da) have found several, important uses in the
bio-medical, food, and environmental fields [1-3]. In biomedical analyses, several small molecules
such as steroids, thyroid hormones, and peptides derived from disease-specific proteins have been
utilized as diagnostic markers [4,5]. Additionally, the detection of small molecules analytes could
serve a vital role in the identification of bacterial pathogens in infectious diseases [6,7].

To detect small molecules, several electrical, mechanical, and optical sensors have been developed,
such as the nanomechanical resonator sensor, nanowire sensor, and surface plasmon resonance sensor.
Among them, optical detection methods stand out because of their advantages, such as greater
sensitivity, electrical passiveness, and robustness. To date, the most widely used optical detection
technology uses labels, such as radio- or fluorescent-labeling, for detection. Although popular and
useful, the labeling step requires additional time and cost, and even worse, a labeled approach can
significantly alter the activities of small molecules and lead to inaccurate conclusions. Various label-free
optical techniques, such as surface plasmon resonance (SPR) [8], resonant waveguide grating (RWG) [9],
resonant mirror (RM) [10,11], and high-Q optical microcavities [12-16] have been developed, but their
sensitivities diminish with the size of the molecule, making it extremely challenging to detect small
molecules. To date, the detection limit for small molecules with label-free optical detection technologies
are in the range of uM to nM [17,18].

An optofluidic microbubble resonator (OFMBR) that supports high-Q whispering gallery modes
(WGMs) is a promising candidate for the development of sensors [19-23] because of its unique
hollow-core structure, capabilities of integration with microfluidics, high sensitivity, and excellent
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optical confinement of the WGMs [24,25]. Light couples into the microbubble resonator through
the fiber taper and the WGMs shift in response to the change of the refractive index in the medium
surrounding the resonator, which leads to additional applications of OFMBR in label-free biosensing.
However, the OFMBR is typically exposed in the air, which is susceptible to environmental changes,
greatly diminishing its performance capabilities in small molecule detection.

In this paper, we propose a packaged OFMBR sensor by fixing the ends of a microbubble and
fiber taper on glass substrate with glue, and sealing the OFMBR inside a glass box. By immobilization
of streptavidin on the inner surface of microbubble and injection of various concentrations of
small molecule biotin, we obtained real-time binding curves of biotin to immobilized streptavidin,
which gave us a binding affinity of 6.7 x 10* M~!. The detection limit of biotin to immobilized
streptavidin on the packaged OFMBR sensor was determined to be 0.41 pM. In addition, we flew
four small molecules over a streptavidin-immobilized OFMBR sensor; only magnolol bound to the
surface-immobilized streptavidin, with binding affinity of 4.7 x 10! M~!. The packaged OFMBR
sensor was demonstrated to be able to detect small molecules with high sensitivity and low detection
limit, which has significant application potential in small molecule detection and drug screening.

2. Materials and Method

2.1. Materials

The 3-glycidoxypropyltrimethoxysilan (GOPTS) was from Sinopharm Chemical Regent Company
(Shanghai, China). Bovine serum albumin (BSA) and phosphate buffered saline (PBS) were from
Sigma-Aldrich (St. Louis, MO, USA). Streptavidin (SA) was from Life Technologies (Shanghai, China).
Biotin was from Aladdin Industrial Corporation (Shanghai, China). Magnolol, medetomidine HCl,
cetrimonium bromide, and reboxetine mesylat were from Selleck (Houston, TX, USA). The low
refractive index polymer MY133 was from MY Polymers (Ness Ziona, Israel). The UV glue was from
Thorlabs (Shanghai, China).

2.2. The Packaged OFMBR Sensor for Biomolecular Interaction Detection

Figure 1a shows the sketch of the OFMBR detection system, which consists of a tunable, continuous
diode laser, with a tuning range from 765 nm to 781 nm (TLB6700, New Focus, San Diego, CA, USA),
a polarization controller (EPC300, Connet Fiber Optics, Shanghai, China), a packaged OFMBR sensor,
a photon detector (DET10C, Thorlabs, Newton, NJ, USA), and an oscilloscope at a working sampling
rate of 500,000 S/s (TDS3012, Tektronix, Portland, OR, USA). Figure 1b shows the structure of
a packaged OFMBR sensor. The OFMBR was on a glass substrate, with wall thickness about 2—4 um,
lying perpendicular to a fiber taper; optimal coupling was achieved by adjusting the gap between them.
To fix the position and wrap the fiber, low refractive index polymer MY133 was on both ends of the
fiber taper. To fix the OFMBR on the substrate, UV glue (NOA68, Thorlabs, Newton, NJ, USA) covered
both ends of the microbubble. In addition, a cover glass was placed on top of the four piles on the glass
substrate corners to seal the packaged sensor. The packaged OFMBR sensor was solidified in the air by
its exposure to a UV lamp at 365 nm for 5 min. Instead of putting MY133 around the coupling region
of OFMBR with fiber taper and on the ends of the fiber taper as described before [25], we put polymer
MY133 only on the ends of the fiber taper in such a way that excited WGMSs were not affected; as a result,
the as-packaged OFMBR sensor was more sensitive than that described before [25].
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Figure 1. (a) Sketch of the detection system for the OFMBR sensor; (b) Structure of the packaged OFMBR sensor.

When biological molecules aggregated at the inner surface of the microbubble, they interacted
with the evanescent part of the WGM field. Subsequently, a wavelength shift occurred as a result of
the change of the radius or the refractive index of the microbubble. The resonance wavelength shift Ay
was proportional to the surface density of the small molecules Nag(t), which is expressed as [26],

21\ /n3 —n3 g,
Ay = deAS—————— X Nap(t) = 1 x Nyp(t) (€]

egh? n%

ny, n3 are the refractive index values of the OFMBR'’s wall (quartz) and the OFMBR’s core (air or
liquid), xex is the excess polarizability of the biomolecules, S is the sensitivity of refractive index.
By following the wavelength shift variations with time, binding kinetics of biomolecule to the OFMBR
inner surface was revealed.

2.3. Detection of Small Molecule Binding to Surface-Immobilized Streptavidin

Figure 2a schematically shows the functionalization of the inner surface of the microbubble with
epoxy groups by using 3-glycidoxypropyltrimethoxysilan (GOPTS, Sinopharm Chemical Regent
Company, Shanghai, China). The inner surface of OFMBR was first activated by 12% NaOH
(Lingfeng Chemical Regent, Shanghai, China) for 1 h to obtain OH terminal groups. The microbubble
was then filled with 1% GOPTS in 95% ethanol for 2 h, followed by washing with toluene, ethanol,
and deionized water for 10 min each to remove residual unreacted GOPTS. The microbubble was
finally dried in an oven at 120 °C for 2 h. The functionalized microbubble surface, having epoxy
groups, formed covalent linkages with amine groups on proteins which were thus immobilized on the
inner surface of microbubble with high efficiency.

Figure 2b shows experimental protocols for the detection of small molecule binding to
surface-immobilized streptavidin. Protein streptavidin was first immobilized on the inner surface
of the OFMBR by its incubation with streptavidin, at a concentration of 7.7 uM for 2 h, followed by
1 x PBS washing for 0.5 h. The inner surface was then blocked with 7.6 uM BSA at a flow rate of
2.5 uL/min for 2 h and followed by washing with 1 x PBS for 0.5 h.

Each binding curve of small molecule to surface-immobilized streptavidin included baseline,
association phase, and dissociation phase. During baseline, 1 x PBS flew over surface-immobilized
streptavidin at a flow rate of 2 uL/min for 6 min. During the association phase, small molecule solution
flew over surface-immobilized streptavidin for 22 min at a flow rate of 2 uL/min. Dissociation phase
included 1 x PBS flowing over the OFMBR at a flow rate of 2 uL/min for 8 min. Specific binding of
small molecule to surface-immobilized streptavidin caused red-shift of the OFMBR WGMs, which was
recorded from the beginning of the baseline to the end of the dissociation phase at a time resolution of
1s. All binding curves were normalized against respective maximal resonance wavelength shift which
does not affect reaction kinetic rate constants.
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Figure 2. (a) Schematic illustration of surface functionalization of microbubble surface with

epoxy groups; (b) Flow diagram of experimental processes for small biomolecule binding to
surface-immobilized streptavidin.

3. Results

3.1. Transmission Spectra and Q Factors of OFMBR Sensor

An OFMBR sensor consists of a microbubble coupled with a fiber taper. The OFMBR sensor
exhibits high sensitivity due to the presence of a significant part of the WGM field close to the inner
surface of the microbubble. In addition, the OFMBR sensor has excellent fluidic capability because of
its intrinsic hollow structure. However, the exposed OFMBR sensor is susceptible to environmental
changes and usually an exposed sensor lasts less than 12 h. We thus propose to package the OFMBR
sensor within a sealed glass box (as described in Section 2.2) to reduce the impact of the environment.

Figure 3a,b show transmission spectra of an OFMBR sensor with air inside before packaging
and 24 h after packaging within a wavelength range of 770-780 nm, respectively. After packaging,
WGMs remained excited. The decreased intensity of the transmission light after packaging resulted
from the loss of scattering and absorption due to the coating of MY133 around the ends of the fiber
taper. Figure 3c,d show fine scan of the transmission spectra of OFMBR sensor before and after
packaging around 774.3 nm. Both spectra show the same four WGMs, indicating that the excited
WGMs were all reserved after the packaging process. The typical Q factors were obtained by Lorenz fits
of the WGM:s, indicated by the red curves in Figure 3¢,d and the Q values before and after packaging
were approximately 3.7 x 10° and 3.0 x 105, respectively. The Q values before and after packaging
were on the same order of magnitude, proving good maintenance of Q values after the packaging.
The slight decrease of Q values was attributable to changes of coupling coefficiency between the
microbubble and the fiber taper, caused by a slight movement of taper fiber during the packaging
process. Figure 3e,f show resonant wavelength shift varying with time of an OFMBR sensor before
and after packaging. The standard deviation of resonant wavelength shifts decreased from 2.6 pm to
0.15 pm after packaging, indicating that sensor packaging greatly decreased resonant wavelength drift.
In addition, performance of the as-packaged OFMBR sensor was stable for months. Results indicate
that OFMBR sensor packaging could provide lower noise and longer lift time, without sacrificing
its performance.
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Figure 3. (a) Transmission spectra of an OFMBR before packaging in the wavelength range between
770 nm and 780 nm; (b) Transmission spectra of an OFMBR 24 h after packaging in the wavelength
range between 770 nm and 780 nm; (c) Fine scan of the transmission spectra before packaging around
774.3 nm; (d) Fine scan of the transmission spectra after packaging around 774.3 nm; (e) Resonant
wavelength shift of an OFMBR sensor varying with time before packaging; (f) Resonant wavelength
shift of an OFMBR sensor varying with time after packaging.

3.2. Binding Kinetics of Biotin to Surface-Immobilized Streptavidin

Biotin is a small molecule with molecular weight of 224 Da, which binds strongly to streptavidin.
We used biotin binding to surface-immobilized streptavidin as a model system to study the
performance of a packaged OFMBR sensor on small molecule detection. We measured binding
kinetics of biotin to surface-immobilized streptavidin at respective biotin concentrations of 205 pM,
410 pM, and 820 pM on three fresh OFMBR sensors; Figure 4a shows the three normalized real-time
binding curves among them. Vertical lines indicate the start of the association and dissociation phases.
Real-time binding curves contain information on kinetic rate constants, kon (association rate) and
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ko (dissociation rate). For the monophasic molecular interaction with stoichiometry 1:1, the affinity

constant k, is the ratio of kon to kg,
kon

A+ B X AB @

AB X% A 4 B @®)
kon

k, = ~on 4

v 4)

To extract binding kinetic rate constants, we used a Langmuir reaction model. As shown in
Equations (5), small molecules are assumed to bind to surface-immobilized streptavidin at a rate
proportional to the association rate kon, small molecule concentration [A], and the unbonded binding
sites N(ap) — Niap) at time less than t. After the small molecule solution was replaced with a PBS
buffer at time ty, small molecule-protein complexes dissociated at a rate proportional to dissociation
rate kot and number of complexes per sensing area N|5p)-

dN
28 = Kon[A] (N[AB]max - N[AB]> — KotNag) t < to, -
dN
= —koftN[ap), t > to

Niap),,,, is the maximal number of binding sites per sensing area. The number of small molecule
complexes per unit sensing area N|5g) is calculated to be,

Kon[AIN{ap, _
Nap(t) = i (1 - Colot), £ <, ©)
Kon[AIN g, _ k(i
Nag(t) = W][fk]ﬁo -¢ (k”[AHk“f)t‘))e Kl 1 > o,

We obtained reaction kinetic rate constants kon and kg by globally fitting three normalized
binding curves in Figure 4a with Equations (6). As shown in Table 1, the binding affinity between
small molecule biotin and surface-immobilized streptavidin was 6.7 X 10" M1, which is close to
the affinity range (10'3-10'* M~!) reported by others [27,28]. Figure 4b shows the binding curve of
surface-immobilized streptavidin to flowing biotin at a concentration of 0.41 pM, which is significantly
lower than the detection limit achieved on other label-free optical sensing systems [12].

D-biotin D-biotin
20 ] 1820 pM 20 ' : 0.41 pM
1 —1820 pl | © —0.41p
(a): —!410 pM (b): :
~1.51 : 1205pM 15+ - '
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3 : : s . 5
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c i = ' :
9 ' 9 ! 10 20
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Figure 4. (a) Binding curves of surface-immobilized streptavidin with flowing biotin at respective
concentrations of 205 pM, 410 pM, and 820 pM. Vertical lines indicate start of association and
dissociation phases. Red dashed lines are global fitting results with the Langmuir reaction model;
(b) Specific binding curve of surface-immobilized streptavidin with biotin at a concentration of 0.41 pM.
Inset shows enlarged view of the binding curve.
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Table 1. Kinetic constants of biotin and magnolol binding to immobilized streptavidin.

Small Molecule ko (min nM)~™1 k¢ (min)~1 ka (M)~
Biotin 0.30 4.5 x 1077 6.7 x 101
Magnolol 0.29 6.2 x 1073 4.7 x 10'0

3.3. Specificity of Small Molecules Binding to Surface-Immobilized Streptavidin

To study binding specificity of small molecules to surface-immobilized streptavidin on the
packaged OFMBR sensor, we flew four small molecules at respective concentrations of 205 pM
sequentially over the surface-immobilized streptavidin. Three small molecules, medetomidine HCl,
cetrimonium bromided, and reboxetine mesylat were randomly selected from our compound library.
Magnolol, a binding ligand of streptavidin screened from 3375 compounds [29], was also included.
Figure 5 show that the three randomly selected small molecules did not bind to the surface-immobilized
streptavidin and magnolol bound specifically to streptavidin, indicating that the as-packaged OFMBR
sensor functionalized with streptavidin binds specifically with small molecules. From binding curves
between streptavidin and magnolol at concentrations of 100 pM, 500 pM, and 1000 pM, the binding
affinity between them was found to be 4.7 x 10" M~1.
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Figure 5. Real-time binding curves of small molecules (a) medetomidine HCl; (b) cetrimonium
bromide; (c) reboxetine mesylate with surface-immobilized streptavidin on packaged OFMBR sensor
at respective concentration of 205 pM (Insets show enlarged views of the binding curves); (d) Binding
curves of surface-immobilized streptavidin with flowing magnolol at concentrations of 100 pM, 500 pM,
and 1000 pM. Vertical lines are the starts of association and dissociation phases.
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4. Discussion and Conclusions

The OFMBR sensor was demonstrated to be capable of detecting biomolecular interactions with
high sensitivity, based on WGMs exited through a coupling of a microbubble resonator (OFMBR)
and a fiber taper. Traditionally, a OFMBR sensor is exposed to the air and the sensor’s performance
is susceptible to environmental changes, especially dirt in the air. In this way, the exposed OFMBR
sensor usually lasts less than 12 h. In addition, it is not convenient to carry the exposed OFMBR
sensor. To improve the stability of an OFMBR sensor, we fixed the ends of the sensor with glue on
the glass substrate and put the packaged sensor inside a glass box. The as-packaged OFMBR sensor
displayed good stability, lasting for months. A significant difference between the package protocols
of this work and the package protocols described before [25] is that we did not wrap the coupling
position between the microbubble and the fiber taper with MY133; accordingly, the high radial order
modes were reserved to provide high sensitivity.

Detection limit of the packaged OFMBR sensor can be further optimized by enhancing sensor
sensitivity, increasing surface density of immobilized protein ligand, and reducing noise level.
Thin shells and high radial modes are beneficial for improving sensor sensitivity. Optimization
of surface functionalization and surface immobilization protocols is expected to maximize protein
surface density. Noise level can be reduced by increasing the stability of the OFMBR sensor, keeping
it at a constant temperature, and using a self-referencing sensing scheme, such as mode-splitting
method [14].

In this paper, we demonstrate a novel optical sensor for label-free small molecule detection with
low detection limit. With surface-immobilized streptavidin on the inner surface of a packaged OFMBR
sensor, binding of small molecule biotin to streptavidin can be detected with a reduced detection
limit at 0.41 pM. The specificity of small molecule binding on OFMBR sensor was demonstrated with
four additional small molecules. Such a sensitive optical sensor will find wide applications in medical
diagnoses, treatment of diseases, and drug screening.
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Abstract: Chalcogenide glass (ChG) is increasingly demanded in infrared optical systems owing to
its excellent infrared optical properties. ChG infrared optics including ChG aspherical and freeform
optics are mainly fabricated using the single point diamond turning (SPDT) technique, which
is characterized by high cost and low efficiency. This paper presents an overview of the ChG
infrared optics fabrication technique through precision glass molding (PGM). It introduces the
thermo-mechanical properties of ChG and models the elastic-viscoplasticity constitutive of ChG.
The forming accuracy and surface defects of the formed ChG are discussed, and the countermeasures
to improve the optics quality are also reviewed. Moreover, the latest advancements in ChG precision
molding are detailed, including the aspherical lens molding process, the ChG freeform optics molding
process, and some new improvements in PGM.

Keywords: chalcogenide glass; infrared optics; precision glass molding; aspherical lens; freeform optics

1. Introduction
1.1. Introduction of ChG Infrared Optics

1.1.1. Characteristics of ChG

Infrared optical systems, including thermal imaging devices and night vision cameras, are gaining
more attention in the optical fields [1,2]. Crystalline infrared materials such as single-crystal germanium
(Ge) and zinc selenide (ZnSe) have been used and primarily fabricated by single point diamond
turning (SPDT) and chemical vapour deposition (CVD) in past decades, though they are rare and
expensive [3-5]. Chalcogenide glass (ChG), which is a kind of artificial material mainly made of
chalcogens (S, Se, and Te) and some other elements, shows much wider transmission wave band from
near to far infrared wavelength compared with the oxide glasses and has more excellent properties of
athermalization and achromatism compared with the crystalline infrared materials [6,7]. ChG infrared
optics could be formed in mass production using the precision glass molding (PGM) process with
low-cost compared to the silicon (Si) and germanium (Ge) optics machined by the diamond turning or
grinding. Hence, ChG is now deemed as an alternative for crystalline infrared materials for various
infrared optics [8].

ChG can be divided into sulfide glass, selenide glass, and telluride glass according to the elemental
composition. The As-S and Ge-S glass are the first sulfide glasses to be studied [9,10]. As-S glass
has the advantages of good infrared transmittance, high refractive index, low sound speed, and high
quality factor. However, its shortcomings, such as high intrinsic loss, poor chemical stability, and so
on, hinder its application in the optical industry. In order to improve the comprehensive properties of
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As-S glass, the preparation and properties of Ge-As-S glass have been studied. The results show that
the density, hardness, softening temperature, and chemical stability of glass increase and the expansion
coefficient decreases with the increase of element Ge content. The transmittance range of Ge-As-S
glass is 0.6-11 um [11].

The preparation of selenide glass is easier than sulfide glass due to the higher rate of chemical
reaction between Se and other elements, as well as lower pressure when Se melts [12-15]. The Ge-As-Se
glass and Ge-Sb-Se glass are the most suitable selenide glasses for infrared optical system [2,16],
because Ge-As-Se glass has intrinsic optical stability and a wide temperature range of glass forming
process. It has a great transmittance of far infrared wave, the range of which is 0.8-15 um. Besides,
the value of the third-order optical nonlinearity of Ge-As-Se glass is the largest among all ChGs.

Telluride glass has a wider infrared transmittance than sulfide glass and selenide glass.
The infrared transmission spectrum of telluride glass can be extended above 20 um [17-19]. However,
the glass forming ability of Te is weak, because it has stronger metallicity compared with S and Se.
The telluride glass has low glass transition point, poor thermal stability, and mechanical strength,
which limits its applications in far infrared optics [20,21].

1.1.2. Application of ChG Infrared System

ChG has been widely used in various infrared optical systems due to its excellent optical
properties [22-25]. ChG infrared night vision system uses infrared light to enable human eyes to
observe scenes at night by converting the invisible infrared image of the scene into a visually sensible
image. ChG has a lower temperature dependency of the refractive index compared with single-crystal
germanium (Ge) and zinc selenide (ZnSe). The night vision system designed with ChG can realize
the temperature self-adaptation control and make the system image useable in a large temperature
range [26].

The ChG infrared night vision system consists of an infrared optical imaging device and a
photoelectric conversion device, as shown in Figure 1. The ChG lens is responsible for transmitting
infrared radiation of the targets. The photoelectric conversion device converts the infrared radiation
into the visible image for human eyes, and then the image is projected on the display screen after
denoising, reshaping, and amplifying [27]. The image quality is related to the shape accuracy, surface
roughness, and infrared transmittance of ChG lens.

Microchannel plate Fibre faceplate
— . —
e 4
A BT
— Q8 g —
., ;'F;f ; jﬂ
.o F 7
ChG lens / ‘ A N
Photocathode Electronic imaging Display screen

Figure 1. Schematic diagram of night vision system.

ChG s also extensively applied in infrared thermal imaging technology [28,29]. Figure 2 shows the
infrared thermal imaging system. The infrared detector and ChG lens are used to accept the infrared
radiation energy distribution of measured target, which reflects in the photosensitive element of
infrared detector to obtain infrared thermography. The infrared thermal imaging system can transform
the invisible infrared radiation of the object into the visible thermal image, and different colors in
the thermal image represent the different temperatures corresponding to the heat distribution of the
measured object.
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Figure 2. Schematic diagram of thermal imaging system [30].

1.1.3. Classification of ChG Infrared Optics

ChG infrared optics/lenses are usually designed with complex geometric shapes to obtain superior
optical performance, including the ChG aspherical lens and ChG freeform optics. ChG aspherical lens
can significantly improve the image quality and infrared optical properties. As shown in Figure 3,
it can change the light path to reduce the number of infrared optical elements, thereby simplifying the
structure of infrared system and reducing the volume of the infrared system [31,32].

ChG aspherical lens  Focal plane array window

Diffractive optical elements

Figure 3. The optical layout of ChG aspherical lens.

ChG freeform optics are generally defined as an infrared element with microlens array or
microstructure array on the surface (shown in Figure 4). The surface microstructures of the infrared
optical elements can improve the infrared thermal imaging quality and eliminate light aberration,
and the microstructure array is widely used to simplify the infrared system and meet specific
requirements. For example, the detection capability of infrared detectors can be improved by coupling
ChG microlens array with infrared detector. At the same time, ChG microlens array has a cold shield
effect. The incident angle of infrared radiation is limited to ensure that each photosensitive element of
the infrared detector has the same incident angle and background radiation, and then the noise can be
reduced [33].

X alala]
aaaad
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i 4
AAAa

(d)

Figure 4. Element shapes of the ChG freeform optics: (a) adjacent microlens arrays, (b) distributed
microlens arrays, (c) triangular pyramid arrays, and (d) rectangular pyramid arrays [34].
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1.2. Methods of ChG Optics Manufacturing

In order to meet the application requirements of ChG optics, various fabrication techniques have
been developed. The conventional methods for manufacturing ChG aspherical lens are single point
diamond turning and polishing. They are relatively mature and can obtain ultraprecision surface
accuracy. However, they are time-consuming processes and are very ill-suited to mass production with
high accuracy [35].

There are also some processes to produce ChG freeform optics. Based on energy assisted
machining, the focused ion beam machining and laser processing can fabricate surface microstructures
directly on optical components. However, these two methods are complex in processing, high in cost,
and poor in microstructures uniformity [36-38]. The ChG freeform optics can also be processed by
photolithography, but the shape and size of the microstructures are limited [39]. Using traditional
material removal machining techniques such as single point diamond turning or ultraprecision
grinding, complex surface microstructures can be fabricated. The surface microstructures have
ultraprecision shape accuracy. However, these methods still have many problems such as high
cost, poor efficiency, and so on. They are not capable enough to meet the needs of the market [40].
PGM can solve the problems of the processing technology mentioned above, and it is one of the most
promising technologies with which to manufacture ChG optics.

1.3. Precision Glass Molding of ChG

PGM was earliest used to process optical aspherical lens, replacing traditional Polymethyl
Methacrylate (PMMA) resin optics to achieve better optical characteristics and stability [41]. It has
high processing efficiency and can achieve mass production to reduce processing cost with good
formation accuracy of optical components [42,43]. Compared with single-crystal germanium, ChG
is an amorphous material without a fixed melting point. The viscosity of ChG gradually decreases
during heating, and it is suitable for ChG optics to be fabricated by PGM [44]. From the viewpoint of
fabrication cost and process time, the PGM is undoubtedly a better approach for producing precision
ChG aspherical lens and ChG freeform optics. PGM of ChG were first reported by Zhang et al.
at the French company Umicore IR Glass S.A. in 2003 [44]. They produced ChG lenses by using
GeppAsypSesg and GepSb155eq5. The maximum shape errors of their molded lenses were approximately
0.3 um and 2 pm, respectively. In the same year, Zhang et al., at the University of Rennes I [3],
reported a similar result that the shape error of the molded GeyyAsySesg lens was approximately
0.4 um. In 2006, Curatu et al. [29] designed and fabricated an athermalization lens over the entire
operating temperature range (—40 °C~+80 °C). Cha et al. [45] studied the effect of temperature on
the molding process of GejgAsySesp in 2010. They suggested that the ChG should be molded at a
temperature higher than softening temperature to prevent breakage. In 2011, Liu et al. [46] conducted
PGM numerical simulations for GezzAsy,Sess to investigate the variations of its thermos-mechanical
properties. Ju et al. [35] characterized the moldability of ChG and selected the preferential Ge/Sb ratio
in the Ge-Sb-Se based ChG system to fabricate lenses in 2014. Zhou et al. [47] evaluated the stress
relaxation behavior of As;S3 and calculated its refractive index change in 2017.

ChG molding process can be divided into four stages: heating, pressing, annealing, and cooling,
as shown in Figure 5. In a PGM cycle, the molds and ChG are heated simultaneously. The ChG is
heated above softening point and fully softened. Then, the upper mold is moved down to compress
the ChG preforms, and the stress in ChG is relaxed by holding the pressing load without further
deformation of ChG for a short time. After that, the ChG is annealed at a slow cooling rate. Finally,
the formed ChG optics are cooled to ambient temperature and released from the molds. In this way,
the geometric shapes of the molds are replicated to the ChG surfaces.

Though PGM for optical glasses is relatively established, it is still in early stages for ChGs. Directly
using the constitutive model of oxide glass to describe the thermo-mechanical behavior of ChG could
be problematic, because the molding temperature for oxide glass is between the yielding point and the
softening point, while the molding temperature is above the softening point for ChG [45,46]. In contrast
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to oxide glass, most ChG has a greater saturated vapor pressure, which enables trace gases to release
during the molding process. If these gases cannot escape, the lens shape and surface quality will be
severely impaired [48].

(b)

Figure 5. Four stages of a PGM cycle: (a) heating, (b) pressing, (c) annealing, and (d) cooling.

2. Modeling and Simulation of ChG Molding
2.1. Modeling of Elastic-Viscoplasticity Constitutive of ChG

2.1.1. Thermo-Mechanical Behavior Test of ChG

Finite element method can solve issues when some variables are difficult to measure
in experiments. However, a reliable simulation model requires an accurate constitutive of
materials. The thermo-mechanical behavior is the basis for modelling constitutive of the ChG. The
thermo-mechanical behavior test of the ChG is mainly applied in the pressing stage. The true strain and
stress of the ChG are calculated by measuring the displacement curve of the upper mold. Figure 6 [49]
shows the displacement w of the upper mold under different pressing forces in which the w is defined
as w(t) = y(t) — y(0), and y(t) is the position of the upper mold.

1600 —=— 156 N 16007 —=— 156 N
1400{ —= 468N 1400{ > 468N
= 100] 79N = 1200] 7N
2 10001 2 10001
g 800 { g 800 |
S 600 8 600
< <
é. 400 '—‘% 4001
a 2001 a 200]
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Figure 6. The upper mold displacement w during compression test under different pressing forces at
the following molding temperatures: (a) 382 °C and (b) 392 °C.

The true strain &, also named as logarithmic strain or Hencky strain [50], considering as an
incremental strain, can be derived by Equation (1):

e(t) = /ZZ‘ 2 = 2, )

0 Z Z

in which z, z; are the initial and instantaneous heights of the cylindrical specimen. Both stress and
strain should be negative in compression but are taken as absolute values in the following figures for
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convenience. The changes of strain with time during deformation under different pressing forces are
shown in Figure 7 [49].
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Figure 7. The variations of strain with time under different pressing forces at the following molding
temperatures: (a) 382 °C and (b) 392 °C.

The true stress o(t) can be derived by Equation (2):
F ety

o(t) = —¢°
np3

@

in which F is the molding force, and py is the radius of ChG preform. The changes of stress with time
under different pressing forces are shown in Figure 8 [49]. It is noted that the stress decreases more
rapidly under higher pressing force.
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Figure 8. The variations of stress with time under different pressing forces at the following molding
temperatures: (a) 382 °C and (b) 392 °C.

2.1.2. Elastic-Viscoplasticity Modeling

At the molding temperature, ChG exhibits elastic-viscoplastic behavior, which is a combination
of viscoelastic and viscoplastic mechanisms. As ChG is an isotropic material, the elastic-viscoplastic
behavior of which can be simplified as a combination of spring, dashpot, and slider, representing
elasticity, viscosity, and plasticity, respectively. The constitutive relations of these three elements are,
respectively, listed as below:

0, = Eg, 3)
0y = 1Ey 4
0y = oysign(p) ©®)
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in which ¢, 0, and 0} are the elastic stress, viscous stress, and plastic stess, respectively; oy is the yield
stress of the friction element; &, &,, and ¢, are corresponding strains; E and 7 are elastic modulus and
viscosity; and sign (¢,) is sign function, being equal to 1, 0, and —1 when the plastic strain rate ¢, is
positive, zero, and negative.

In order to describe all deformation mechanisms of the ChG, Schofield—Scott Blair model is
used [51], as shown in Figure 9. The instantaneous elastic and plastic deformation, delayed elastic and
plastic deformation, and viscous flow coexist in this model. The constitutive equation based on the
Schofield-Scott Blair model is

(6)

; Ei+E,
{Ezs—l—s E]Ez o+ E1E2 17, a<¢7f

in which E;, E; are elastic moduli and 71, 77, represent the viscosities of the elastic-viscoplastic material.
As the ChG preform is compressed at a uniform temperature, the pressing stage can be treated as
isothermal process without heat transfer [52].

Er

E> m

n2 or

Figure 9. The Schofield-Scott Blair constitutive model.

Considering the small strain scenario, the first order Taylor expansion of Equation (2) leads to
e(t) =Co(t)—1 (7)

in which C = mpj 2/ F is a constant. Substituting Equation (7) into Equation (6), and considering the
cases of 0 > 0, results in [49]:

o(t) = o5 + Cia 4+ {[(E1inn + Evipz + Eaip2 + Cy) (00 — 0f) — CCiaja — CEqmpaj2 + 2171772070

(51‘71+E1'72+Ez'/2 Ct
27

—C3—Gyle }/2Cy — {[(E1m + Exnga + Eaipp — Cy) (00 — 0) + CCyipp—  (8)
. (Eyiy +Eqip+Epip+Cy )t
CE]111172+2171172(707C37C2}€ 211712 }/ZC] , o> (Tf

in which C; = \/E121712 + 2E12171112 + E127]22 —2E1Exmina + 2E1E21’/22 + Ezzi’/zz, C, = CE27]22, Cy =

CE1752, and 0y is the initial stress when the upper mold just contacts the ChG surface and ¢y is the

stress rate at t = 0. The values of 0p and 0 can be obtained from Figure 8, and they can be utilized in

Equation (8) to determine the constitutive model parameters from compression tests mentioned above.
Considering for the large strain, the constitutive equation is

m 1 ( ﬂ]) 1 1 Uit O'f
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2.2. Simulation of Molding Process of ChG Infrared Optics

2.2.1. Simulation of Molding for Aspherical Lens

Based on the thermo-mechanical behavior test of ChG and Schofield-Scott Blair model, the
two-dimensional (2D) axisymmetric simulation model of aspherical lens is created. In the model, three
blocks are assembled from top to bottom representing upper mold, ChG preform, and lower mold,
respectively, as shown in Figure 10 [49]. The lower mold is fixed, and a constant pressing force is
applied on the upper mold to press the ChG with initial field temperature for the entire model of 25 °C.
The distribution of equivalent stress in course of PGM is shown in Figure 11 [49].

e L L1111

3.3mm

Figure 10. A half simulation model of ChG aspherical lens molding [49].

The contact area gradually increases from point contact, and the distribution of stress is initially
localized near the contact region, as shown in Figure 11a. The stresses are significantly large at this
early stage of aspherical lens molding. With pressing going on, the stress decreases when the contact
area becomes larger, as shown in Figure 11b. Therefore, the material flow and stress changes in PGM
are obtained to predict the forming accuracy of aspherical lens.
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Figure 11. Stress distribution of ChG aspherical lens molding: (a) early stage and (b) later stage.

2.2.2. Simulation of Molding for Freeform Optics

The molding conditions for freeform optics at different process parameters are optimized.
The two-dimensional simulation model is shown in Figure 12. The flat upper mold moves downward
to press the softened ChG. The lower mold with microstructures is fixed. In order to avoid the stress
convergence in the contact region and save remeshing time at the sharp corners during the molding
simulation, the sharp corners of the microstructures are rounded with a small radius of 0.5 um. As the
ChG preform and the molds are pressed at a uniform temperature, the pressing stage can be treated as
isothermal process without heat transfer.
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Figure 12. A two-dimensional simulation model of microstructures molding [30].

Two representative points are selected in the simulation model of the ChG, as shown in Figure 13.
The point A is at the interface between the ChG and the top of the mold microstructures. Point B is at
the interface between the ChG and the mold surface without microstructures.

- U

Figure 13. Two representative points of microstructures simulation [30].

Figure 14 illustrates the equivalent stress changes of point A and point B at different temperatures,
pressing velocities, and friction coefficients. When the temperature of the ChG rises continuously, the
internal stress of ChG decreases gradually. The stresses of point A and point B increase gradually with
the increase of pressing velocity and friction coefficient.
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Figure 14. Effect of process parameters on stresses of ChG: (a) temperature, (b) pressing velocity, and
(c) friction coefficient [30].

3. Molding Process of ChG for Aspherical Lens

3.1. ChG Molding Condition Optimization

The ChG molding parameters can be partly determined by the FEM simulation results, and the
cylindrical molding tests can be conducted to explore the other molding conditions. Most ChGs have a
greater saturated vapor pressure, which enables the release of trace gases during the molding process.
When these gases cannot escape, microdimples will be formed on the ChG pillars. The maximum
peak-to-valley height difference of microdimples is 1.562 pm, and the shape and surface quality of lens
are severely impaired (in Figure 15). Therefore, the gas release and gas escape must be controlled [53].
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Figure 15. The surface morphology and contour of a formed ChG pillar.

For gas generation, the solubility of gas has been studied, and it can be expressed using A. Sieverts’
square root law [54]:
S = kv/Pe~2H/(RT) (10)

in which § is the dissolved concentration, k is a constant, P is the gas partial pressure, AH is the
dissolution heat, R is the gas constant, and T is the temperature.

The movements of the molecules become more intense as the temperature increases, leading to
more reactions, smaller gas solubility, and more gas generation. Pressure is another contributor that
affects gas solubility. The gas density grows with the increasing pressure, so the free molecular motion
decreases, and the gas increasingly dissolves, as expressed by Equation (10). According to Dalton’s law
of partial pressure, the total pressure is equal to all partial pressures of the mixed gas [55]. Meanwhile,
based on Newton's third law [56], the total pressure increases with the increase of the pressing force.

The area ratios of the microdimples increase approximately logarithmically with the increase
of molding temperature, as shown in Figure 16. By extrapolating the trend line in Figure 16,
the temperature for preventing microdimple generating is approximately 379.8 °C. However, this
temperature is too low and could lead to surface scratching. Therefore, it is inferred that the optimum
temperature would be in the range of 380-382 °C [53].
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Figure 16. Area ratios of the microdimples of the formed ChG pillars at different molding temperatures
under a pressing force of 1362 N.

As shown in Figure 17, the area ratios of the microdimples decrease with the increase of the
pressing force at a molding temperature of 382 °C. They decrease slowly from 1362 N to 2723 N and
then continue to decrease rapidly from 2723 N to 4085 N. Therefore, if the contact pressure is larger
than the saturated vapor pressure of the ChG, the gas will no longer be generated.

60



Micromachines 2018, 9, 337

Area ratio

0.02 20 um

0.00 - T T T T T T T 1
1000 1500 2000 2500 3000 3500 4000 4500 5000
Pressing force (N)

Figure 17. Area ratios of the microdimples of the formed ChG pillars under different pressing forces at
382 °C.

Due to the surface microstructures of the mold and glass, the enclosed spaces result in a lower
local pressure. The pressure of the enclosed spaces is lower than the saturated vapor pressure of
ChG, which intensifies the evaporation of selenide gases, leading to incomplete reproduction and the
formation of microdimples. Simultaneously, when the contact surfaces are smoother, the gas escapes
more completely, which can result in a better surface quality [53]. Figure 18 shows the area ratios of
the microdimples with different mold surface roughnesses. It can be concluded that smoother mold
surfaces lead to fewer microdimples, which verifies the effect of the contact surface roughness on
surface quality of molded ChG microstructures.
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Figure 18. Area ratios of the microdimples of the formed ChG pillars with different mold surface
roughness values under the pressure force of 4085 N at 382 °C.

When the ChG surface is curved with a smaller radius, the gas escape tends to be easier, as shown
in Figure 19, and the area of contact surface is smaller when the pressing displacement stays the same,
which means the pressure is larger under the same force with the same displacement. Hence, smaller
radius ChG surface can reduce microdimples. It can be seen from Figure 20 that the area ratios of the
microdimples of the formed pillars decrease, or are even completely eliminated, with the decrease of
the glass curvature radius.
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[ |
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Figure 19. Schematic diagram of gas escape mode during the spherical glass molding process.
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Figure 20. Area ratios of the microdimples of the formed ChG pillars with different glass surface
curvature radii under 4085 N at a molding temperature of 382 °C.

3.2. Forming Accuracy and Surface Quality Control

The forming accuracy of aspherical lens impacts the optical properties of infrared optics, and
the aspherical lens molding experiments are carried out to obtain high forming accuracy and surface
quality. The precision aspherical molds and a molded ChG aspherical lens are shown in Figure 21.
The formed lenses have an excellent surface finish of Ra 8 nm, and the surface profiles of formed lenses
are consistent with the designed values.

(b) (d)

Figure 21. Photographs of aspherical molds and aspherical lens: (a) upper mold, (b) lower mold,
(c) upper surface of aspherical lens, and (d) lower surface of aspherical lens.

To demonstrate the conformity and replication fidelity of the formed lenses, the profile errors
between molds and formed lenses are compared, as shown in Figure 22. Both the upper and lower
finish surfaces of formed lenses are better than the molds, because the formed lens does not fill into
the micro cavities caused by surface asperities of molds. However, higher molding temperature leads
to better conformation between mold and glass surface, and larger roughness of the molded lens,
indicating that the surface finish of the molded lens can be improved at lower molding temperature.
Besides, the radius of curvature of the formed lens is less than the molds due to the shrinkage of
glass in annealing and cooling stages. There is a shrinkage-inducing depression in the lower surface
center of formed lens, where the cooling rate is larger than other places on this lens. Additionally, this
shrinkage becomes greater with the increase of molding temperature.
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Figure 22. Cont.
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Figure 22. Evaluations of surface topography comparison of profile error: (a) between upper mold and
lens formed at 382 °C, (b) between lower mold and lens formed at 382 °C, (c) between upper mold and
lens formed at 392 °C, and (d) between lower mold and lens formed at 392 °C.

Hence, the surface roughness of the formed aspherical lens can be improved by using a lower
forming temperature. When replicating the specific micromorphology on the mold surface, the forming
accuracy can be improved by increasing the mold temperature. Due to the shrinkage, there is also a
difference between the profile of the formed aspherical lens and the mold. In the mold profile design,
the shrinkage should be compensated.

4. Molding Process of ChG for Freeform Optics

4.1. ChG Molding for Microlens Array

Although silicon carbide (SiC) and tungsten carbide (WC) are preferable mold materials owing to
their high hardness and toughness under molding conditions, it is quite difficult to generate microlens
array and microstructures on these materials [57,58]. In order to extend the PGM to creating microlens
array and microstructures on the ChG surface, the mold should be machined with high accuracy and
efficiency. Electroless nickel phosphorus (Ni-P) has emerged as an outstanding hard coating material
because of its great hardness, outstanding corrosion resistance, and antiwear property [59-61]. Therefore,
Ni-P plating has been used as mold to fabricate microlens array and microstructures for PGM [62,63].

In the microlens arrays mold preparation, the Ni-P layer is coated on the substrate through
electro-less plating method, and the upper and lower molds are processed by diamond cutting, using
a round diamond tool. Then, microlens arrays are generated on the lower mold by using a high-speed
diamond-ball nose-end milling tool with an included fillet radius of 500 um and a shank diameter of
6 mm (in Figure 23).

=

=¥ Tool moving Y
direction 7
X
Figure 23. Single point diamond cutting process of ChG microlens arrays.
Figure 24a is the microscopic image of microlens arrays on the Ni-P mold. The diameter of the
microlens is 80 um, and the height of the microlens is 1 um. Figure 24b is the microscopic image of

microlens arrays on the ChG. To demonstrate the conformity and replication fidelity of microlens
arrays, the microlens arrays profiles of mold and ChG are compared, and the profile error is analyzed
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by the least square method (shown in Figure 25). The peak-to-valley height error is 0.121 um, and the
average error of the height is 0.034 um, which meet design requirements.
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Figure 24. Microscope images of microlens arrays: (a) microlens arrays on the mold and (b) microlens
arrays on the ChG.
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Figure 25. The profile curves of microlens arrays: (a) microlens arrays on the mold and the ChG, and
(b) profile error of microlens arrays.

4.2. ChG Molding for Microstructures

Before the microstructures ChG molding, mirror mold surfaces are generated on the Ni-P plating
layer by diamond cutting using a round diamond tool. Moreover, microstructures are generated using
a triangle diamond tool with an included angle of 90° by feeding the diamond tool on the lower mold
with three-axle linkage. Therefore, microstructures with more complicated geometric are formed with
high accuracy, as shown in Figure 26.

Cutting direction

Y

Tool moving direction I
Z

X

Figure 26. Single point diamond turning process of ChG microstructures.

Microscopic observations of the ChG surface and the mold surface are performed using a confocal
laser scanning microscope, and the microscopic observations of the microstructures are shown in
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Figure 27. The contour curves of the microstructures on the ChG surface and mold surface are extracted
to analyze the forming quality, as shown in Figure 28. The average error of the height is 0.36 um,
and the peak-to-valley height error is 0.97 um. It can be seen from the contour curve that the top of
the microgroove is sharp, although the forming quality of bottom is slightly worse compared with
that of the top. Therefore, PGM can achieve high replication accuracy of the ChG microstructures.
Moreover, the minimum feature size of ChG microstructures is limited by the size of microstructures
on molds, and the ChG molding can produce optics with feature sizes from millimetres to micrometres

to nanometres.
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Figure 27. Microscope images of microstructures on (a) mold surface and (b) ChG surface.
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Figure 28. The profile curves of microstructures: (a) microstructures on the mold and the ChG, and
(b) profile error of microstructures.

Raman spectroscopy detections of ChG preform and formed ChG made into 2 mm sheets are
carried out to study the influence of molding process on infrared transmission characteristics of ChG,
as shown in Figure 29. Infrared transmittances of the ChG formed at various molding temperatures
are almost identical to ChG preform, and the infrared transmission wavelength band of them are
0.8-16 pum. Though the transmittance of ChG is low at the wavelength of 6 um due to the absorption
band of oxide impurities in ChG, it covers three atmospheric windows of 1-3 um, 3-5 um, and 8-12 um,
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which are generally used in infrared systems. Therefore, ChG infrared optics fabricated by PGM meet
the requirements of infrared optical systems.
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Figure 29. Infrared transmittance of the formed ChG at different molding temperatures.

5. Innovations of ChG Molding

5.1. Localized Rapid Heating Process for ChG Molding

PGM can achieve mass production of ChG optics with a good forming accuracy. However,
conventional PGM is a bulk heating process that usually requires a long thermal cycle. The molding
assembly and ChG are heated and cooled together, which often cause large thermal expansion in
both the molds and ChG infrared optics. A localized rapid heating process is developed to effectively
heat only bottom surface of the ChG. Graphene film coated on the mold surface only elevates the
temperature of area where microlens array and microstructures need to be replicated, which can reduce
the undesired thermal expansion of the mold and ChGs [64,65].

Localized rapid heating glass molding assembly is shown in Figure 30. A specially designed
polymer base plate is fixed on the lower mold, placing under the graphene-coated, fused silica wafer
and a thermocouple mounted on the fused silica wafer. Two copper electrodes are sandwiched on the
front and back edges of the polymer base plate. The lower mold is moved up by a linear drive until
the top surface of the glass touched the bottom of the tungsten carbide. A direct current (60 V/0.84 A)
is applied on the copper electrodes during heating stage. The surface of the fused silica wafer is heated
up rapidly. Nitrogen flow is introduced into the chamber to accelerate the cooling during annealing
and cooling stages. Afterwards, the load is released and the formed ChG is removed from the chamber.
The molded surface of the ChG using localized rapid heating and the mold surface are shown in
Figure 31. It can be confirmed the ChG fills precisely into microstructures on mold by localized rapid
heating process.

thermocouple upper mold

copper electrode

electrical wire lower mold

Figure 30. The localized rapid heating molding assembly [65].
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Figure 31. Microscope images of microstructures on (a) mold surface and (b) molded ChG surface after
localized rapid heating process [65].

5.2. Contactless Molding of ChG Microlens Array

Most of ChGs have a high content of unstable volatile elements, and these elements tend to
diffuse out from performs at high temperature and deposit on the surface of the molds, which induce
severe interfacial adhesion problems and make it more difficult for molding process. Therefore,
gas-assisted contactless molding process is developed to form microlens array avoiding interfacial
adhesion problems [66].

The gas-assisted contactless molding processes machine is shown in Figure 32. The IR heater is
placed on the top of the fused silica chamber with programming control for the molding temperature.
The position of the temperature sensor is located outside the chamber but directly contacts the quartz
tube near the sample. The stainless steel plate with arrayed through holes is used as a mold. The heating
temperature is gradually increased to approach the softening point to allow the glass plate to be driven
downward by the N gas pressure, so that the ChG flows into the arrayed through holes and forms the
microlens array.
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Figure 32. Schematic diagram of gas pressure-assisted glass molding machines [66].

The SEM images of ChG microlens array are shown in Figure 33. Hence, the contactless
gas-assisted molding system can avoid contact-induced glass sticking and gas bubble problems.
Besides, the surface profile of the molded lenses can be precisely controlled by changing the applied
gas pressure, molding temperature, and time duration.
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(b)

Figure 33. SEM images of ChG microlens array: (a) the cross-sectional image of the molded ChG
microlens array and (b) the appearance of molded ChG microlens array [66].

6. Outlook

In this article, we have overviewed recent progresses in infrared optics fabrication by PGM.
To date, some part of them, like elastic-viscoplasticity constitutive model and ChG molding surface
defect reduction, are relatively mature. However, several hot topics, such as atomic diffusion, interfacial
adhesion, and anti-reflection film technology, still need further study [67-69].

(1) Atomic diffusion

Atomic diffusion will come up between the surfaces of ChG and mold in molding process.
The motion of atoms is violent, and the diffusion phenomenon is serious at high temperature, which
will lead to the change of optical property of ChG and thermal mechanical property of mold material.
The diffusion degree of atoms is related to the surface energy and surface quality of the mold
materials [70]. Therefore, the influence of the mold materials on atomic diffusion is necessarily
studied to choose the suitable mold material.

(2) Interfacial adhesion

Interfacial adhesion has been a major challenge in PGM. It results in the surface quality
deterioration of the mold and shortens the service life of the mold, which escalates the overall cost and
decreases the repeatability. Protective coatings, such as diamond-like carbon (DLC), platinum-iridium
(Pt-Ir), rhenium-iridum (Re-Ir), and so on have been employed to prevent interfacial adhesion [71,72].
These coatings have low friction coefficient and antisticking property. However, the alternating stress
during repeated thermal cycles in PGM will cause coatings to peel off. It is urgent to study the
mechanism of interfacial adhesion and develop suitable techniques to prevent interfacial adhesion.

(3) Anti-reflection film technology

The elements of sulfur S, selenium Se, and tellurium Te in ChG are easily influenced by
environment. Meanwhile, the ChG has high refractive index and large reflection loss. The refractive
index of ChG will reduce after PGM [73]. In order to improve the infrared optical performance of the
ChG, anti-reflective film technology needs to be further explored to effectively reduce the infrared
reflection loss of ChG and improve the infrared optical transmittance. Hence, an anti-reflective coating
on the ChG infrared optics should be applied after molding, and the maximum utility of ChG infrared
optics can be achieved in the infrared systems.
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Abstract: A chromatic vectorial strain sensor constituted by hexagonal voids on transparent
elastomeric substrate has been successfully fabricated via soft colloidal lithography. Initially a
highly ordered 1.6 microns polystyrene spheres monolayer colloidal crystal has been realized by
wedge-shaped cell method and used as a suitable mold to replicate the periodic structure on a
polydimethylsiloxane sheet. The replicated 2D array is characterized by high periodicity and
regularity over a large area, as evidenced by morphological and optical properties obtained by
means of SEM, absorption and reflectance spectroscopy. In particular, the optical features of the
nanostructured elastomer have been investigated in respect to uniaxial deformation up to 10%
of its initial length, demonstrating a linear, tunable and reversible response, with a sensitivity of
4.5 + 0.1 nm/%. Finally, it has been demonstrated that the specific geometrical configuration allows
determining simultaneously the vectorial strain-stress information in the x and y directions.

Keywords: micro/nano patterning; 2D colloidal crystal; soft colloidal lithography; strain microsensor;
vectorial strain gauge

1. Introduction

Among the different fabrication techniques that allow obtaining micro/nanostructured surfaces,
colloidal lithography is attracting big interest due to low cost, time efficiency, simplicity, and the
possibility to pattern over a large surface area [1].

This bottom-up approach exploits the self-assembly of hard dielectric micro and nano spheres
such as silica or polystyrene (PS) in order to fabricate two dimensional arrays. In recent literature,
2D colloidal crystals have been realized by self-assembly under electrophoresis deposition [2],
Langmuir-Blodgett deposition [3], spin coating [4] and capillary forces [5]. Considering this last
approach, Sun et al. [6] have demonstrated that the use of wedge-shaped cell allows obtaining large
domains 2D colloidal crystals, with centimeter size, taking advantage on the capillary forces and
drying front formed in the cell.

In this contest it is worth mentioning that 2D colloidal crystals are interesting and promising
systems for micro and nanopatterning due to their periodicity and specific size [7]. In micro and
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nano patterning field, colloidal crystals can be employed as lithographic masks or as molds for the
production of micro and nanostructures for light trapping applications [8] or for the realization of
SERS (Surface Enhanced Raman Spectroscopy) substrates [9]. Furthermore, they can act as masters by
means of soft lithography in order to produce hexagonally arrayed structures.

These types of systems can be employed for the realization of responsive materials able to
measure physical quantities such as magnetic fields [10], and temperature [11], or detect different
chemicals, [12-14] including important analytes such as glucose [15], creatinine [16] and nerve gas
agents [17].

Focusing the attention on mechanical parameters (i.e., strain), periodic polymeric photonic
materials demonstrated sensitivity to deformation, in particular different configurations have
been employed such as opal-type photonic crystals infiltrated with elastomeric materials [18,19];
1D grating based on buckled thin film with periodic sinusoidal patterns on a transparent elastomeric
substrate [20]; 1D array of gold nanoparticles on flexible substrate [21] and double sided 1D orthogonal
polydimethylsiloxane (PDMS) gratings [22].

In particular, the realization of surface stress-based sensors has become fundamental in several
fields in order to detect acoustic waves and forces on different structures such as spacecrafts,
submarines, buildings or bridges.

Recently Guo et al. [22] have demonstrated that a double sided 1D orthogonal polydimethylsiloxane
grating can be used as a vector mechanical sensor, able to detect mechanical parameters and giving
information about their direction and strength.

In this work we have developed a strain/stress vector sensor based on hexagonal voids on a
transparent elastomeric substrate: due to the specific geometric configuration, the application of a
horizontal strain induces an opposite movement of the diffraction spots created by a white light
impinging on the structure. The relative displacement of these spots can be investigated to estimate the
vectorial strain/stress information and to characterize the applied strain in both the x and y directions.
This structure paves the way for the development of low cost vector strain sensor systems.

2. Materials and Methods

2.1. Materials

The PS latex beads were delivered by Thermo Scientific (Waltham, MA, USA), the PDMS
Sylgard 184 by Dow Corning (Midland, MI, USA) and all the chemicals (Absolute ethanol,
Clorothrimethylsilane and Dimethylformamide), used as received, by Aldrich (St. Louis, MO, USA).

2.2. PS Colloidal Particles and Substrate Preparation

Monodisperse latex particles 1.6 microns in diameter and size distribution of 0.021 um, 1.3%
CV were purchased from Thermo Scientific and used as received at standard concentration of 1 wt%
suspension in water. The v-5iO, substrates were cleaned firstly by brushing with neutral glassware
detergent and then by ethanol. Finally, they were treated in an ozone cleaner for 30 min.

2.3. Assembly of the PS 2D Template

The PS spheres monolayer was used as a template for the fabrication of the PDMS grating and
was deposited on v-S5iO, by means of the wedge-shaped cell method. This growth method allows the
deposition of large domains two-dimensional colloidal crystals that self-organize by controlling the
drying front of evaporation when the constituting particles are confined within two slides holding at
an angle of about 2°. After the infiltration of 125 uL of PS suspension, the cell was maintained at room
temperature (RT) and relative humidity (RH) of 40% for 1 day. Due to the evaporation of the solvent in
the suspension, the latex beads crystallized in an ordered hexagonal structure.
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2.4. Functionalization and Infiltration of the PS 2D Template

The 2D PDMS grating was obtained by infiltrating the template with the elastomer. Before the
infiltration, to facilitate the following peeling off from the glassy substrate, the PS monolayer was
functionalized by silanization with clorotrimethylsilane in a Petri dish for 90 min. As a second step a
mixture of a 10:1 base:curing Sylgard 184 elastomer was poured on the functionalized template and
thermally cured for 4 h at 65 °C. Finally, the PDMS with embedded PS spheres was gently removed
from the glass substrate by peeling off the elastomer.

2.5. PS Particles Chemical Etching

The last step of the fabrication protocol was the etching of the PS particles in the elastomeric
matrix that was performed by immersion of the PDMS slab in dimethylformamide for 90 min.
Dimethylformamide is a solvent for PS and a non-solvent for PDMS, hence it provides a selective
etching of the latex beads allowing the formation of an inverse replica of the template based on
hexagonal voids in elastomeric matrix. After the etching process the sample was rinsed in water and
blown with nitrogen.

2.6. Sample Characterization

Morphological investigation of the samples has been carried out by means of scanning electron
microscopy (SEM) measurements using a SEM JEOL JSM 7401-F FEG (Akishima, Tokyo, Japan).
Transmittance measurements have been performed using a double beam VIS-NIR spectrophotometer
Varian Cary 5000 (Palo Alto, CA, USA) in the range between 1000 and 2500 nm. The spectra of the
samples were obtained illuminating the whole sample with a white light (halogen lamp) and collecting
the diffracted light using a fiber-optic UV-Vis spectrometer Ocean Optics USB 4000 (Edinburgh, UK) as
shown in Figure 1. Measurement of wavelength shift has been performed analyzing the displacement
of two different diffraction spots, under the application of a horizontal strain. For both spots, this effect
has been investigated by means of the wavelength shift of the 1st order of the transmittance diffraction,
keeping the detection angle fixed at a specific value in order to have an initial spectrum centered in the
visible region.

Fiber

Lens White Light

Detector Sample

Figure 1. Sketch of the experimental set-up for the 2D diffraction grating measurements.

3. Results and Discussion

The first step, as shown in Figure 2a, concerned the realization of two-dimensional assembly of
PS colloidal particles later used as a mold; Figure 3a reports a typical optical image of an ordered
2D colloidal crystal obtained by wedge-shaped cell method, where we can notice the presence of
large areas of ordered domains (about 100 x 70 um with few punctual defects). In Figure 3b, three
transmission dips at A = 1954 nm, 1598 nm, 1480 nm can be distinguished at normal incidence (6 = 0°)
and are the result of the excitation of the photonic eigenmodes of the periodic dielectric structure due to

74



Micromachines 2018, 9, 345

its coupling with the incident light as proposed by Sun et al. [6], which, confirm the high optical quality.
Furthermore, we can notice a decrease in the transmittance values attributed to an increase in the
scattered radiation for lower wavelength affecting the collection of the zero order transmitted signal.

’M‘ —ye
SIANTATIN ’M‘

a) 2D colloidal crystal mold

b) PDMS infiltrated

colloidal cr}'stnl

l

d) Hexagonal voids on

CHM]@LH@M ¢) Peeling off PDMS infiltrated

clastomeric substrate

PS colloidal cr}-‘sta|

Figure 2. Schematic illustration of the experimental approach employed for the realization of 2D PDMS
replica patterns (a) formation of 2D colloidal crystal by means of wedge-shaped cell (b) functionalization

and infiltration of PDMS by capillary force; (c) peeling off PDMS infiltrated PS colloidal crystal;
(d) chemical etching of the PS spheres.

Moreover, the similar results acquired on different points, reported in Figure 3b, indicate the good
homogeneity of the 2D colloidal crystal mold.
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Figure 3. (a) Optical microscopy image of a typical area of the 2D colloidal crystals self-assembled
using a wedge-shaped cell (scale bar of 2 um). (b) Transmittance spectrum obtained on a 2D colloidal
crystal deposited on a v-SiO; substrate. The individual spectra are offset vertically by 5% for clarity
(the black spectrum is the original one).

Following the procedure described in Figure 2, a hexagonal voids regular structure (sketched in
Figure 4a), has been fabricated via soft colloidal lithography. Figure 4b,c shows SEM-images of the

75



Micromachines 2018, 9, 345

resulting patterned polymeric structure where the reciprocal morphology of the PS mold has been
successfully obtained. From a morphological point of view the hexagonal voids structure presents a
periodicity of about 1600 nm with a depth of the voids of about 460 nm.

NONE SEl 01k XI0000  Tum | WD4Zmm

()

Figure 4. (a) Sketch of the concave structure obtained via soft lithography (not in scale) (b) SEM surface
image of PDMS inverted colloidal crystal. (c) detail of the ordered hexagonal array. (d) Photograph of
hexagonal voids on transparent elastomeric substrate.

Furthermore, as shown in Figure 4d, the hexagonal voids structure, that can be seen as a 2D
grating, presents an iridescent color that is attributed to the high order over a large area. In this case the
morphology of the periodic hexagonal pattern satisfies the diffraction features that can be expressed
through the simple law of diffraction (Equation (1)).

n-sin(0y,) — n;- sin(6;) = mT/\ (1)
where 6; is the incident angle while 6, corresponds to the mth diffraction order angle; n; and 1 are the
refractive indices of the incident medium and of the medium where the diffracted orders propagate
respectively; A represents the wavelength of the incident light; and d is the period of the grating.

From an optical point of view illuminating the grating by white light, and collecting the diffraction
projected on a screen, we can clearly notice the presence of a chromatic hexagonal pattern (see Figure 5)
due to the arrangement of the semispherical voids.

In order to verify the optical response of the system to mechanical deformation, the structure has
been mounted on a linear stage and a deformation in the horizontal direction was applied.

As evidenced in Figure 5b, the application of a horizontal strain produces a change in the
diffraction pattern. In this case it is worth mentioning that the movement of the first-order diffraction
spot (see points 1 and 6 as labeled in the inset) is attributed to the variation of the grating period as a
function of the strain, as predicted by the multi-slit Fraunhofer diffraction theory.
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(b)

Figure 5. Strain induced diffraction spot movements: (a) Optical diffraction pattern without strain;
inset: labelling of the investigated spots (1 and 6); (b) optical diffraction with a strain (¢) ¢ = 10% along
the horizontal direction.

In particular comparing Figure 5a,b, focusing the attention on spot number 1, we can observe
its movement towards the center (0), while if we consider spot number 6 we can notice that it moved
away from the zero order. This effect can be attributed to an increase in the diffraction pitch in the
parallel direction of the strain, and a consequent decrease (contraction) in the opposite side.

These features have been investigated by means of reflectance measurements detecting the
wavelength shift of the 1st order of the transmittance diffraction, maintaining fixed the detector and
applying a different strain to the grating.

Analyzing Figure 6a, related to spot number 1, we can notice that the first order of the diffraction
peak presents a noticeable red-shift when increasing the applied strain. The diffraction peak
wavelength passes from 510 to 553 nm for a uniaxial deformation of the structure up to 10% of
its initial length. On the other hand, for spot 6 we have observed a decrease in wavelength of the
diffraction peak from 575 to 551 nm. The images shown in Figure 5 and the difference in the peak
wavelength shifts indicate that the strain induces an elliptical modification of the voids. Evidently,
Figure 5 is suggestive of the fact that the grating’s sensitivity is much higher against longitudinal
geometrical changes then transversal ones. Indeed, the former are due to the imposed strain while the
latter are due to Poisson’s effect. Clearly, the initially circular semi-voids become elongated ellipses in
the direction of the applied strain.
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Figure 6. Reflectance spectra collected considering: (a) spot 1 as a function of the applied strain; (b) spot
6 as a function of the applied strain.
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Moreover, we can see an increase of the intensity of the transmitted diffracted light at longer
wavelength. To explain this effect, we have devised a simple model of its optical response. According
to this model, the grating optical behavior is assimilable to two 2D arrays of secondary sources, both
having the periodicity of the hexagonal semi-voids structure. The two arrays however, are half shifted
in the grating plane, because one of them corresponds to rays emerging from the semi-void tops and
the other corresponds to rays emerging from the semi-void bottoms. The two kinds of rays have an
inherent optical path length difference due to the difference in the top and bottom substrate height.
After calculations, the resulting intensity pattern for the downstream interference formula is thus
depending from the primary beam wavelength, and in such a way that at an increase of its value
necessarily implies an increase in the revealed intensity of a given secondary maximum [23].

Now in order to determine the sensitivity of the 2D grating as strain sensor we have analyzed the
variation in wavelength of the diffraction peak as a function of the applied strain. In Figure 7 we report
the variation of the peak positions of the diffracted light (a) for spot 1 and (b) spot 6 in respect to the %
applied strain. First of all, we can notice a linear behavior, moreover we can determine a sensitivity
equal to 4.5 + 0.1 nm/% and 2.5 &= 0.1 nm/% for spot 6 and 1 respectively. These results, if compared
with those reported in the literature for mechanochromic systems, permit to include the developed
structure among the most sensitive as strain sensors [21].

50
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Figure 7. Experimental relationship between the peak position of the diffracted light (a) for spot 1 and
(b) spot 6 in respect of the strain as a result of the elongation tests, (error bars are hidden by the circle
points).

4. Conclusions

A chromatic strain sensor based on hexagonal voids on a transparent PDMS elastomeric substrate
has been realized via soft colloidal lithography. The fabricated 2D grating can be employed for the
development of a low cost and innovative sensor able to determine simultaneously the vectorial
strain-stress information in the x and y directions.

Moreover, we have demonstrated that the sensor exhibits a tunable and reversible response under
the application of a mechanical strain.

Optical reflection measurements have evidenced a linear behavior under the application of a
horizontal strain up to 10% of its original length. The sensitivity of 4.5 & 0.1 nm/%, when compared
with mechanochromic photonic systems already present in literature, permits to classify the structure
developed among the most sensitive strain sensors, paving the way for its applications in several fields
such as smart sensing, mechanical sensing, and strain imaging.
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Abstract: In recent years, compound glass microsphere resonator devices have attracted increasing
interest and have been widely used in sensing, microsphere lasers, and nonlinear optics. Compared
with traditional silica resonators, compound glass microsphere resonators have many significant and
attractive properties, such as high-Q factor, an ability to achieve high rare earth ion, wide infrared
transmittance, and low phonon energy. This review provides a summary and a critical assessment of
the fabrication and the optical characterization of compound glasses and the related fabrication and
applications of compound glass microsphere resonators.

Keywords: compound glass; microsphere; resonator; lasing; sensing

1. Introduction

Over the past few decades, research interest in microsphere resonators has grown rapidly. For a
microsphere resonator, pump light is coupled into the microsphere through a tapered optical fiber
or via free space. The coupled light signal is totally internally reflected and contained within the
microsphere cavity to provide a ‘whispering-gallery mode” (WGM) light resonance. Because of its
extremely high-Q and small mode volume, microsphere resonators have many important roles in
both active and passive photonic devices, such as in optical feedback, non-linear optics, low threshold
lasers, dispersion managed optical systems, and energy storage [1-7].

Most current microsphere resonators are fabricated by melting the tip of a fused silica optical
fiber [8], but is also possible to fabricate microsphere resonator from compound glass materials other
than silica. Different host materials have different physical-chemical properties when in the form of
compound glass, and many optical phenomena are limited by the properties of the material, therefore
microspheres made from compound glass can behave differently in different practical applications.
For example, glass materials with a high nonlinear coefficient can be used in wavelength conversion,
optical switching and signal regeneration; high rare-earth ion doped glass materials have wide
applications in near Near-infrared (NIR) and Mid-infrared (MIR) lasers, and some glasses are sensitive
to temperature, light, and greenhouse gases. Such materials can be used to fabricate many different
compound glass microsphere sensors [9-13].

In this paper, the progress of compound glass based microsphere-resonator devices over the past
few decades is discussed. In the first section, the properties of the various compound glass materials are
introduced, where the glass materials are divided into conventional glass and heavy metal glass types.
In the second section, the fabrication methods for conventional silica microspheres and compound glass
microspheres are reviewed. Finally, the applications of compound glass microsphere in microcavity
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lasing, nonlinear optical phenomena, and optical sensing are discussed, and the characterization of
some compound glass microspheres with high-Q resonance are also presented.

2. Glass Materials

Oxide glasses have good chemical stability and excellent mechanical properties. Compared with
metals, oxide glass materials have lower cost and typically possess an immunity to electromagnetic
interference. Therefore, practical applications have focused on oxide glasses. Oxide glasses are
generally divided into conventional oxide glasses and heavy metal oxide glasses. Conventional oxide
glasses usually include silicate, germanate, and phosphate glasses, while heavy metal oxides usually
comprise lead silicate, tellurite, and bismuth glasses. While the former have better thermal and
chemical stability, the latter involve relatively simple fabrication processes as they can be processed at
lower temperatures.

Heavy metal oxide glasses are predominantly used as a MIR material as they have excellent
prospects for future developments in this wavelength domain e.g., Gas Sensing. They are principally
based on PbO, TeO, and BiO. Heavy metal oxide glasses have many attractive optical properties,
including high density, high refractive index, and excellent infrared transmission, for which the
infrared wavelength band offers a broad range of applications. Compared with conventional oxide
glasses, they have lower phonon energy and a broader infrared transmission range [14]. The low
phonon energy in glasses reduces the relaxation rate of multiple phonons and therefore increases the
probability of radiative transitions [15-17].

Heavy metal oxide glasses have better physical-chemical characteristics and preparation processes
than chalcogenide glasses, while chalcogenide glasses have lower phonon energy and probability of
multiple phonon relaxation compared with oxide glasses; chalcogenide glasses are also very suitable
as host materials for rare earth doping. In particular, chalcogenide glasses have a wide infrared
transmission window, and have received much attention as a material for MIR emission [18-22].

The physical-chemical properties of conventional oxide glasses, heavy metal oxide glasses,
and chalcogenide glasses are introduced in detail in the following sub-sections, and are pinned
to their related application areas where appropriate.

2.1. Conventional Oxide Glass

2.1.1. Silicate Glass

The main components of silicate glasses tend to be SiO;-Al,03-R,0, Si02-P>05-R,0, Si0,-B,03-R,0,
5i0,-GeO,-R,0, or a mix of the above, with a high SiO, content and relatively a low R,O content.
The glass often exhibits a small expansion coefficient, small dispersion, as well as excellent chemical
and thermal stability. Silicate glasses are often used as optical glasses, in solar panels, liquid crystal
display substrates, and heat collectors and silicate glasses have also been used in blue-violet LEDs
to provide a new lighting sources [23]. In addition, it is worth noting that for the application of this
glass in solar panels, high energy photon cutting can be achieved by rare-earth ions doping, which can
significantly improve solar cell conversion efficiency [5,24].

The silicon-oxygen tetrahedron network of the silicate glass provides the excellent macroscopic
mechanical and chemical stability of the material. When the silicate glass is melted in the fabrication
process, the resulting loss of glass is relatively small, but a high melting temperature is required.

At present, active and passive optical fibers based on quartz materials are widely used, especially
in high-power fiber lasers [25,26]. Quartz optical fibers exhibit low transmission loss, have a high
thermal damage threshold, high mechanical strength and a high resistance to bending. However,
quartz glass also has significant shortcomings. The silicon oxygen network of the quartz glass cannot
provide enough non-bridging oxygens, which makes it very easy for rare earth ions to produce clusters,
which leads to undesirable fluorescence quenching. In practical applications, the background loss
of the optical fiber needs to be controlled to a very low value, and the introduction of other metal
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ions should be avoided as much as possible. Therefore, there is a pressing need to find a new way to
increase the solubility of rare earth ions in silica glasses.

2.1.2. Phosphate Glass

Doping of rare earth ions in the phosphate glass can result in the fabricated phosphate fiber
having the attractive characteristics of short length, small volume, high energy conversion efficiency,
and low cost for fiber lasers, arousing the interest of many researchers [27-31]. Phosphate glasses have
a higher rare earth ion solubility compared with silicate glasses, up to 1026 ions/m?3, so they can be
doped with high concentrations of rare earth ions to obtain higher gains [32,33]. Furthermore, rare
earth doped phosphate glass fibers can achieve the required gain within a few centimeters, avoiding
the disadvantages of unwanted nonlinear phenomena associated with the long lengths of quartz fibers.

The basic structural unit of P,Os glass is a phosphorus-oxygen tetrahedron [POy], where the
phosphorus atom bonds to each oxygen atom with a double bond [34]. However, all the basic
structural polyhedrons of tellurite glass and silicate glasses are connected by bridging oxygens, while
the phosphorus tetrahedrons with double bonds lead to asymmetry in the glass structure of P,Os,
resulting in a low viscosity, a large thermal expansion coefficient, and a poor chemical stability. In spite
of these disadvantages, phosphate glasses still possesses many advantageous characteristics, such as a
long fluorescence lifetime, large stimulated emission cross section, large gain coefficient, moderate

phonon energy, and low fluorescence quenching.
2.2. Low-Phonon-Energy Oxide Glass

2.2.1. Germanate and Germanosilicate Glass

Germanate glass is a heavy metal oxide glass, with a wide infrared transmission window (~6 pum)
and low phonon energy (~850 cm 1), making it an ideal candidate material in for use in the MIR
wavelength region [35]. Compared with fluoride and chalcogenide glasses, germanate glasses have
good thermal stability, a simple fabrication process, and superior mechanical properties, leading to
greater robustness and stability [36].

Conventional silicate fibers have excellent chemical stability and mechanical properties and
their good plasticity enables fabrication into a variety of shapes, such as rods, plates, and optical
fiber. This type of glass is therefore currently used in a wide variety of optical materials. However,
the silicate glass material has a high phonon energy, resulting in an increase in the probability of
non-radiative transitions, which limits the application of silicate glasses in photonics. Germanate glass
have a lower phonon energy, which is crucial to increasing the radiative transition rate and probability
of infrared transmission of rare earth ions and thus is a better material for obtaining high luminosity in
the infrared band. However, high purity germanate glasses are extremely expensive, so only a limited
amount of research has been conducted on this material [37].

Both silicon and germanium are in the periodic table group IVA and the outermost electron layer
structure is in the form of ns?np?. The same main group elements have many similar chemical and
physical properties. Silicon and germanium exist in the form of tetrahedral structure [SiO4] and [GeOy4],
thus the partial replacement of silicon oxide with germanium oxide in silicate glasses not only retains
the excellent physical-chemical properties of the silicate glass, but also reduces the viscosity and fusion
temperature of the glass, and improves the solubility of rare earth ions.

Germanosilicate glasses have received a lot of attention because they make up for the lack of
development and utilization of germanate and silicate glasses in the optical field, which has resulted in
germanium silicate glass having many applications in optical fiber communications, military detection
and lasers.

83



Micromachines 2018, 9, 356

2.2.2. Tellurite Glass

Early in 1952, Stanworth J. had studied the formation and structure of tellurite glasses [38].
However, the TeO, raw material was expensive, and hence tellurite glasses were considered to be of
low practical value and had not been pursued as a candidate optical material until 1994. In this year,
Wang. J. S of Rutgers University studied the tellurite glass as an optical material and found that it had
a high rare earth ion solubility and constituted a new type of glass that could be used in optical fiber
devices. Shortly afterwards, the Nd** doped tellurite fiber was fabricated and used to demonstrate
single-mode laser output [39]. In 1997, Japan’s NTT company successfully prepared an erbium doped
fiber that could be used for broadband amplifiers, and quickly inspired many scientists to research
tellurite glasses [40,41].

The phonon energy in tellurite glasses is low, generally in the range 650-800 cm~!. The low
non-radiative transition rate enhances the luminescence of the glass in the infrared. In addition,
the maximum phonon energy of the tellurite glass system is the closest to that of fluoride glass, and the
tellurite glass is most likely to replace fluoride glass as a host material, making it capable of forming a
laser output in mid-infrared wavelength band.

Tellurite glass has a higher rare earth ion solubility than silica, which can be attributed to the fact
that the rare earth ions in the tellurite glass can replace the position of the network modifier, which
weakens the clustering phenomenon in the tellurite glass. Compared with fluoride glasses, they have
good chemical stability, thermal stability, and mechanical properties and can also be fabricated using
a relatively simple process. The melting temperature of tellurite glasses is generally around 800 °C.
Tellurite glass has a high refractive index (1.8-2.3) compared to fluoride (~1.4), germanate glass (~1.6),
and quartz (~1.45) and different structural units, such as [TeOy], [TeO3], and [TeO5*1] [14]: this useful
diversity of structural units can provide a more coordinated field environment for rare earth ions, thus
the quenching phenomenon in tellurite glasses is greatly reduced.

2.2.3. Bismuth Glass

The electronic layer structure of Bi is [Xe]4f145d106526p3, and this element has been widely
studied. Since the electrons of the p orbital are easily involved in chemical bonding, Bi is also known
as “The Wonder Metal”. There are three distinct properties of the Bi element. Firstly, Bi has many
valence states, such as 0, +1, +2, +3, and +5, so there are many states of matter, and the electrons of Bi
element in the 6p, 6s, and 5d orbitals are very sensitive to the surrounding environment. Secondly,
Bi has a strong cluster phenomenon, which is widely found in molten Lewis acids, molecular crystals,
or porous zeolite solids. Thirdly, Bi shows a strong spin-orbit coupling effect, which allows them to act
as optically active centers in different host materials. Bi doped materials exhibit a rich luminescent
characteristic, which makes them different from the conventional active centers such as lanthanides
and transition metals.

Bismuth glass has many advantages including low phonon energy (circa 600 cm '), high refractive
index (circa 1.9), a wide infrared transmission range (0.4-6.5 um), strong corrosion resistance, good
solubility of rare earth ions, relatively good chemical stability, and low material cost, which results in
many applications in photonics.

On one hand, bismuth glass is considered an innovative host material, and it is capable of
providing efficient up conversion to red and green light output. On the other hand, bismuth glass is
one of the most promising gain media materials currently used for rare earth doped fiber amplifiers.
Many reports have shown that the host materials of bismuth glass have good performance in high
capacity and ultra-wideband communications [42-44].

2.2.4. Lead Silicate Glass

Heavy metal silicate glasses have attracted wide attention in the field of photonic crystal fibers,
because the addition of heavy metal ions that can increase the luminescent properties of the glass
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and change its nonlinear coefficient [44]. The nonlinear coefficient n; of lead silicate glasses is more
than 20 times that of quartz, and it has the advantages of low melting temperature, moderate phonon
energy (955 cm™!), high rare earth ion doping ability, and a large emission cross section, making it an
ideal choice for manufacturing photonic crystal fibers.

Lead silicate glass is a mature optical host material, which has been applied in lasers, military,
construction, medical and other areas, as well as its application as a gain medium in laser and amplifier
systems. Lead silicate glass has a high damage threshold, better resistance to crystallization, and greater
mechanical strength. When added to conventional quartz fibers, Pb loosens the network structure of
quartz, which accepts a high concentration of dopant ions and results in a suitably low fiber drawing
temperature and could result in higher power laser outputs [45].

2.3. Chalcogenide Glass

Research on the optical properties of chalcogenide glass started nearly 60 years ago [46].
Chalcogenide glasses are composed of heavy elements joined by covalent bonds, resulting in unique
optical properties making it highly suitable as a material for use in the MIR region, nonlinear optics,
and optical waveguides. The emission of the chalcogenide glass red shifts to the visible or MIR region
of the spectrum because the interatomic bond energy in chalcogenide glass is weaker than that in the
oxide glass case. As the constituent atoms are heavier, the energy of the bond energy is very low, which
means chalcogenide glass is transparent in the MIR region, and the low phonon energy (550 cm™ 1)
makes it an excellent host material for rare earth doping [47].

In general, the infrared transmission of chalcogenide glass extends up to 11 um, with selenides
reaching up to 15 pm and tellurite exceeding 20 um. However, the physical properties of the glass
transition temperature, hardness, strength, and durability usually degrade with weaker valence bonds,
narrowing the long wave transparency band.

The low transition temperature means that precision glass forming offers a viable solution for the
manufacture of low cost optical components such as those used in thermal imaging [48]. Chalcogenide
glasses have a high refractive index, up to 2 to 3. According to Miller’s formula [49], the higher the
refractive index of a material, the higher its nonlinear coefficient ny. As a consequence, the third-order
Kerr effect of chalcogenide is several thousand times higher than that of silica [50-52], which means
that chalcogenide glasses are considered excellent media for all-optical signal processing [43].

Chalcogenide glasses are also photosensitive. When exposed near the energy band, the chemical
bond energy changes [53], and similar changes occur under heating and exposure to X-rays and electron
beams. The inherent transparent window of chalcogenide glass is mainly in the molecular fingerprint
region of 2-25 pum, making chalcogenide glass suitable for use in MIR optical fiber transmission, optical
sensing, and as a waveguide material in optical communication.

Chalcogenide glass fibers were first reported in 1980 [54], when it was found that the limitation of
high transmission loss was mainly due to impurity absorption. The relatively high loss of chalcogenides
is still a significant problem, limiting its use to short lengths of fiber. Chalcogenide glasses require
a high degree of purification during processing regardless of the final application. The high purity
chalcogenide glass materials which do not include distillation in their processing often include oxygen,
carbon, and hydrogen impurities [55,56], and these result in strong absorption peaks which occur
within the 1.4-14.9 um band.

There are many ways to reduce the impurities in chalcogenide glasses, which include: removing
surface oxides in vacuum; chemical distillation using oxygen sorbents; treatment with thorium halide
or active chlorine; evaporation through a porous silica frit; dynamic pyrolysis and purification of
chalcogenide by high temperature oxidation [57-61]. These methods can reduce the impurity content
to 10-5%, which significantly increases the infrared transparency.
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3. Fabrication of Compound Glass Microspheres

At present, the principal method used for making microsphere resonators is based on melting
of the glass materials. The optical loss factor of organic materials is generally large, and it is difficult
to obtain a high-Q microsphere resonator, thus most microspheres are made from glass. The melting
method uses the surface tension of molten glass to fabricate microspheres. In the case of a quartz
fiber microspheres, fabrication usually involves the use of a CO; laser or heating furnace in their
preparation. For other compound glass materials, there are slight differences in the preparation process.
In this section, the manufacturing methods of traditional silica microspheres and compound glass
microspheres are discussed.

3.1. Fabrication of Silica Microspheres

Low-cost standard single-mode fiber is widely used to produce high-Q silica microsphere
resonators. The optical fiber generally used in the fabrication process is SMEF-28 single-mode fiber
(Corning), and its transmission loss in the telecommunication window is less than 0.2 dB/km.
The diameters of the core and cladding are 8.2 um and 125 um, respectively.

The schematic diagram of the experimental setup for making a microsphere resonator is shown
in Figure 1. The main instrument used in the experiment is a precision three-dimensional (3D)
translation stage, a continuous CO, laser with a wavelength of 10.6 um and a ZnSe lens for focusing.
The experimental step of fabricating the silica microsphere resonator can be divided into three stages.
In the first step, the coating layer at the end of the single-mode is removed, the fiber is mounted
vertically on the 3D translation stage, and a weight is hung at the end of the fiber. Using a ZnSe lens
to focus the laser beam on the single-mode fiber, the fiber absorbs light, resulting in a temperature
rise. The glass softens and gradually turns into a tapered fiber under the influence of the weight.
The heating is terminated when the waist diameter of the tapered fiber reaches around 100 um. In the
second step, the tapered fiber is accurately cleaved at the waist region to obtain a half tapered fiber.
In the third step, using a ZnSe lens once more to focus the laser beam on the end of the half tapered
fiber, the silica microsphere is formed at the fiber end due to the surface tension acting on the molten
glass. The microscope image of a silica microspheres fabricated in this manner is shown in Figure 2.

In addition to employing the method referred to above, another commonly method for making
silica microsphere is based on arc discharge [62,63]. In the literature [63], a fabrication process for
silica microspheres using a Fitel 5182PM fusion splicer was introduced. Firstly, the coating layer of the
SMEF28 fiber was removed, then the electrode of the splice was used to discharge the tip of the fiber,
and the silica microsphere was formed due to the surface tension. In the experiment, the arc power
was 110 a.u., the premelting time was 240 ms, and the arc duration was 2000 ms.
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ZnSe lens

Figure 1. Schematic diagram of the experimental setup for making a silica microsphere. (a) A ZnSe lens
is used to focus a CO; laser beam on the silica fiber; (b) the waist region of tapered fiber is cleaved; (c) a
silica microsphere is obtained by focusing a CO, laser beam on the end of the cleaved tapered fiber.

Figure 2. Microscope image of silica microsphere made with CO, laser.

3.2. Fabrication of Lead Silicate Microspheres

In this section, a method of fabricating a lead silicate microspheres is introduced [64], and is
similar to the method that uses a CO, laser to fabricate a silica optical microsphere as described in the
previous section. The glass fiber is softened using a heat source and then the microspheres are formed
due to surface tension of the glass fiber.

The schematic diagram of the experimental setup for making a lead silicate microsphere is shown
in Figure 3. First of all, the lead silicate glass fiber is tapered to make the diameter of the lead silicate
glass microsphere much smaller than the outside diameter of the lead silicate glass fiber. Then,
the tapered section is placed in a resistive microheater with a ()-shaped opening and heated to circa
500 °C. The microheater is moved back and forth along the fiber, while both ends of the fiber are
carefully drawn using a computer-controlled translation stage. In this way, a tapered fiber of uniform
waist diameter (d < 10 um) and transition region are obtained [65]. The tapered fiber is then cut at the
middle of the uniform waist. The newly formed half tapered fiber is then positioned in close proximity
to the microheater and heated to 900 °C, which is higher than the softening point of the glass and thus
the fused lead silicate glass fiber is melted to form the microsphere due to the surface tension of the
lead silicate glass fiber.



Micromachines 2018, 9, 356

(a)
Microheater ._““
(b) — e
sz W
(©

(d) E 3. Microheater

Figure 3. Schematic diagram of the experimental setup used for making a lead silicate microsphere.
(a) Cross-section of lead silicate fiber; (b) a fiber is tapered by using a microheater; (c) the uniform
waist of the tapered fiber is cleaved; (d) a lead silicate microsphere is formed. Reprinted / Adapted with
permission from [64].

3.3. Fabrication of Germanium Microspheres

An experimental method for fabricating germanium microspheres using a germanium glass
optical fiber is described in [66]. The material of the glass cladding is borosilicate, and the core is
germanium. The core and the cladding diameters are typically 15 um and 150 um [67], respectively.

In order to obtain a germanium microsphere, the first step was to heat the core of the germanium
with the fabrication method outlined for the quartz microsphere mentioned above, focusing the CO,
laser beam on the core of the germanium glass. It is worth noting that when the temperature was
between the melting point (938 °C) of the core and the softening point (1260 °C) of the cladding,
a germanium microsphere would be formed inside the fiber cladding due to the lower cladding
viscosity, which results in excellent smoothness for the glass surface.

The diameter of the resulting microsphere was 40-50 um, and Figure 4a shows the microscope
image of the microsphere embedded in a borosilicate cladding. The majority of the glass cladding was
then etched away using a 48% HF solution, followed by immersion of the microsphere in a mixture
of ammonium fluoride buffer and HF (20:1) for 5-10 min. Finally, the residual HF solution on the
surface of the microsphere was cleaned with deionized water. The microscope image of the resulting
germanium microsphere is shown in Figure 4b.

(a) (b)
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Figure 4. Microscope image of (a) a germanium microsphere in borosilicate cladding and (b) a
fabricated germanium microsphere. Reprinted / Adapted with permission from [66].

3.4. Fabrication of Chalcogenide Microspheres

There have been many reports on the fabrication methods for chalcogenide glass
microspheres [22,68-71]. One of them is a relatively simple method involving the use of a ceramic
microheater to pull apart the molten chalcogenide glass [70]. This is possible due to the low softening
temperature (100400 °C) and transition temperature (100-300 °C) of chalcogenide glasses.
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The chalcogenide glass fiber used in the experiment was a commercial step multimode fiber
provided by Oxford Electronics. The core and cladding materials are As;S; and AsxS;_y, with
diameters of 180 um and 275 um, respectively. The experimental step for fabricating the chalcogenide
glass microsphere is shown in Figure 5. At first, the ceramic microheater was heated to about 200 °C,
and a chalcogenide glass fiber was moved in close proximity to the microheater. Then, the end of the
chalcogenide fiber was placed in contact with the outer wall of the ceramic microheater and as a result,
the end of the glass fiber softened. Next, the fiber was pulled at the speed of 0.1-1 m/s until the end
of the glass fiber was broken, resulting in a long half tapered microfiber formed at the chalcogenide
fiber end. In the final step, the tip of the tapered microfiber was moved close to ceramic microheater,
at which time the temperature of the ceramic microheater was raised to 500 °C. Due to the surface
tension of the chalcogenide glass, the end of the microfiber melted into a microsphere, thus resulting
in a chalcogenide glass microsphere resonator.
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Figure 5. Experimental step for fabricating a chalcogenide microsphere. (a) Chalcogenide glass is
moved to a microheater at 200 °C; (b) the chalcogenide glass is attached on the surface of microheater;
(c) the chalcogenide glass is drawn to a half tapered fiber; (d) a chalcogenide microsphere is formed.

Figure 6 shows a microscope image of the chalcogenide microsphere fabricated by the above
method: the surface of chalcogenide microsphere appears smooth and uniform.
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Figure 6. (a) Microscope image of the chalcogenide glass microsphere sample with different diameters;
(b) 53 um; (c) 98 um; (d) 109 um. Reprinted /Adapted with permission from [70].
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3.5. Fabrication of Microspheres by the Powder Floating Method

The previously mentioned methods for fabricating compound glass microspheres are only capable
of producing one microsphere at a time, and the size of the microsphere is determined by the size
of the glass optical fiber. Moreover, the method of fabricating the microsphere from the optical
fiber introduces additional heating steps during the fabrication process, and this will contaminate
the glass material. This is extremely important for chalcogenide glass introduced in the previous
section. Therefore, a powder floating method has been proposed [72,73], which is not only capable of
producing microspheres of different sizes at the same time, but also effectively avoids the introduction
of impurities.

The schematic diagram of fabrication of microspheres by the powder floating method is shown
in Figure 7. During the fabrication process, a sample of compound glass material was ground into
powder form, and the powders were allowed to pass through a sieve with openings on the order of
tens of micrometers, depending on the required size of the microsphere. Then, the glass powders
were dropped from the upper inlet of the furnace. Due to the inert gas (usually argon) flowing in the
furnace, the microspheres were suspended in the furnace, with the temperature of the melting furnace
(up to 1100 °C) set by the nature of the added glass material. In order to make the glass material melt
fully in the furnace, the heating time of the powder in the furnace was increased by increasing the
length of the heating zone of the furnace. Finally the molten powder forms glass microspheres due to
the surface tension, and the smoothness of the microspheres is ensured by long term heating within
the furnace. The advantages of the powder floating method is that the glass microspheres with a size
distribution in a certain predetermined range can be fabricated in one batch, which greatly improves
the efficiency for fabricating microspheres.
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Figure 7. Schematic diagram of fabrication of microsphere by powder floating method.

4. Application and Characterization of Compound Glass Microspheres

A wide variety of applications based on compound glass microsphere resonators have been
reported, which include fiber microcavity lasers, nonlinear optics, optical sensors, and quantum optics.
Before introducing the application of the compound glass microspheres, the coupling methods of
the microsphere resonators are introduced due to their significant role in experimental realization
of these devices. There are two main methods for coupling incident light into the microsphere
resonators. The first involves the use of tapered fiber coupling. Most tapered fibers are fabricated in
silica fiber, which have lower refractive index when compared with most compound microspheres
and tend to excite higher order modes in the microspheres [1,74]. The second method involves prism
coupling, the input and output coupling being achieved using total internal reflection in a prism whose
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surface is located close to the microsphere [75-78]. The main advantage of this is it facilitates greater
structural stability.

In this section, compound glass microcavity lasers and Stimulated Brillouin Scattering (SBS) in
tellurite glass microspheres are initially reviewed, followed by an introduction to the application
of chalcogenide glass-based microspheres in temperature sensing. Finally, high-Q compound glass
microsphere resonators are characterized.

4.1. Compound Glass Microspheres Lasers

4.1.1. Silica Microsphere Laser

As early as 2003, the California Institute of Technology proposed a microcavity laser based on a
silica microsphere [79], by coating Erbium-doped gels on silica microspheres to obtain a microcavity
laser with a low threshold of 28 pW.

Before the experiment, a gel solution of tetraethoxysilane (TEOS) and ErNO3-5H,0O was prepared
in an acidic mixture. The silica microsphere was then immersed in the gel solution, and was
immediately exposed to CO; laser radiation in order to cure the gel on the microsphere surface.
The resulting microsphere had a diameter of 50-80 pum, including the gel layer thickness of 1-10 um.

A single-frequency laser source with a wavelength of 980 nm was coupled to the doped
microsphere using a silica tapered fiber with a diameter of 1.6 pm. The WGM transmitted in the
microsphere provided the pump energy for the population inversion in the Erbium ions, and generated
a single-mode laser output near the wavelength of 1540 nm. The output spectrum is included in
Figure 8, which also shows the relationship between the laser output power of silica glass microsphere
and the absorbed power; Figure 8 shown that the laser threshold value is 28 uW, and the absorbed
power and laser output power are linear.
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Figure 8. Relationship between the absorbed pump power and laser output; inset: spectrum of the
laser output. Reprinted/ Adapted with permission from [79].

4.1.2. Phosphate Microsphere Lasers

Phosphate glasses have a higher rare earth ion doping solubility compared to silica. A number of
early studies were conducted on the doping of rare earth ions in phosphate glass microspheres. These
include Er**, Er**-Yb?* and Er®*-Yb3*-Cr3* [28,29,31], all of which were successfully made to operate
as a microcavity laser. The Er**-Yb®" doped phosphate glass microsphere mentioned in [31] had the
lowest laser threshold.
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In the case of the microsphere with Er¥*-Yb%* doped into the phosphate glass microsphere,
the diameters of the resulting microsphere and silica tapered fiber were 57 pm and 1.8 um, respectively.
The pump laser was a semiconductor laser with a wavelength of 977 nm. When the excitation power
was lower than the laser threshold, the fluorescence spectrum of the Er ions doped microsphere
resembled that shown in Figure 9, where the free spectral range (FSR) values at the wavelength region
of 1040 nm and 1550 nm are 4 nm and 9 nm, respectively.
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taper

Power (dBm)

Wavelength(nm)

Figure 9. Fluorescence spectra of Er ions doped microsphere. (a) The spectrum in the band of 1040 nm;
(b) the image of the microsphere and tapered fiber. Reprinted / Adapted with permission from [31].

The relationship between the laser output power of the Er¥*-Yb®* doped microsphere and the
absorbed power was obtained by increasing the pump power continuously in a range beyond the laser
threshold. As shown in Figure 10, the laser threshold at a wavelength of 1032 nm and 1563 nm are
32 uW and 30 uW, respectively.
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Figure 10. (a) Relationship between absorbed power and laser output, the lasing wavelength is 1032 nm;
(b) the lasing wavelength is 1563 nm. Reprinted / Adapted with permission from [31].

4.1.3. Germanate Microsphere Laser

Traditional rare earth ion doped glass microspheres have a specific spectral region in the
wavelength range of 1100-1400 nm, where no laser output has been achieved until recently. Bi-doped
germanate glass microspheres have been effectively used to compensate for this gap in spectral
coverage [37]. Compared to the conventional silica fiber (less than 0.1 mol%), the doping concentration
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of Bi ions in germanate glass is higher (3.5 mol%), and the melting temperature of the germanate is
lower, which is more conducive to the fabrication of Bi doped germanate glass. In addition, the gain
coefficient of Bi in germanate glasses is much higher than that in silica, mainly because the phonon
relaxation rate in germanate glass (circa 600 cm 1) is lower.

Microcavity lasers based on Bi-doped germanate glasses have been successfully fabricated and are
described in the literature [37]. In this experiment, the diameter of the silica tapered coupling fiber and
the microsphere were 3 pm and 80 pm, respectively. A laser light source with a wavelength of 808 nm
was chosen as the pump. The laser output spectrum of the Bi-doped germanate could be observed
on an optical spectrum analyzer (OSA), and is shown in the Figure 11. Figure 11a shows a spectrum
of the WGMs when the pump light is coupled into the Bi-doped germanate glass microsphere; the
full width half maximum (FWHM) is 0.0052 nm at 1310.05 nm, resulting in a Q value of the Bi-doped
glass microsphere up to 2.5 x 10°. When the pump absorption power is reaches 215 uW, the output
of the single-mode laser at the wavelength of 1305.8 nm was observed, as shown by the red line in
Figure 11b. The blue line in Figure 11b is the fluorescence spectrum of the Bi-doped germanate glass.
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Figure 11. (a) Spectrum of the WGMs when the pump light is coupled into the microsphere; (b) red line:
spectrum of the Bi-doped microsphere laser output; blue line: fluorescence spectrum of the Bi-doped
glass. Reprinted/Adapted with permission from [37].

4.1.4. Tellurite Microsphere Laser

Tellurite glass has emerged as a promising material for use in the MIR wavelength region [80].
In this section, a Tm-Ho co-doped tellurite microcavity laser in the MIR region is introduced [81],
with the underlying principle of operation being the transition of the 3Hg to 3Hy energy level in Tm3*
ions. This was achieved using a pump with a wavelength of 808 nm, resulting in the transition from 3Hj
to 3F, energy level in some Tm3* ions, so that the energy in the Tm3* ions could be partially transferred
to the adjacent Ho®* ions, prompting the transition of the ions from ®Ig to °I. Finally, the spontaneous
emission of Tm3* ions from °I; to ®Ig produces a fluorescence emission in the wavelength range
1.8-2.2 um. The fluorescence spectra of Tm®* doped tellurite glass and Tm-Ho co-doped tellurite glass
are shown in Figure 12.

In this experiment, the diameters of the silica tapered fiber and the tellurite glass microsphere
were 1.38 um and 59.52 um, respectively. A laser diode with a wavelength of 808 nm was used to pump
the microsphere laser. When the pump power was lower than the threshold value, the fluorescence
spectrum was observed using the OSA, and the resulting spectrum is shown in Figure 13a. Each peak
of the fluorescence spectrum represents a mode transmitted in the microsphere and the observed
FSR of the WGM was 12.79 nm. The black line in Figure 11a represents the fluorescence spectrum of
the tellurite glass. However, when the pump power exceeded 0.887 mW, a single-mode laser output
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was observed from the Tm-Ho doped tellurite glass microsphere. The output wavelength of the
single-mode laser was observed to be around 2.1 pm. Figure 13b shows the relationship between the
output laser power of the tellurite glass microsphere and the absorbed power. It is clear from the inset
in the figure that when the pump power is 0.779 mW or lower, there is no laser output emission, and
when the power was increased to 0.887 mW, a single-mode laser output was generated as shown in
the inset of Figure 11b, with a center wavelength of the output laser at 2092.56 nm.
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Figure 12. Fluorescence spectrum of the Tm3* doped and Tm-Ho co-doped tellurite glasses.
Reprinted/ Adapted with permission from [81].
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Figure 13. (a) Spectrum of WGMs in the tellurite glass microsphere; (b) relationship between the
output laser power and pump power; inset: spectral output when the pump is below (blue line) and
above threshold (red line). Reprinted /Adapted with permission from [81].

4.2. SBS in Tellurite Microsphere

Stimulated Brillion Scattering (SBS) is a non-linear optical phenomenon, caused by the
electromagnetic stretching effect generated by high-power incident light which stimulates an ultrasonic
wave in the waveguide, and results in the incident light being scattered by the ultrasonic waves.

In the literature [82], the SBS phenomenon has been reported for the first time in a tellurite glass
microsphere, and the Q value of the fabricated microsphere exceeded 1.3 x 107. In the experiment,
a tellurite glass microsphere was fabricated using melting methods using a CO; laser. The diameter
of the tapered fiber and microsphere were 2 um and 116 um, respectively, and a single-frequency
tunable laser with a wavelength of 1550 nm was used to pump the tellurite microsphere. The resulting
spectrum is shown in Figure 14a, where the gray line shows the spectrum when the pump was off
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resonance and the yellow line shows the case when in resonance. It can be clearly seen from the
spectrum that the SBS phenomenon is generated and observed at a wavelength that is 65 pm higher
than the pump peak wavelength, and this represents the first order Stokes signal. Beyond that, the peak
intensity of the yellow line is generally 10 dB larger than the peak intensity of the gray line, and the
SBS peak of the yellow line is 15 dB larger than the gray line. These results suggest that most of the
power in the strong Rayleigh scattering is feedback, thus inhibiting SBS generation. When the pump
power was increased from 0.4 mW to 1.6 mW, the relationship of the coupled pump power and the
Brillouin output power was obtained, as shown in Figure 14b, resulting in a threshold for the Brillouin
output power of 0.58 mW.
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Figure 14. (a) Gray line: pump off resonance; yellow line: in resonance; (b) relationship between
coupled pump power and Brillouin power. Reprinted /Adapted with permission from [82].

4.3. Temperature Sensing Using Chalcogenide Glass Microspheres

The basic properties of chalcogenide glass have been introduced in Section 2.3. Chalcogenide
glass has a high photosensitivity, and good transmittance (low attenuation) in the MIR region, making
chalcogenide glass microspheres highly sensitive to environmental parameters such as temperature.

In this section, a temperature sensor using chalcogenide glass microspheres in the MIR region is
introduced [71]. A Tm?" doped chalcogenide glass microsphere was prepared using the previously
mentioned powder floating method. The experimental principle is that the Tm>* transition from the
ground state 3Hy to ®Hy occurred, followed by the spontaneous transition of Tm3* from *H, to 3F,,
and %F, to ®Hs generating a fluorescence emission in the 1.5 utm and 1.9 pm wavelength bands.

In the experiment, the diameter of the silica tapered fiber and the chalcogenide glass microsphere
were 1.72 pm and 108.52 um, respectively; pumping was provided from a laser diode with a wavelength
of 808 nm. The WGM of the chalcogenide glass microsphere in the wavelength range 1.65 um to 2 pm
was obtained by coupling the pump light into the microsphere, and the spectral output is shown in
Figure 15. The blue line is the unmodulated fluorescence spectrum of the chalcogenide glass.

In order to study the sensitivity of the chalcogenide microsphere to temperature, the whole
device was placed in an adiabatic environment, and the ambient temperature was increased from
26 °C to 97 °C, resulting in all the resonances in the spectrum shifting to longer wavelengths.
For ease of observation, a resonant peak with a wavelength of 1843.91 nm was chosen as a reference.
The deviation of the wavelength of the single resonant peak with the change of temperature is shown
in Figure 16a, and the relationship between the wavelength shift and temperature in Figure 16b.
A linear relationship exists between the observed wavelength shift and temperature, and the resulting
temperature sensitivity of the chalcogenide glass was measured to be 26 pm/°C.
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Figure 15. Whispering-gallery mode (WGM) resonance in a chalcogenide glass microsphere
(black), compared with the unmodulated fluorescence spectrum of the chalcogenide glass (blue).
Reprinted/Adapted with permission from [71].

1.2 1846.0
2 1.0
n ~— 1845.54
c
0.8 IS
2 S
5 061 £ 18450 o
[0} (@)}
N 044 S o
@ o) 4
© 2] % 1844.5
S
S =
Zz 00 18440 <
1841 1842 1843 1844 1845 1846 1847 1848 30 40 50 60 70 80 90 100
Wavelength (nm) Temperature (°C)
(@) (b)

Figure 16. (a) Resonance spectra at different temperatures; (b) relationship between the wavelength

shift and temperature. Reprinted/ Adapted with permission from [71].

4.4. Other High-Q Compound Glass Microspheres

Compound glass doped glass microspheres (such as lead silicate and bismuth glasses) possess a

high nonlinear coefficient [64,74].

In the experiment conducted to characterize the lead silicate glass microsphere, the diameters of
the lead silicate glass microsphere and silica tapered fiber were 109 um and 2 um, respectively. A pump
source with a wavelength of 1550 nm was coupled into the tapered fiber, and the spectrum of the WGM
was achieved in the microsphere by effective coupling of the tapered fiber and the microsphere. Finally,
the transmitted light from the fiber was received by a photodetector, and the transmission spectrum is
shown in Figure 17. Because the effective refractive index of the tapered fiber and the microsphere are
quite different, so many high-order modes exist in the transmission spectrum. A wavelength range
of 1554.75-1554.8 nm is selected in the spectrum, and the data points obtained in the experiment are

fitted using Lorentz fit; the Q value in the microsphere is calculated to be 0.86 x 107.
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Figure 17. (a) Transmission spectra of the lead silicate microsphere in different spectral regions;
(b) close up spectrum range from 1554.780-1554.800; (c) Lorenz fitting curve. Reprinted/ Adapted with
permission from [64].

The method of characterizing the bismuth glass microsphere is similar to that used for the lead
silicate glass microsphere, and is not repeated in detail. The transmission spectrum of bismuth glass
microsphere is shown in Figure 18, within the wavelength range from 1548.846 nm to 1548.849 nm,
resulting in a Q value of up to 0.6 x 107.
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Figure 18. (a) Transmission spectra of the bismuth glass microsphere; (b) close-up spectrum range
from 1548.846-1548.849. Reprinted / Adapted with permission from [74].

5. Conclusions and Outlook

In this paper, a comprehensive review of the properties of compound glasses has been undertaken
with a focus on their applications in microsphere devices and sensors. Materials included conventional
oxide glasses, heavy metal oxide glasses, and chalcogenide glasses. From their properties, it can be
concluded that compound glasses have higher Q, higher rare earth ion doping, and lower phonon
energy. The fabrication methods of microspheres using the various compound glass were also
reviewed. The traditional method of microsphere fabrication involves melting the glass, which
includes fabrication using a CO; laser or a ceramic microheater. For the chalcogenide glass fiber with
a low melting point, the microsphere can be directly drawn by the “pulling up” method, as well as
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the more recently discovered powder floating method, the latter method having the advantage that
it allows for mass production of higher quality microspheres. The applications of compound glass
microspheres were also studied and these include mainly rare earth ion doped microspheres for lasers,
high nonlinearity components involving tellurite glass microspheres, and temperature sensing using
chalcogenide glass microspheres.

Compound glass microsphere resonators overcome the limitations associated with traditional
resonators in terms of glass materials. In the future, it is envisaged that compound glass microsphere
resonators will have wide ranging applications in photonics including optical computers and
optomechanics due to their high nonlinearity, high Q quality, and high response. Meanwhile, doping
rare earth ions in different host materials is expected to achieve higher power output and more
efficient lasers accessing different wavelength ranges, most notably in the infrared band. However,
most compound glass-based microspheres are coupled using a tapered fiber, whereas prism-based
coupling is more conducive to robust packaging. In general, it is fair to state that the prospects for
practical application of compound glass microsphere resonators in photonics are very bright and are
developing rapidly.
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Abstract: A comprehensive model for designing robust all-in-fiber microresonator-based optical
sensing setups is illustrated. The investigated all-in-fiber setups allow light to selectively excite high-Q
whispering gallery modes (WGMs) into optical microresonators, thanks to a pair of identical long
period gratings (LPGs) written in the same optical fiber. Microspheres and microbubbles are used as
microresonators and evanescently side-coupled to a thick fiber taper, with a waist diameter of about
18 um, in between the two LPGs. The model is validated by comparing the simulated results with the
experimental data. A good agreement between the simulated and experimental results is obtained.
The model is general and by exploiting the refractive index and/or absorption characteristics at
suitable wavelengths, the sensing of several substances or pollutants can be predicted.

Keywords: microresonator; whispering gallery mode; long period grating; fiber coupling;
distributed sensing; chemical/biological sensing

1. Introduction

In recent years, whispering gallery mode (WGM) microresonators, such as microdisks [1],
microbubbles [2] and microspheres [3], have gained much interest among researchers thanks to
their capability to strongly confine the light in very compact volumes. In fact, during the several
revolutions of the light signal in these resonators, the WGM field evanescently couples to the
surrounding environment and even a very small change in the microresonator size and/or in the
refractive index can induce significant changes in the quality factor (Q-factor) and/or resonance
wavelengths of the microresonator. In view of this, a number of sensing applications, involving WGM
microresonators, are reported in literature, such as the sensing of local temperature [2-6], refractive
index [7], pressure [8], biological [9] and spectroscopic parameters [10]. Their huge potentiality
in biosensing by means of label-free detection down to single molecules was also proved [11].
Moreover, by doping the microresonators with rare-earths, integrated light sources with narrow
line emission can be obtained [12].

The combination of the peculiarities of optical fibers with WGM microresonators can provide
great opportunities in the field of sensing especially. Thanks to the use of a fiber taper, high-Q
WGM resonances in different types of microresonators can be efficiently excited. The taper allows for
obtaining a proper evanescent electromagnetic field, which can be coupled into the microresonators,
and more than 90% of the fiber mode power can be transferred on the microresonators [13]. This paves
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the way for several scenarios in telecommunications requiring the generation of narrow line emission.
One of these is the possibility to develop an all-in-fiber coupling system for quasi-distributed and
wavelength selective addressing of different WGM microresonators located along the same optical link.
The first fiber-based setup for efficient coupling of light to a high-Q WGM microresonator is illustrated
in [14]. It is based on a long period grating (LPG) followed by a thick fiber taper, both of which
are derived from the same fiber. The LPG allows wavelength selective excitation of high-order
cladding modes; in this way, thicker and more robust tapers (with waist diameters larger than
15 um, easier to fabricate than the usual 1-2 um tapers) can be used for coupling the cladding modes
to the WGMs. However, the previous configuration does not allow interrogating more than one
microresonator if the transmitted light is used to carry on the signal under investigation. The only
chance could be the use of the scattered light from each microresonator, resulting in more difficult and
time-consuming setup implementation. Therefore, to overcome these limitations, an improvement
of the previous coupling system was recently demonstrated [15]: the system is now constituted by
a pair of identical LPGs with a tapered fiber in between. The existence of the second LPG allows the
light coupling back into the fiber core. Hence, all the information within the core mode is transmitted
up to the end of the fiber segment and it can be collected by a single photodetector. It is important to
underline that the pair of identical LPGs can operate in different wavelength bands within the range
of the detector, thus allowing multiple selective coupling of spatially distributed or quasi-distributed
WGM microresonators by means of different wavelengths [15].

The design of the coupling system previously mentioned requires an exhaustive model, especially
for developing sensing applications [14,16]. In this work, two different sensing setups, similar to those
described in [15], are considered. The two setups consist of either a microsphere or a microbubble
coupled to a tapered fiber. An analytical model for simulating the two setups is detailed. The proposed
approach is complete and it is well validated with the experimental results reported in literature [15].

2. Overview of the All-in-Fiber Coupling System

Figure 1 shows a sketch of the coupling system used in this work. The system is constituted by
an optical WGM microresonator coupled to a tapered fiber. On both sides of the taper, there are the two
identical LPGs. The first LPG allows the coupling between the fundamental core mode and a specific
cladding mode depending on the grating parameters. Then, the evanescent field of this cladding mode
excites the WGMs in the microresonator. Finally, the light is coupled back from the foregoing cladding
mode into the fiber fundamental mode via the second LPG.

y
X L z WGM resonator
First LPG Second LPG
S AERANS =) 1111 e——
Fundamental core mode Cladding mode Fundamental core mode

Figure 1. Sketch of the coupling principle of an optical whispering gallery mode (WGM) microresonator
by means of a tapered fiber in between two identical long period gratings (LPGs).

In this work, two different types of WGM microresonator are considered: microspheres
and microbubbles. The cross-sections of the microresonators, together with a sketch of the tapered
fiber waist, are shown in Figure 2. Figure 2a refers to the microsphere-based coupling system,
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whereas Figure 2b refers to the microbubble-based coupling system. The gap between each
microresonator and the taper waist is g.

@ (b)

Figure 2. Geometrical configurations of the simulated coupling systems consisting of a tapered fiber
coupled to (a) a microsphere and (b) a microbubble. The cross-section of the tapered fiber waist
is shown. The light grey color represents the silica glass.

3. Materials and Methods

3.1. Manufacturing of WGM Microresonators and Optical Fiber LPGs

The model is realistic and refers to two experimental setups described in [15]. Adiabatic tapered
fibers were fabricated using heating and pulling of a commercially available boron-germanium
co-doped single-mode optical fiber (Fibercore PS1250/1500, Fibercore Ltd., Surrey, UK) [17].
In particular, the fiber core and cladding diameters are 6.9 um and 124.6 pum, respectively. Tapers with
a diameter among 15-18 pum are manufactured to guide/handle the cladding modes of interest. It is
worth pointing out that, for an efficient coupling of these cladding modes to WGM microresonators,
a partial tapering of the optical fiber is essential to shrink the optical field size and to increase the
evanescent field [14]. However, the average diameter of the manufactured tapered fibers is one order
of magnitude thicker than that of standard fiber tapers (1-2 um). This allows for improving the
robustness and a decreased fragility of the coupling structure in practical applications.

The coupling system depicted in Figure 1 is completed by manufacturing the pair of identical
LPGs on both ends of the tapered fiber. A point-to-point technique employing a KrF excimer laser
(Lambda Physic COMPex 110, Lambda Physik AG, Goettingen, Germany) is used to inscribe the
gratings [18]. Two different pairs of LPGs are manufactured with a grating period, A, of 340 um and
365 um, respectively, and a grating length, L, of 18.7 mm and 20.1 mm, respectively (55 grating planes).

The model includes two different types of microresonators: silica microspheres and microbubbles,
manufactured as in [17,19]. The diameters of these resonator range from 260 pm to 290 pum,
for microspheres, and from 380 um to 500 pm, for microbubbles. In both cases, the microresonator
size is large enough, thus the free spectral range (FSR) can be considered significantly smaller than the
bandwidth of the LPGs [14].

The experimental setup we used for the monitoring and registration of the transmission spectra
consists of two fiber pigtailed tunable external cavity lasers (Anritsu Tunics Plus, linewidth 300 KHz,
Anritsu Corporation, Kanagawa Prefecture, Japan), covering the spectral range from 1390 nm to
1640 nm and of an optical spectrum analyzer (OSA-Ando AQ6317B, Yokogawa Test & Measurement
Corporation, Tokyo, Japan) for detecting the signals. The coupling mechanism is finally tested by
using the same laser sources, which can be finely and continuously swept in the spectral range within
few GHz, and a single photodetector connected to a commercially available oscilloscope.
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3.2. Theoretical Analysis

In Figure 2, the cross-sections of two different kinds of optical spherical microresonators, coupled
to a tapered fiber, are shown. The developed analytical model found the electromagnetic (e.m.) fields
of the microresonators and the fiber by solving the Helmholtz equation in spherical and cylindrical
coordinates, respectively. In particular, the e.m. fields of the microresonators are described by the
well-known WGM theory [20]. Then, the coupled-mode theory allows for modeling the optical
interaction between the calculated microresonator modes and fiber modes [21].

3.2.1. Analytical Model of a Dielectric Microsphere

The e.m. fields of a dielectric microsphere is found by solving the following Helmholtz equation
in spherical coordinates:
V2¥(r,0,) + K*ns¥(r, ,9) =0 1)

where k = w, /Jig€ is the wave vector in vacuum, 1; is the refractive index of the microsphere (Figure 2a)
and ¥(r, 6, ¢) is the electric or magnetic field component. If the polarization of the e.m. fields is
supposed to be constant throughout all points in space, the solutions of Equation (1) can be expressed
in the following form [20]:

¥(r, 0, 9) = Nt (r)e(0) i, (¢) @)

where N; is a normalization factor calculated by assuming equal to 1 the integral of [¥]?, over all space,
divided by 27Rs, Rs is the microsphere radius (Figure 2a), and i, 9 and ¢ are the radial, polar
and azimuthal contributions of the field, respectively [20]. The separation of variables in Equation (2)
allows for dividing the microsphere modes in transverse electric (TE) and transverse magnetic (TM)
modes. The TE modes are characterized by having the electric field parallel to the microsphere surface,
ie, ¥ = Eg, E;= Ep = 0. The TM modes are characterized by having the electric field perpendicular
to the microsphere surface, i.e., ¥ = Hp, H;= Hp = 0[20]. The other field components (H;, Hy for
TE modes; E;, Ey for TM modes) are determined by the boundary conditions at the interface between
the microsphere and the surrounding background medium (see Figure 2a). Finally, the substitution of
Equation (2) in Equation (1) gives the well-known WGM field contributions [20]:

Pp(¢p) = e =7 ®)

Pp(0) = e BCH, (Vmb), m > 1> 6 )
_ J Ajilknsr), r <R

¥r(r) = { Be—%s(r =7s), r > Re ®)

where Hy is the Hermite polynomial of order N =1 — m, [ and m are the mode numbers, j; is the
spherical Bessel function of the first kind of order I, A and B are two constants evaluated by imposing
the boundary conditions at the microsphere surface, as= (f — kzngg)l/2 is the exponential decay
constant of the evanescent field in the background medium with refractive index 1, < 15 and g is
the propagation constant of the mode parallel to the microsphere surface [20]. The microsphere modes,
WGM, 1,1, are uniquely described by the three integers [, m and n. The value m is the number of field
maxima along the ¢-direction; the value I — m + 1 is the number of field maxima along the §-direction;
the value # is the number of absolute field maxima along the r-direction.

By matching the tangential field components of TE and TM modes at = R;, a homogeneous
linear equation system of the form Mx = 0 is obtained, where x = [A, B]T

jl(knsrs) -1
M= ) 6
{ kns];(knsRs) X0 ] ©)

and
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where x =1, for TE modes, and x = nf / ni , for TM modes. The first row of the matrix M is obtained
by matching either Ey, for TE modes, or Hy, for TM modes, at r = Rs. The second row is obtained
by matching either Hy, for TE modes (assuming dEq/dr > Eg/7), or Ep, for TM modes (assuming
0Hy/dr > Hy/r) [20]. By imposing equal to zero the determinant of the matrix M, the microsphere
characteristic equation is obtained:

1 . .
(5 2 il Re) = kg ) ?
S

where the recursion formula, jj(x) = Ix71jy(x) — ji11(x), has been used [20]. Equation (7) relates the
resonant wavelengths of the WGMs to the mode numbers / and .

3.2.2. Analytical Model of a Dielectric Microbubble

A microbubble can be seen as a hollow microsphere with a glass shell in which the WGMs
propagate [19]. As illustrated in Figure 2b, the thickness of the glass shell is determined by the inner,
Ry, and outer, Ry, radii of the microbubble. The refractive index of the glass shell is 1, whereas the
refractive index of the medium inside the microbubble is 7;,. The e.m. analysis of a microbubble
follows the same procedure of the previous Section 3.2.1. In this case, the radial field contribution,
r(r), takes a different form to account for the two separation interfaces:

Ajl (kn,'”r), r < Ry
Pr(r) = ¢ Bjj(knpr) + Cy (knpr), Ry <1 <Ry (8)
De*“s(’*Rb)’ r >R,

where v, is the spherical Bessel function of the second kind of order I, and A, B, C and D are constants
to be determined by applying the boundary conditions to the 6- and ¢-polarized field components
atr = r;, and r = R;,. As described in the previous Section 3.2.1, the boundary conditions lead to the
homogeneous linear equation system Mx = 0, where x = [4, B, C, D]T and

Jitkniy, Riy) —ji(knpRyy) —yi(knyR;y) 0
M= 1infy (ki Riy)  —x1mpfi(knpRin)  —x1mpy;(knpRiy) 0 ©)
0 Ji(knyRp) yi(knyRy) -1
0 knyjj (knpRy) knyy;(knyRy) X20s

where x1= X, = 1, for TE modes, and 1 = nlzn / n%, X2 = ng / ng ~ for TM modes. The first two rows of
the matrix M are obtained by matching either Eq, Hyp, for TE modes, or Hy, Ey, for TM modes, at r = R;,.
The third and fourth rows are obtained by matching the same tangential fields at » = R;,. The assumptions
0Eg/or > Eg/rand 0Hy/or > Hy/r hold in this case too. By imposing equal to zero the determinant
of the matrix M in Equation (9), the characteristic equation for the microbubble is obtained.

3.2.3. Coupling Model

The coupled mode theory (CMT) [21] is applied to model the optical coupling between the
microresonator WGM; ,,, , modes and the tapered fiber LPy x cladding modes, where the 0 and X
subscripts represent the azimuthal and radial orders, respectively, of the linearly-polarized (LP)
cladding modes. The analytical model takes into account the coupling of modes both in space and in
time formulations [20,21].

The optical interaction between the fiber field, Fx, and the microresonator field, ¥; ,;, ,, is obtained
and calculated from the following overlap integral [20]:

K2 *
Ky (2) = E(ngff —12e) | ¥imn -Fi dxdy (10)
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where B is the propagation constant of the LP mode and 7,/ is the effective refractive index of
the microresonator, which is related to the propagation constant of the WGM [20]. The integration
in Equation (10) is carried out over the transverse xy-plane at a fixed point along the tapered fiber,
whose longitudinal axis is directed along the z-axis (see Figure 1). Then, xy,(z) is integrated along the
z-axis over the interaction length, L, i.e., x = IL ny(z)dz. « is the power coupling constant, whereas
«2 is the fraction of the power transferred from the fiber to the microresonator over the interaction
region [21]. It should be noted that «,y is proportional to e /APZ, where AB = B ¢ — Bm is the phase
mismatch between the LP mode and the WGM, whose propagation constant is either ,;, = m/Rs,
for a microsphere, or 8,; = m/Ry, for a microbubble [20].

The power coupling constants « is also related to the time evolution of the coupled modes.
By considering the microresonator as a lumped oscillator of energy amplitude awgm(t), the (weak)
power coupling with the fiber induces a (slow) time variation of aywgm (), which can be expressed by
means of the following rate equation [21]:

dawgm(t)

R 1 2 . 2
ar = <]wWGM o ;E)HWGM(f) —Jy/ ?Trﬂm(t) (11)

where 9= Q/wwgm is the amplitude decay time-constant due to the intrinsic loss phenomena of the
microresonator (including surface scattering and absorption and curvature losses), Qy is the intrinsic
quality factor, wwgm is the WGM,; ,, ,, resonant frequency, .= Q,/w is the decay time-constant related
to the coupling with the fiber, Q.= mm/x? is the external quality factor,  is the foregoing power
coupling constant, w is the input excitation frequency, 7= 2mR /vy = 2ntRn,f¢/c is the revolution time
of either the microsphere (R = Rs) or the microbubble (R = R;) and a;,,(f) is the energy amplitude of
the excitation signal at the taper input section [20,21].

The transfer characteristic of the coupling system is found by considering the steady state form of
the Equation (11), thus obtaining awgwm, and then applying the following power conservation rule [21]:

2 2
\a,v,,\ 1 . |27,
— Ain — ] o AWGM
e

2 2
. = 12
. < + - lawcm| (12)

where the first term on the right-hand side is the non-resonant power transmitted directly to the fiber
output section, while the second term is the resonant power coupled out of the microresonator [21].
Therefore, the transmittance of the system can be expressed as:

2
T = L“”*L (13)
|in]

where a0, is the amplitude of the signal at the fiber output section. i.e., [2out \2 /Tr is equivalent to the
right-hand side of Equation (12).

In the foregoing analytical model, effects of the LPGs in the transmittance calculation can be
neglected, since the LPGs simply allow the selective fiber mode excitation. The calculation of the mode
excitation strength is not significant and can be avoided since in the transmittance calculation the
output light is normalized with respect to the input one (see Equation (13)).

4. Results and Discussion

This section consists of two parts: Section 4.1 presents the numerical results achieved by using
the theoretical analysis described in Section 3.2, whereas Section 4.2 shows some experimental results
related to possible distributed sensing with WGM microresonators.

108



Micromachines 2018, 9, 366

4.1. Numerical Results

The e.m. fields and the propagation constants of the microresonator WGMs and the fiber LP
modes simulated with the analytical model were successfully validated via a finite element method
(FEM) commercial code. Moreover, the results simulated with the overall developed analytical model
have been validated with the experiment reported in [15]. In the following, the simulated results are
obtained via the analytical model.

The simulations are carried out by employing the experimental parameters detailed in Section 3.1.
In particular, an adiabatic fiber taper with a radius Ry = 9 pm is considered. The simulated
microsphere and microbubble are made of silica glass. The dispersion effect on the refractive
index of silica is taken into account via a proper Sellmeier formula [22]. The microsphere radius
is Ry = 145 pm, whereas the microbubble external and internal radii are R, = 200 um and
R, = 196.7 um, respectively. The simulations are performed by considering air as the surrounding
background medium. Moreover, the microbubble is considered empty. According to [15], the simulated
wavelength range is centered on A, = 1613.3 nm.

To find the optimal value of the gap g, a number of simulations are performed by considering
different gap values, g = 0, 10, 100, 200, 500, 1000 nm. For each value of g, the simulated transmittance T is
compared with the experimental one. Both setups employing the microsphere and the microbubble are
taken into account.

Figure 3a shows the transmittance T of the microsphere-based setup, calculated for three different
WGM, ,,, ., as a function of the radial order X of the LPg x cladding modes, considering a gap ¢ = 0 nm
(i.e., taper and microsphere in mechanical contact, as in [15]). The lowest transmittance dip,
which corresponds to the highest coupling with the microsphere, can be attained for the WGMyy4 774 3
by exciting with the fiber LP 5 cladding mode through the LPG. The resonance of the WGM7y74 774 3,
expressed in terms of the detuning Aw, is shown in Figure 3b. The simulated results are in good
agreement with the experiment reported in [15]. In fact, by exciting the WGMy74 774 3, the simulated
transmittance of the microsphere-based coupling system reaches a minimum of T =0.52, while,
in the experiment, the measured transmittance is about T = 0.65. The small discrepancy can be
explained by considering that the actual total losses are higher. However, it is worth nothing that,
in Figure 3a, the transmittance simulated for the WGMyy4 7743 coupled with the LPg7 is T = 0.66,
practically coincident with the measured transmittance [15], for the same fiber modal order.

@ 1 (b) 1

0.95 0.95

0.9 0.9

F0.85 - 085
8 8

c 08 c 08
£ £

E 075 g 075
3 0

c 07 c 07
© ©
< b

F 065 ; 065

0.6 / _WGM796,796,1 06

’ == 'WGM785.755.2 ’

0.55 0.55

""" WGM774.774,3
05 0.5
1 2 3 4 5 6 7 8 9 10 11 12 -500 -400 -300 -200 -100 0 100 200 300 400 500
Fiber modal order X Detuning Aw (MHz)

Figure 3. (a) Transmitted power of the microsphere-based setup, calculated for three resonant WGM, ,, ,,,
as a function of the modal order X of the LP( x cladding modes, with a gap ¢ = 0 nm; (b) transmission
of the WGMy747743, excited by the LPys, as a function of the detuning Aw, with a gap g = 0 nm;
microsphere-based setup.

Figure 4 shows the transmittance T of the microsphere-based setup, calculated for the gap values,
¢ =0, 10, 100, 200, 500, 1000 nm. For each value of g, the transmittance due to the WGMy74 774 3,
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which exhibits the lowest dip among the coupled WGMs, is plotted as a function of the radial order X
of the fiber modes. In other words, the WGM774 774 3 transmittance is predominant with respect to the
contribution of the other WGMs. Except for large gap values (g = 1000 nm), the simulated minimum
transmittance is almost the same in all cases. Instead, the radial order of the fiber modes slightly

increases as the gap increases, revealing the influence of g on the phase matching between the WGMs
and LP modes.

Transmittance T

Fiber modal order X

Figure 4. Transmitted power of the microsphere-based setup, calculated for different gap values,
ranging from g = 0 nm to g = 1000 nm.

Figure 5a reports on the transmittance T of the microbubble-based setup, calculated for
three different WGM, ,,, ,,, as a function of the radial order X of the LPg x cladding modes, considering
a gap ¢ = 0 nm (i.e., taper and microbubble in mechanical contact, as in [15]). The lowest transmittance
dip, which corresponds to the highest coupling with the microbubble, can be attained for the
WGMyog 998 3 by exciting with the fiber LPj 4 cladding mode through the LPG. The resonant detuning of
the WGMyog 998 3, corresponding to the wavelength A = 1618.4 nm, is shown in Figure 5b. The simulated
transmittance of the microbubble-based coupling system reaches a minimum of T = 0.51, practically
coincident with the measured value [15] even if referring to a slightly lower fiber modal order.
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Figure 5. (a) Transmitted power of the microbubble-based setup, calculated for three resonant
WGM, ,,, , as a function of the modal order X of the LPy x cladding modes, with a gap g = 0 nm;
(b) transmission of the WGMgog 9953, excited by the LP 4, as a function of the detuning Aw, with a gap
g = 0 nm; microbubble-based setup.
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Figure 6 shows the transmittance T of the microbubble-based setup, calculated for the gap values,
¢ =0, 10, 100, 200, 500, 1000 nm. For each value of g, the transmittance due to the WGMggg 993 3,
which exhibits the lowest dip among the coupled WGMs, is plotted as a function of the radial order
X of the fiber modes. In this case, the WGMggg 99 3 transmittance is predominant with respect to the
contribution of the other WGMs. As in the microsphere case, except for large gap values (g = 1000 nm),
the simulated minimum transmittance is almost the same in all cases, while the radial order of the
fiber modes slightly increases as the gap increases. It is worthwhile noting that, in Figures 4 and 6,
the critical coupling condition can be achieved by considering different fiber optic modal order.

Transmittance T

—6-g =500 nm
0.5 -—8=g =1000 nm
!

L
1 2

Fiber modal order X

Figure 6. Transmitted power of the microbubble-based setup, calculated for different gap values,
ranging from g = 0 nm to g = 1000 nm.

Figure 7 illustrates the normalized electric field of the microbubble WGMygg 995 3 evanescently
coupled to the normalized electric field of the fiber LP( 4 cladding mode. The four radial maxima of
the LPy 4 is evident as well as the third radial order of WGMuyog 998 3.
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Figure 7. Distribution of the normalized electric fields confined in the microbubble glass layer (on the left)
and in the fiber taper (on the right) for the WGMgog 995 3 coupled with the LPg 4, gap g = 0 nm.
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4.2. Experimental Results

Towards the development of an all-in-fiber distributed sensing system, the coupling system
illustrated in Figure 1 has been tested and high-Q WGM resonances in both microspheres and
microbubbles have been proved to be effectively excited [15]. The mechanical contact between the
microresonators and the tapered fiber is provided in order to avoid any environmental perturbation.
Moreover, the phase-matching conditions between the fiber cladding modes and the WGMs are
satisfied due to the azimuthal and radial high-order modes of the spherical microresonators [14].
The transmission dips has been fitted by a Lorentzian function obtaining typical Q-factor values
ranging from 10° up to 108, for both types of microresonators, with a maximum coupling efficiency
(or resonance contrast) of about 50%—-60%.

Afterwards, the coupling system in Figure 1 is doubled along the same fiber link as
a proof-of-concept test. In fact, by a proper design of the LPGs, the coupling system in Figure 1
can be replicated as many times as the effective bandwidth of both source and detector allows. A total
bandwidth allocation not less than 40 nm for each pair of LPGs should be taken into account [15].
Figure 8a accounts for the resonances achieved by scanning about 2 GHz around the LPG central
wavelengths (1518.9 nm for the first coupling unit and 1613.3 nm for the second one), when the
microresonators of the two coupling units are in mechanical contact with their respective fiber tapers
(as sketched on the top of Figure 8a). The Q-factor values are comparable to those obtained with
the analytical model. In order to prove that the microresonators of the two coupling units can be
independently excited without cross-talk, a selectivity test has been performed. By alternatively
de-coupling one of the microresonators and by looking at the transmission spectrum of the other one,
it is possible to prove the selective excitation, as detailed in Figure 8b (the second microresonator is in
contact, while the first is not in contact) and in Figure 8c (the first microresonator in contact, while the
second not in contact). As further proof and evidence of this, additional measurements performed
by varying the coupling position of the tapered fiber along the azimuthal axis of the microresonators
confirm our findings. Therefore, the proposed all-in-fiber coupling system can be effectively used for
distributed sensing.
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Figure 8. (a) Sketch and results of two in-series coupling systems with both the microresonators
(microspheres in this case) coupled to each tapered fiber. The corresponding resonances achieved by
scanning a laser source around the resonant wavelengths of the LPGs (0 MHz detuning) are also detailed
below each sketch. The other two cases are shown to prove the zero cross-talk of the approach proposed;
(b) the second microsphere is in contact, while the first is not; (c) the first microsphere is in contact,
while the second is not.

5. Conclusions

A complete model for designing an all-in-fiber coupling system allowing the wavelength
selective excitation of spatially distributed or quasi-distributed optical WGM microresonators has
been developed. The microresonators are evanescently side-coupled with a fiber taper to increase
the coupling efficiency. A pair of identical LPGs, with the microresonator and the tapered fiber
in between, can be used to excite the WGMs by means of peculiar cladding modes. The pair of
identical LPGs can operate in different wavelength bands allowing multiple selective interrogation
of several microresonators along the same optical fiber. The model has been validated with
experimental data by considering microsphere- and microbubble-based setups. The simulated results
suggest that the coupling system can be effectively used for distributed sensing applications of
chemical/biological fluids. The theoretical and experimental analysis and results could open up
novel opportunities in the field of chemical/biological sensing [23]. In particular, the all-in-fiber
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coupling system could bring about a very promising optical platform for multiplexing hollow WGM
microstructures, such as microbubble-based resonators, for which an integrated microfluidics is
perfectly fitted.
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Abstract: The application of microtechnology to traditional mechanical industries is limited owing
to the lack of suitable micropatterning technology for durable materials including metal. In this
research, a glassy carbon (GC) micromold was applied for the direct metal forming (DMF) of a
microstructure on an aluminum (Al) substrate. The GC mold with microdome cavities was prepared
by carbonization of a furan precursor, which was replicated from the thermal reflow photoresist
master pattern. A microdome array with a diameter of 8.4 um, a height of ~0.74 um, and a pitch of
9.9 um was successfully fabricated on an Al substrate by using DMF at a forming temperature of
645 °C and an applied pressure of 2 MPa. As a practical application of the proposed DMF process,
the enhanced boiling heat transfer characteristics of the DMF microdome Al substrate were analyzed.
The DMF microdome Al substrate showed 20.4 £ 2.6% higher critical heat flux and 34.1 & 5.3%
higher heat transfer coefficient than those of a bare Al substrate.

Keywords: direct metal forming; glassy carbon micromold; enhanced boiling heat transfer; metallic
microstructure

1. Introduction

Various research studies for enhancing pool boiling heat transfer using micropatterned surfaces
have been conducted for the heat dissipation of very large-scale integrated circuits (VLSI) [1-4].
Wei et al. [1] obtained 4.2x enhancement in critical heat flux (CHF) using micro-fin-pin structures.
Chu et al. [2] analyzed the effect of the micropatterned surface area on the CHF and concluded
that the increase in capillary force in micropatterns promotes the circulation of the working fluid,
thus increasing the CHE. The micropattern structures for enhanced boiling heat transfer have been
commonly fabricated using a semiconductor fabrication process (e.g., photolithography) on a silicon
substrate because it is a well-established fabrication method for microstructures and is compatible
with integrated circuits.

Pool boiling heat transfer has also been used in traditional heat exchange systems, such as
refrigerators [5], power plants [6], and batteries [7]. For these systems, a method to fabricate a
microstructure on a metallic substrate is required for achieving the enhanced pool-boiling phenomenon.
Electrochemical etching is a typical method for fabricating a micropattern on a metallic substrate,
in which a photolithographed or a laser-patterned barrier mask layer is used for selective etching of the
metallic substrate [8-10]. However, the shape of the micropattern obtained by electrochemical etching
is limited, owing to its isotropic etching characteristic. To fabricate engineering-designed micropatterns
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on a metallic substrate, researchers have proposed direct micromachining techniques, such as focused
ion beam machining [11], laser machining [12], and electrochemical discharge machining [13] for
metallic substrates. However, these techniques are not suitable for large-area micropatterning with a
high production rate, which is important for traditional heat exchange systems.

As an alternative method to fabricate a microstructure on a metallic substrate, a direct metal
forming (DMF) method is proposed, in which a high hardness mold with microcavities is pressed
against the metallic substrate at room or high temperature to transfer the micropattern onto the
substrate. Tran et al. [14,15] successfully fabricated a micropattern on an aluminum (Al) alloy substrate
by using a DMF process at or near the melting temperature of the substrate with a silicon micromold
fabricated by a deep reactive ion etching process. Buzzi et al. [16] and Hirai et al. [17] extended the
DMEF process to nanoscale patterns on silver and gold substrates using silicon molds. Although silicon
molds were used for DMF in previous research studies, silicon is a brittle material and, thus, is not
suitable for repeated DMF processing. Nagato et al. [18] fabricated a reverse-pyramid micropattern
on an Al substrate using a DMF process at room temperature with an electroformed nickel mold.
Although a reverse-pyramid micropattern can be formed by a DMF process at room temperature
owing to its geometrical advantage, a hot DMF process is preferred for other complex microstructures
and for reducing applied pressure, which might deteriorate the micromold. Since a micromold with
high hot hardness is preferred for a hot DMF process, the developments of a mold material and its
patterning method are still required.

In this study, we selected glassy carbon (GC) as a mold material for the proposed DMF process.
GC (also called vitreous carbon) is a nongraphitizing carbon material [19] and shows high hot
hardness and chemical/mechanical resistance [20], which are the required properties for the mold of
high-temperature replication processes such as DMF and glass molding. In our previous research, we
fabricated a GC micromold using carbonization of a replicated polymer precursor for glass molding
application [21-24]. In this research, we applied the GC mold to the DMF of the Al substrate. Figure 1
shows the schematics of the fabrication process of the GC mold and of the DMF process with the GC
mold. A microdome structure photoresist (PR) master pattern was fabricated by photolithography
and a thermal reflow process, and a polydimethylsiloxane (PDMS) and UV-curable photopolymer
intermediate molds were sequentially replicated from the master pattern. The furan precursor with a
microdome-cavity structure was replicated from the photopolymer mold by using a thermal curing
process, and the GC mold was obtained by carbonization of the furan precursor. In the DMF process,
an Al substrate was placed on a GC mold and sufficient heat and pressure were applied under a
vacuum environment to transfer the micropattern onto an Al substrate without oxidation. For practical
application of the DMF process with a GC mold, we examined the enhanced boiling heat transfer
characteristics of the fabricated DMF microdome Al substrates and we compared the CHF and the
heat transfer coefficient (HTC) of the microdome structure with those of a bare Al substrate.

Reflowed PR H i
UV resin "
Furan resin
L R ¥ eazad
Polymer master 7
PDMS Molding UV Imprinting Molding & curing Carbonization Glassy carbon

of furan resin with inert gas(N,) mold

38 &8 &8 ‘
VPV VYO IL ] VIV L R
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Loading

Vacuum process IR Heating Pressing De-molding

Figure 1. Schematic of a fabrication process for the glassy carbon (GC) mold and the direct metal
forming (DMF) process.
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2. Fabrication the GC Mold with Macrodome Cavity

A PR master having a microdome array pattern with a pitch of 12.7 um, a diameter of 10.6 um,
and a sag height of 1.057 um was fabricated using conventional photolithography and a thermal reflow
process [23]. A mixture of a PDMS base material and an initiator (Sylgard 184A and 184B, Dow Corning
Korea Ltd., Seoul, Korea) with a mixing ratio of 10:1 was poured onto the PR master pattern and cured
at room temperature for 24 h. To obtain an intermediate mold with a positive microdome pattern,
we replicated a UV-curable photopolymer mold from the PDMS mold having negative microdome
cavities. A UV-curable urethane acrylate photopolymer (UP088, SK Chemicals Co., Ltd., Seongnam,
Korea) was poured onto the PDMS mold, and a primer-coated polyethylene terephthalate (PET) film
(SH34, SKC Co., Ltd., Seoul, Korea) was used to cover it. Using a rolling process on the PET film,
we moved the air bubbles trapped in the photopolymer to the outside of the sample and obtained
a uniform photopolymer layer. After the UV irradiation process for 3 min, the cured photopolymer
intermediate mold with a size of ~50 x 50 mm? was released from the PDMS mold.

We selected a furan resin (Kangnam Chemical Co. Ltd., Gwangju, Gyeonggi, Korea) as a precursor
material for the GC mold owing to its high carbon yield. A furan resin mixture composed of 89.8 wt.%
furan resin, 0.2 wt.% p-toluenesulfonic acid (CH3C¢H4SO3H H,O, PTSA; Kanto Chemical Co. Inc.,
Tokyo, Japan), and 10 wt.% ethanol was prepared, and a degassing process was conducted for 2 h in
a vacuum chamber to remove the entrapped air bubbles in the furan mixture. The degassed furan
mixture was poured onto the photopolymer intermediate mold, and a two-step thermal curing process
was carried out to avoid warpage of the replicated furan precursor [24]. The furan mixture was first
cured under an atmospheric condition for 5 days and then cured again in a convection oven at a
maximum temperature of 100 °C. In the second curing process, the rate of temperature increase was set
to 0.1 °C/min, and the temperature was maintained for 60 min for every 5 °C temperature increment
until the maximum temperature was reached. Finally, the microdome cavity arrayed furan precursor
was released from the photopolymer mold and the backside of the furan precursor was polished to
obtain the desired thickness and flatness.

To obtain the GC mold, we carried out carbonization of the fabricated furan precursor in a tube
furnace under a vacuum environment (modified MIR-TB1001-2; Mirfurnace Co. Ltd., Pocheon, Korea).
To allow the slow escape of pyrolysis gases (i.e., Hy, CHy, CO,, and CO) from the GC mold and avoid
warpage of the GC mold during the carbonization, we gradually increased the temperature of the
furnace at a rate of 0.5 °C/min until it reached 600 °C. Beyond 600 °C, the temperature was increased
at a rate of 1 °C/min until it reached the maximum temperature of 1000 °C and then maintained at this
level for 10 h. After the carbonization, a GC mold with microdome cavities was obtained. Figure 2a
shows a scanning electron microscopy (SEM) image of the fabricated microdome cavities on the GC
mold. The measured pitch, diameter, and height of the microdome cavity array were 9.9 um, 8.4 um,
and ~0.76 um, respectively. The differences in dimensional properties between the PR master and the
GC mold were mainly due to the material decomposition in the carbonization process. The shrinkage
ratio (reduction ratio of the measured dimensions of the GC mold to the PR master) for the pitch
and diameter (inplane) was ~21.4% and that for the height (out-of-plane) was ~28%. Although an
anisotropic shrinkage was observed, this shrinkage can be predicted and compensated.

118



Micromachines 2018, 9, 376

Figure 2. Scanning electron microscope (SEM) images of (a) microdome cavities on GC mold and
(b) microdome array on aluminum (Al) substrate fabricated by DMF with a temperature of 645 °C and
a pressure of 2 MPa.

3. Fabrication of a Microdome Patterned Al Substrate by DMF

A DMF system consisting of an infrared (IR) heater for heating up to 1050 °C with a heating rate
of 70 °C/min, a motorized pressing unit with a maximum compression force of 150 kgf, and a vacuum
chamber was designed and constructed, as shown in Figure 3a. Figure 3b shows the graphite pressing
jig unit with an Al substrate (AA1050), a GC mold, and a cover graphite plate. The cover graphite plate
was used for applying a preload to prevent any slight movement of the GC mold and Al substrate
during the following evacuation process. At the starting point of the DMF process, the pressing
jig unit with samples moved up into the vacuum chamber with an IR heater. After the evacuation
process, to prevent oxidation, the environmental temperature of the vacuum chamber was increased
by the IR heater, as shown in Figure 3c. The DMF process was divided into four stages: heating,
holding, pressing, and cooling. Figure 3d illustrates the pressure and temperature history during
the DMF process. In the heating stage, the ambient temperature of the GC mold and Al substrate
was increased up to the forming temperature of 645 °C. In the holding stage, the temperature was
maintained for 30 min to achieve a uniform temperature distribution of the GC mold and Al substrate.
In the pressing stage, a compression pressure of 2 MPa was applied to the stack of the GC mold and Al
substrate for 10 min. In the cooling stage, the pressure was released and the IR heater was turned off
for natural cooling. When the furnace temperature was reduced to room temperature, the pressing jig
unit was lowered down from the vacuum chamber and the formed Al substrate was detached from
the GC mold.
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Figure 3. (a—c) Photographs of constructed DMF system; (a) whole system; (b) graphite pressing jig
unit with Al substrate, GC mold, and cover graphite plate; and (c) vacuum chamber with infrared
heater during the heating stage; (d) pressure and temperature histories in DMF process.
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In the DMF process, the processing temperature and pressure are the important parameters
affecting the quality of the metallic microstructure. The ductility of the Al substrate is not enough to
lead to a perfect plastic deformation at a low temperature, and the Al substrate can be liquefied at or
near the melting temperature. Although higher compression pressure is preferred for improving the
replication quality of the metallic microstructure, excessive pressure might deteriorate the GC mold.
To determine the appropriate processing condition of the DMF process, we conducted multiple DMF
experiments using an Al substrate with a thickness of 1 mm by increasing the processing temperature
with a fixed compression pressure of 2 MPa, which was the maximum compression pressure limit
to avoid damage to the fabricated GC mold. On the basis of the repeated DMF experiments with
various processing temperatures, we selected a processing temperature of 645 °C, which provided
sufficient DMF quality. Figure 2b shows the uniformly distributed microdome-structured Al substrate
produced by the DMF process at a processing temperature of 645 °C and a compression pressure of
2 MPa. The measured diameter and pitch of the microdome array on the Al substrate obtained from
the SEM image were exactly the same as those of the GC mold. Figure 4 shows the three-dimensional
surface profiles of (a) the GC mold and (b) the fabricated DMF microdome Al substrate obtained by a
laser confocal microscope (OLS-4100, Olympus. Co. Ltd., Tokyo, Japan). The measured height of the
microdome on the GC mold was ~0.76 um and that on the Al substrate was ~0.74 um. The differences
between the GC mold and the DMF microdome Al substrates were negligible, considering the
measurement errors in the positive and negative shapes using an optical height measurement system.

Figure 4. Three-dimensional surface profiles of (a) a GC mold and (b) a DMF microdome Al substrate
obtained by laser confocal microscope.

The thickness of the Al substrate could affect the replication quality of the DMF process. Figure S1
in the supplementary material shows the effect of the Al substrate thickness (0.16, 0.2, 0.3, and 1.0 mm)
on the height of the fabricated microdome. It was noted that the effects of Al substrate thickness were
negligible when the substrate thickness was thicker than 0.16 mm. It might be because the height of
the microdome was much smaller than the thickness of Al substrate.

Since the DMF process was conducted at a high temperature, some chemical reactions including
element diffusion could have occurred during the process. To examine the chemical reaction during
the DMF process, we analyzed the element compositions of the GC mold and the Al substrate
before and after the DMF process using energy-dispersive X-ray spectroscopy (EDX), as shown in
Figure S2 (supplementary material). It was noted that there were no significant changes in the element
compositions of both the GC mold and the Al substrate during the DMF process owing to the high
chemical resistance of the GC mold.

4. Application of the DMF Microdome Al Substrate to Enhanced Boiling Heat Transfer

4.1. Experimental Setup and Measuring Method for Boiling Heat Transfer

As a practical application of the DMF microdome Al substrate, the enhanced boiling heat
transfer characteristic of the fabricated sample was examined. Figure 5 shows the schematics of
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the experimental setup and the analysis system for pool boiling heat transfer. The liquid chamber with
a volume of 3.3 L was made of stainless steel (SUS 330L) to prevent corrosion and reaction with other
materials. As a heating source, a copper block (thermal conductivity = 401 W/ (m-K)) was precisely
machined and two cartridge heaters (totaling 600 W maximum) were inserted in the bottom of the
block. Moreover, a set of auxiliary heaters was installed inside of the liquid chamber. The power of
the cartridge heaters and of the auxiliary heaters was controlled by a proportional-integral-derivative
(PID) controller. The sample was attached to the copper block using a thermal grease (MX-4, ARCTIC
(HK) Ltd., Hong Kong, China; thermal conductivity = 4.01 W/(m-K)). Finally, the copper block was
attached on the bottom of the liquid chamber. Every interface was sealed with a Teflon gasket to
prevent any leakage of the boiling liquid. At the top of the liquid chamber, an air-cooled condenser
was installed to liquefy the vapor. The outside of the copper block was insulated with silicone (thermal
conductivity = 0.2 W/(m-K)) and Teflon (thermal conductivity = 0.25 W/(m-K)) sheets. In this setup,
the copper block had a higher thermal conductivity than that of the insulation materials. Therefore,
it could be assumed that the heat transfer on the copper block was one dimensional because the heat
loss of the side wall was very small and, thus, negligible [25]. Two small holes were drilled in the
middle of the copper block, and a couple of thermocouples (J-Type, Omega Engineering Inc., Stamford,
CT, USA) were inserted into the holes to calculate the heat flux on the sample surface. The measured
data were collected by a multichannel data logger system (Graphtec GL220, DATAQ Instruments Inc.,
Akron, OH, USA). As a working fluid, the FC-72 coolant (3M Inc., Maplewood, MN, USA) was used.
To calculate the heat flux q”, we applied Fourier’s law, which is described in Equation (1):

dT Ty — T,
q” = —k— = —kcu Hd L
a

)

where the temperature gradient (dT/dz) was estimated by measuring the temperature difference
(Ty — Tp) and the axial distance d, between the two thermocouples, as shown in the right-hand side of
Equation (1). The temperature of the sample surface Ts can be calculated using the heat flux and the
lower temperature measured from the thermocouple T, from the following equation:

L L
Ts =Ty —q" | 2<% + Ry + 7AL @)
kCu kA[

where the contact resistance Ry was calculated as 0.095 cm?-K/W by utilizing the procedure reported
by Cooke et al. [26]. Moreover, wall superheat ATs was defined as the temperature difference between
the surface temperature T5 and the saturation temperature of the boiling liquid Tsa (FC-72, 56 °C):

ATs = Ts — Tog = Ts — 56 °C ®3)

Finally, the HTC hs was calculated using Newton's law of cooling:

q/l q//
hg = o = @)
ST Ts—Tey ATs

121



Micromachines 2018, 9, 376

Condensor

- <
g -]
& g
[ ]
L 4 *
-
=
e
3
:
°
©
Data
Temperature E Acquisition
Controller g ~O System
[ | | ]
Thermocouple
4~ Insulation
Cartrage Heater

Figure 5. Schematic of experimental setup for boiling heat transfer using fabricated sample.

4.2. Uncertainty Analysis

In the boiling heat transfer experiment, uncertainties existed owing to the errors in the machining
of temperature measurement points, errors in the thermocouples for measuring the temperature,
and variations in the thermal conductivity of the materials. The positioning accuracy of the holes for
temperature measurement was +0.01 mm, and the measurement error of the J-Type thermocouple
was +0.15 K. The variation in the thermal conductivity with the temperature change was £2% for
copper and £2.1% for Al, and the uncertainty of the contact resistance Ry was £2.37%. The overall
uncertainty was calculated using the second-power equation proposed by Kline et al. [27]. As a result,
the calculated uncertainties of the heat flux and the HTC were 8.72% and 8.74%, respectively. Table 1
summarizes the uncertainty of the pool boiling heat transfer experiment and the calculated values.

Table 1. Uncertainty sources and error values.

Uncertainty Source Error
Machining error for measuring position +0.01 mm
J-type thermocouple reading +0.15K
Thermal conductivity of Cu +2%

Thermal conductivity of Al +2.1%
Thermal contact resistance +£2.37%
Surface temperature reading +0.62%

Heat flux +8.72%

Heat transfer coefficient +£8.74%

4.3. Experimental Result and Discussion

A series of boiling experiments was conducted to evaluate the heat transfer performance of the
DMF microdome Al substrates. For the comparison, a bare Al substrate was also evaluated using the
same experimental procedure. For each set of the boiling experiments, boiling liquid was heated above
the saturation temperature (FC-72, 56 °C) for 10 min to eliminate the gases trapped or dissolved in the
boiling liquid because they could affect the heat transfer performance in the pool boiling case. After the
degasification process, the system was left for an hour at the saturation temperature until it reaches
a thermally stable state. Then, the temperature of the copper block was controlled in increments of
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1 °C for every minute until the onset of boiling had occurred. Once the boiling had started, the heat
flux was increased continuously. From this point, the temperature increment of the copper block was
adjusted to 0.5 °C for every minute.

Figure 6 shows the comparison result of the boiling curves for the three DMF microdome Al
substrates fabricated at the optimum condition and for the bare Al substrate. In the case of the
bare Al substrate, the onset of boiling was started at ~15 °C of the wall superheat temperature.
As the wall superheat temperature increased, the heat flux simultaneously increased until the wall
superheat temperature reached ~27 °C. As shown in Figure 6, at this point the heat flux was calculated
as 171.1 kW/m? as a CHE. Above the CHF point, film boiling occurred and the wall superheat
temperature increased rapidly within a short time. Thus, the experiment was terminated when film
boiling had occurred. In the case of the DMF microdome Al substrates, the onset of boiling was started
at ~14 °C of the wall superheat temperature. It shows that the microdome structure can reduce the
overheating temperature leading to the boiling. In the same manner as with the bare Al substrate,
boiling experiments were performed until film boiling had occurred. The average value of the CHF for
the three DMF microdome Al substrates was calculated as 205.9 kW /m? with + 4.5 kW /m? of standard
deviation, when the wall superheat temperature reached ~25 °C. This value was 20.4 &+ 2.6% higher
than that for the bare Al substrate. At the wall superheat temperature of 20 °C, the calculated heat flux
values of the three DMF microdome Al substrates and the bare Al substrate were ~160.6 & 2.7 kW /m?
and ~97 kW/m?, respectively. It shows that the microdome structure enhanced the heat flux by
65.6 + 2.8% in the moderate boiling regime.

HTC is another important parameter for evaluating the performance of pool boiling heat
transfer. The HTC value (/) was calculated using Equation (4). The maximum HTC values of
the bare Al substrate and the DMF microdome Al substrates were calculated as 5.96 kW /(m?-K) and
8.0 + 0.3 kW/(m?-K), respectively. Because of the definition of Newton’s law of cooling, the HTC is
proportional to the heat flux and inversely proportional to the wall superheat temperature. In the
case of the bare Al substrate, the overall heat flux was lower and the wall superheat temperature was
higher than those of the DMF microdome Al substrates. This explains why the HTC value of the DMF
microdome Al substrates was 34.1 4= 5.3% higher than that of the bare Al substrate.
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Figure 6. Comparison of the boiling curves of three DMF microdome Al substrates and a bare
Al substrate.
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5. Conclusions

In this paper, we propose a DMF process using a GC mold. The GC mold was prepared by
carbonization of a replicated furan precursor, and a standalone-type DMF system was designed and
constructed. To examine the feasibility of the proposed method, we successfully fabricated an array of
microdome structure with a pitch of 9.9 pm, a diameter of 8.7 um, and a height of ~0.74 um on an Al
substrate by using DMF with a processing temperature of 645 °C and a compression pressure of 2 MPa.
For a practical application, we examined the enhanced boiling heat transfer characteristics of the DMF
microdome Al substrates and compared them with those of the bare Al substrate. The DMF microdome
Al substrates showed 20.4 & 2.6% higher CHF and 34.1 + 5.3% higher HTC than those of the bare Al
substrate. Although we successfully demonstrated the fabrication of microdome structure on an Al
substrate by DMF with GC mold for enhanced boiling heat transfer, the structural optimization is still
required for maximizing CHF and HTC.

The size of the DMF microdome Al substrates (~20 x 20 mm?) and the standalone-type DMF
system used in this study are not acceptable for a large-area micropatterning process of metallic
substrates with a high production rate. However, the proposed DMF with GC mold can be extended
to mass production of a large-area micropattering process of metallic substrate because multiple
large-area GC molds can be obtained by the proposed GC mold fabrication process and a batch process
concept using multiple molds can be applied to the DMF process. In addition, the proposed method
can be extended to the roll-to-roll DMF process, which can provide high patterning speed on a large
area because a GC roll mold with microcavities can be obtained by carbonization of the roll-shaped
polymer precursor. The optimization of the structural parameter to maximize the boiling heat transfer
performance and the development of the roll-to-roll DEM process with a GC roll mold are the subjects
of our ongoing research.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-666X/9/8/376/s1:
Figure S1: Effects of the Al substrate thickness (0.16, 0.2, 0.3, and 1.0 mm) on the height of the DMF microdome
structure.; Figure S2: EDX analysis results for (a) the GC mold before DMF process, (b) the GC mold after DMF
process, (c) a bare Al substrate, and (d) the DMF microdome Al substrate.
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Abstract: Microspheres made of glass, polymer, or crystal material have been largely used in
many application areas, extending from paints to lubricants, to cosmetics, biomedicine, optics and
photonics, just to mention a few. Here the focus is on the applications of glassy microspheres in
the field of energy, namely covering issues related to their use in solar cells, in hydrogen storage,
in nuclear fusion, but also as high-temperature insulators or proppants for shale oil and gas recovery.
An overview is provided of the fabrication techniques of bulk and hollow microspheres, as well as of
the excellent results made possible by the peculiar properties of microspheres. Considerations about
their commercial relevance are also added.

Keywords: microspheres; microdevices; glass; polymers; solar energy; nuclear fusion; thermal insulation

1. Introduction

Global energy demand (GED) keeps growing, boosted by a generally strong economic growth.
According to the International Energy Agency (IEA), GED grew by 2.1% in 2017, more than twice
the 2016 rate; accordingly, global energy-related carbon dioxide emissions increased by 1.4% in 2017,
after three years of remaining flat [1]. Still, over 70% of GED growth was met by oil, natural gas and
coal; renewable energies, however, exhibited in 2017 the highest growth rate of any energy source.
Figure 1 shows the GED average annual growth for the different fuels; the y-axis on the right indicates
the net growth rate, while the y-axis on the left reports the energy growth in million tons of oil
equivalent (Mtoe). The overall GED in 2017 reached an estimated 14,050 Mtoe.
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Figure 1. Average annual growth of the global energy demand (GED) by fuel. Reproduced from the

IEA report [1].

Continuous advancements in technology are necessary to improve production efficiency, energy
security, and—Ilast but not least—environment quality, while maintaining economic competitiveness.
A not negligible contribution to some of these goals may be provided by a very simple type of
microdevices, namely the microspheres, which can be either solid or hollow, the latter also known as
microbubbles. In the following, the term microsphere or microbead will be used when referring to
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the solid object, and the term hollow microsphere or microbubble for the other type. Thanks to their
physical and chemical properties, which include light weight, low thermal conductivity, resistance
to compressive stress, and the fact of being almost chemically inert, microspheres and microbubbles
(Ms&Mb) have been widely used in pharmaceutical, food, cosmetic, chemical, transportation and
construction industrial sectors. Staying more on the research side, Ms&Mb have found advanced
applications in optics and photonics; their use as whispering gallery mode (WGM) resonators opened
the way to the development of several high-performance lasing and sensing micro devices [2,3];
the search for more compact and robust structures, especially in the biosensing field, is one of the
current R&D trends.

Here, the analysis is limited to spherical particles in the micrometer range, which is approximately
0.1 to 1000 pum, or, in other words, from hundreds of nanometers to one millimeter. At the upper
end of this range one encounters microbeads which find application in optics as microlenses,
e.g., for fiber-to-fiber coupling, while at the lower end one enters into the nanotechnologies,
where nanospheres and nanobubbles find several applications in photonics, catalysis, nanoreactors,
drug delivery systems. An overview of the fundamentals and the applications of both glass
microspheres and glass nanospheres is presented in a forthcoming book [4].

The aim of this article is to provide an overview of the Ms&Mb applications in the energy field,
which can be either indirect (solar cells, thermal insulation, low-density drilling fluid for oil and gas
extraction, ultra-low-density proppants for shale oil and gas recovery) or direct (in hydrogen storage
and in nuclear fusion targets). A short description of the fabrication processes in the laboratory or at
an industrial level will be provided, too.

2. Materials and Fabrication Methods

Here only microspheres and microbubbles made in amorphous materials, namely in oxide or
chalcogenide glasses and in amorphous polymers, will be considered. For the sake of completeness,
however, it should be noted that many other materials, either natural or synthetic, can be
used to fabricate Ms&Mb for different applications. A few examples include stainless steel
microspheres (for conductive spacers, shock absorption, and micromotor bearings [5]); metallic nickel
hollow microspheres (enhanced magnetic properties; Ni/Pt bimetallic microbubbles have potential
applications in portable hydrogen generation systems, due to catalytic properties [6]); single-crystal
ferrite microspheres (for applications not only as magnetic materials but also in ferrofluid technology
and in biomedical fields, e.g., biomolecular separations, cancer diagnosis and treatment, magnetic
resonance imaging [7]); single-crystal semiconductor microspheres (for active WGM resonators [8]);
ceramic ZrO, hollow microspheres (for thermal applications) [9]. Glass, polymer, ceramic, metal solid
and hollow microspheres are commercially available; there is a wide choice of quality, sphericity
(Sphericity was defined in 1935 by the geologist H. Wadell, with reference to quartz particles (J. Geology
1935, 43, 250) as the ratio of the surface area of a sphere (with the same volume as the given particle) to
the surface area of the particle), uniformity, particle size and particle size distribution, to allow the
optimal choice for each unique application.

2.1. Oxide Glass Microspheres

Ms&Mb made in pure silica or multi-oxide glass are the most widely used type in research
and industrial/commercial applications. At the laboratory level, when a single microsphere is
needed, for instance to exploit the characteristics of a discrete WGM resonator [4] or to implement
a micro/nano Coordinate Measuring Machine (CMM) probe [10], the fabrication technique may be
quite a handcrafted work, requiring the care of a skilled technician. The most common method of
fabrication of a high-quality microsphere, in fact, is based on the melting of the tip of a standard optical
communication fiber and relies on surface tension’s effect to obtain an almost perfect spherical shape.
The heating source may be a simple oxygen/butane (or similar) torch, or a high-power laser (especially
CO; laser), or an electric arc (such as the one produced in a commercial fiber splicer) [4,10-12].
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For the fibers drawn from multi-oxide glasses, which have a melting point lower than pure silica,
a simple resistive microheater may be sufficient [12]. The use of a commercial or modified optical fiber
fusion splicer (e.g., FITEL S182K, Furukawa, Tokyo, Japan) allows a very good control of the process;
a cleaved tip of the fiber is inserted in one arm of the splicer and a series of arcs are then produced.
The tip partially melts, and the surface tension forces produce the spherical shape. Figure 2 presents
a schematic diagram of the experimental apparatus; the heat generated from the electrode discharge
can produce a temperature of around 2000 °C, which is sufficient to melt pure silica.
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Figure 2. Schematic drawing of the apparatus to produce an integrated optical fiber microsphere in a
fusion splicer. Reproduced from [13] under Creative Commons license.

Using this type of apparatus, Yu et al. reported the fabrication of integrated optical fiber
microspheres with a diameter smaller than 100 pum, exhibiting 2D roundness error less than 0.70 um
and true sphericity of about 0.5 um [13]. Such results were achieved by using a fiber tapering technique
and a statistical process optimization method (Taguchi method) [14]. The authors here define the true
sphericity as a radius difference between a perfect sphere and the 3D fitting surface profile, obtained
by a fitting numerical procedure from the photograph of the 2D cross-section of the microsphere
under analysis [13]. If the fiber is not tapered in advance, the size of the sphere is larger than 125 pm,
namely the cladding diameter of the standard telecom SMF-28 SM silica fiber, and it increases with the
number of electric arc shots until approaching saturation at a diameter of about 350 um, as shown in
Figure 3 [15].
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Figure 3. Size of the microspheres produced at the tip of a standard 125 pum telecom fiber, as a function
of the arc shots in a fiber fusion splicer. Reproduced from [15].

With the previous methods, only one microsphere can be produced at a time and the size is mostly
determined by the fiber size; moreover, the microsphere remains integral with the fiber stem, which is
very useful in some applications but may be disadvantageous in others. When a discrete particle
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is needed, it is convenient to start producing a fine glass powder and then melt it. This approach
also permits making microspheres from any oxide glass. As an example, one can crush the glass
into particles with sizes ranging from 10 to 100 um, and single microspheres can be obtained by the
localized-laser-heating (LLH) technique, where a cw Ti: sapphire laser with typical power 200 mW at
A =810 nm is used [16]. Other options include using a microwave plasma torch (the glass grains are
dropped through it and the spherical particles are collected at the bottom) [17], or—if starting from
the raw components - melting the glass components in a furnace and dropping the viscous glass onto
a spinning plate [18]. A disadvantage of these techniques is that one obtains several free spheres with
a rather large size distribution; it is, therefore, required to sort the produced spheres by size, while also
checking their surface quality.

A similar situation exists for hollow microspheres (aka microbubbles and microballoons).
In the laboratory, a usual objective is to fabricate the microbubble integral to a capillary, to form
a system of a WGM resonator with integrated microfluidics, which is very convenient for biomedical
applications [19,20]. A common technique consists in using a slightly pressurized silica capillary
and melting a small volume of it by using a CO, laser or an electric arc discharge. Single- and
double-pass structures, i.e., spherical shells with one or two openings, can be made [20]. For commercial
applications, instead, discrete microballoons are required, and appropriate fabrication methods have
been developed over the past several years [21]. Mass production of Ms&Mb with a good control of
size dispersion is undoubtedly possible, and the appropriate processes are employed in the industry;
basically, solid glass microspheres are produced by direct heating and melting of glass powders,
while glass microbubbles are obtained by adding a blowing agent to the glass powder.

The sector of solid and hollow glass microspheres has a relevant commercial interest; according
to a market research report, the global glass microspheres market is expected to reach $1993.36
million by 2019, with an annual growth around 12.4% [22]. As it could be expected, several patents
exist, which cover the subject of glass microsphere and microballoons fabrication, in view of various
applications. Table 1 gives a representative, and not exhaustive, list of the US patents on this topic.

Table 1. List of United States Patents referring to the fabrication process of glass microspheres.
The superscripts s,h indicate solid and hollow microspheres, respectively.

Inventors US Patent N. Year Title
Veatch, F; Alford, H.E.; Croft, R.D. 2,978,339 1961 Method of producing hollow glass spheres I
Beck, W.R.; O’Brien, D.LL. 3,365,315 1968 Glass bubbles prepared by reheating solid glass

particles
Transparent glass microspheres and products made

Tung, C.F; Laird, J.A. 3,946,130 1976 s
therefrom
Garnier, P; Abriou, D.; Coquillon, M. 4,661,137 1987 Process for producing glass microspheres '
Block, J.; Lau, J.W,; Rice, RW.; Colageo, AJ. 5,176,732 1993 Method for making low sodium hollow glass
microspheres
Arai, K.; Yamada. K.; Hirano H., Satoh M. 5,849,055 1998 Process for producing inorganic microspheres >
Henderson, TM.; Wedding D.K. 6,919,685 2001 Microsphere h
i ) X 0043996 Hollow aluminosilicate glass microspheres and
Yamada, K.; Hirano, H; Kusaka, M.; Tanaka, M. (Application Publication #) 2001 process for their production
Kirkland, J.J.; Langlois, T.J.; Wang, O. 6,482,324 2002 Porous silica microsphere scavengers *
Tanaka, M.; Hirano, H.; Yamada, K. 6,531,222 2003 Fine hollow glass “p{‘:;:r“n‘i method for preparing
Hollow glass microsphere candidates for reversible
Lipinska-Kalita, K.E.; Hemmers, O.A. 8,663,429 2014 hydrogen storage, particularly for vehicular
applications

2.2. Chalcogenide Glass Microspheres

Chalcogenide glasses, namely compounds formed predominately from one or more of the
chalcogen elements (Sulfur, Selenium, and Tellurium), are interesting materials in photonics due
to their nonlinear properties, photosensitivity, low phonon energy and infrared transparency [23].
Since chalcogenide optical fibers [24] are commercially available, the fabrication method based on
the melting of the tip of a fiber can be used in this case as well. A more usual process, however,
is to drop the crushed glass through a vertical furnace purged with an inert gas, typically argon [25].
The use of an inert atmosphere is necessary due to the reactive nature of molten chalcogenide glass
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melting. These solid microspheres find application in biosensing, temperature sensing, lasers and
amplifiers [26-28]. It is worth mentioning that binary, ternary and quaternary metal-chalcogenide
nanocrystals (e.g., CdSe, PbTe, CulnS;, CupZnSnS, etcetera) are also of interest in the field of renewable
energies, to enhance the efficiency of energy conversion devices [29].

2.3. Polymer Microspheres

Polyethylene (PE), polystyrene (PS) and polymethylmethacrylate (PMMA) microspheres are
among the most common types of polymer microspheres; there are, however, many more polymers
and synthesis techniques which can be selected depending on the application. As an example,
PS microspheres are typically used in biomedical applications due to their ability to facilitate
procedures such as cell sorting. PE microspheres are often used as a permanent or temporary filler,
but their high sphericity also makes them suitable for various research application (e.g., microscopy
techniques, flow visualization, biomedicine). PMMA microspheres (aka acrylic microspheres) have
good biocompatibility which allows the particles to be used in many medical and biochemical
applications. All these particles are commercially available; for instance, PE microspheres are
available from Cospheric (Santa Barbara, CA, USA) in particle size from 1 um to 1.7 mm [30]
and from Polysciences (Warrington, PA, USA) in sizes from 50 nm to 90 um [31]; PS microspheres
are available from MagSphere (Pasadena, CA, USA) in size ranges from 30 nm to 15 um [32] and
from Microspheres-Nanospheres (Cold Spring, NY, USA) in sizes from 50 nm up to 250 pm [33];
PMMA microspheres (Degradex®) can be obtained from Phosphorex (Hopkinton, PA, USA) in the
size range 25 nm to 375 um [34], and from Microbeads (Skedsmokorset, Norway) in standard sizes
of 6, 10, 15, 20, 30 and 40 microns (the cross-inking degree of the beads can be adjusted according to
application requirements) [35], while Goodfellow (Huntingdon, UK) offers precision PMMA spheres
in two diameters of 1.5 mm and 3.18 mm [36]. In many cases, the spheres are available with a coating,
but also with opaque, paramagnetic, fluorescent, and phosphorescent properties.

As their glass counterparts, single polymeric spheres as well are of interest as WGM resonators;
some authors have reported the fabrication and characterization of polydimethylsiloxane (PDMS)
microspheres [37-39]. Single microspheres can be obtained by dipping the tip of an optical fiber into
a mixture of PDMS and a curing agent [37]. A larger quantity of PDMS microspheres, with a certain
size distribution, can be prepared by mechanical stirring using surfactant solutions [38] or exploiting
liquid instabilities [39]. An alternative method, very simple and time-saving, to obtain a high
quality polymeric WGM microresonator consists in using a droplet of a commercially available
UV-curable adhesive and transferring it onto the tip of an optical (standard or tapered) fiber [40].
On the other side, there exist several polymerization techniques, such as emulsion, dispersion,
precipitation and suspension polymerization, which can be used to produce large quantities of
polymeric microspheres [41]; many other techniques, such as inkjet printing, electrospraying, and
self-assembling processes, may also be adopted for various applications, biology and medicine being
one of the most common [42-44].

The importance of polymer microbubbles in biomedicine is also undoubted, being used especially
as contrast agents for medical imaging and as therapeutic delivery devices; their fabrication has been
the subject of many R&D investigations [45-51]. As an example, Table 2 presents a comparison of
different methods for preparing polystyrene microbubbles. It appears that the microencapsulation
method is the most suitable for preparing PS hollow microspheres in a quite wide range of
sizes [47]. Hollow polymer microspheres with different wall materials, however, may need other,
more appropriate, methods.
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Table 2. Comparison of different methods for preparing polystyrene hollow microspheres. Reproduced
with modifications from [47] under Creative Commons license.

Emulsion

Properties Liquid Droplet Dried-Gel Self-Assembly Micro-Encapsulation Polymerization Template
Method Droplet Method Method Method Method
Method
Equipment cost High High Low Low Low Low
Operation cost High High Low Low Low High
Micromanipulation Yes Yes Yes No No Yes
Batch production Able Able Able Able Able Able
Multiwalled product No No Able Able Able Able
Microsphere diameter, um 500 <+ 1500 500 =+ 1500 <0.5 50 + 700 <20 <5
Sphericity, % >97 >99 >99 >99 >99 >99
Concentricity, % >90 <90 >99 >98 >98 >99
Surface roughness, nm <200 <200 <10 <300 <10 <5

3. Applications in the Field of Energy

As anticipated, solid and hollow microspheres have many applications, which depend on the
properties of the constituent material and the size, and involve a wide range of technologies. Their use
in several different fields has attracted much interest for many years [52-59]. Nowadays, from an
industrial point of view, healthcare and biotechnology are the dominant sector, especially due to the
development of drug delivery systems [52,55,57]; together with the sector of cosmetics and personal
care, it covers more than 50% of the world market. The construction industry, paints and coatings,
and automotive are the other relevant industrial application areas [59]. Depending on the application,
sometimes ceramic or crystalline microspheres have better properties; glassy Ms&Mb remain, however,
the most used components. This is true also in the case of energy applications, an area that has been
becoming increasingly important in recent decades. Here, we can categorize the use of Ms&Mb into
three sub-areas: energy saving, energy storage, and energy production. A quantitative feeling of
the increased interest in the energy applications of microspheres may be obtained by looking at the
number of publications: according to Clarivate Analytics Web of Science, the articles containing the
word “microspher*” (i.e., microsphere or microspheres or microspherical) in the title add up to almost
46,000 (~18,000 in the last 5 years, and 4143 in 2017). The articles having the words “microspher*”and
“energy” in the title are only 213, but those with “microspher*” in the title and “energy” in the topic
are over 3000 (over 1700 in the last 5 years and 443 in 2017); in both cases there has been a continuous
growth, as one can see in Figure 4, which summarizes the data in a graphical form. It is interesting to
note that, by classifying the 3095 articles of the latter database by country/region, it appears that over
50% of the authors are in Asia, only about 12.5% in America and as many in Europe; this classification,
however, is far from being accurate, also because more than 20% of the Clarivate records do not contain
data in the relevant field.
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Figure 4. Number of publications with the word “microspher*” in the title and “energy” among the
topics. Data from Clarivate Analytics Web of Science; search performed on 21 July 2018.
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3.1. Energy Saving

Hollow glass and polymeric microspheres find wide application in the field of thermal insulation,
owing to their distinctive properties, such as high compressive strength, low density, low water
absorption, low heat conduction, and high chemical resistance. One of the ways hollow glass
microspheres (HGM) help us to reduce energy consumption is their use in oil and gas drilling and
extraction operations. In fact, HGM have good rolling characteristics, which can significantly improve
the drilling performance; moreover, drilling fluids with HGMs exhibit high temperature resistance,
high pressure resistance, stability, and durability, also inducing a longer lifetime of the drilling
equipment [60,61]. The energy-saving applications of HGM, however, are particularly relevant in the
construction sector, since the residential energy consumption is continuously increasing, especially
due to the poor insulation of many buildings and to air conditioning, which in some cases can account
for over 50% of the total electricity consumption of the building. A cost-effective solution to reduce
this energy waste consists in minimizing the solar heat load and the heat dispersion through the
roof and walls by using insulator coating materials that have low thermal conductivity and high
infrared radiation reflectivity [62,63]; multiple layer thermal insulation coatings may be the most
effective solution [63]. The thermal characteristics of HGM have been the subject of several papers,
where different aspects were investigated, such as the mechanism of heat transfer in HGM [64,65] or
the effect of inclusion of HGM in different materials [66-72]. Figure 5 shows a typical scanning electron
microscope (SEM) image of soda-lime silicate glass microbubbles fabricated by Sinosteel Maanshan
New Material Technology (Maanshan, China) [64]. In the figure, it can be clearly seen that the bubbles
are in perfect spherical shape and with a rather broad size distribution.

Figure 5. Two SEM (Scanning Electron Microscopy) images of HGM at different magnifications.
The size of microbubbles ranges from ~10 um to ~100 pum, most of them being in the interval 30 to 70
um. Reproduced from [64] under Creative Commons license.

In the design of insulating structures, it is also important to investigate the long-term durability
of the material as a function of different environmental parameters such as water, temperature,
and pressure. As an example, Zhang et al. [72] developed a double layer coating composed of
an anticorrosive epoxy ester primer and an HGM-containing silicone acrylic topcoat. The HGM size
must be properly selected to provide balanced performance on both anticorrosion and heat insulation.
An approach to achieve, together with high IR reflection, surface protection from fouling, and therefore
longer lifetime, is based on the coating of the HGM by anatase TiO; and a superhydrophobic agent
(PFOTES-1H,1H,2H,2H-Perfluorooctyltriethoxysilane) [73]. The utility of including HGM to enhance
the thermal and mechanical properties of insulating foams has been proved for a long time [74];
in a recent work, a polysiloxane foam was prepared through foaming and crosslinking processes

132



Micromachines 2018, 9, 379

and reinforced with hollow microspheres, which had been modified with vinyl trimethoxysilane
(VMS) to improve the compatibility between the filler and the matrix. The thermal stability and the
mechanical properties of the reinforced foam were significantly enhanced: the HGM acted offering
many nucleation sites, which was favorable in the formation of a uniform cell morphology, with the
only disadvantage that they can easily aggregate in the polymer matrix. The foam with 5% VMS-HGM
yielded a minimum thermal conductivity of 0.078 W/mK [75]. In the construction sector, HGM may
also be used to partially replace Portland cement in a lightweight foamed concrete: depending on the
percentage of HGM, one can obtain a higher compressive strength or a lower thermal conductivity,
e.g., going from 0.2507 W/mK of the full cement to 0.2029 W/mK of the foam with 6% soda-lime glass
HGM [76].

Hollow polymer microspheres (HPM), too, are largely used in insulating materials. As for HGM,
surface modification of HPM may be necessary to improve the compatibility of the particles with the
matrix; in fact, the low density (25 kg/m3) of light HPM fillers produces a heterogeneous dispersion
in polymer latex, which in turn may result in poor stability of the insulation coatings. Ye et al. [77]
developed a simple process to produce nano-TiO, /HPM core-shell composite particles and applied
them in external wall thermal insulation coatings. By adding the novel material to a traditional
coating and choosing the optimal volume ratio, the thermal conductivity was reduced about nine-fold,
reaching 0.1687 W/mK [77]. Thermally expandable polymer microspheres (EPM) are one of the most
widely used foaming additives used today; they consist of core/shell particles in which a blowing
agent, typically a low boiling hydrocarbon, is encapsulated by a thermoplastic polymer shell [78-80].
When heated, the hydrocarbon pressure inside the polymer shell increases while the shell itself softens;
thus, EPM expand to a target diameter and maintain that diameter after cooling. Fully expanded,
each microsphere may increase up to fivefold its original diameter, with over 100 times increase in
volume. Two major suppliers of EPM are AzkoNobel (Amsterdam, The Netherlands) [81] and Kureha
(Tokyo, Japan) [82]. Sandin et al. [83] proved that EPM reflect solar radiation over a very broad band
(UV, Vis, and NIR) much better than dense fillers, not only in traditional white roof coatings but also in
tinted coatings. It is the efficient reflection of near-IR radiation which enables tinted cool roof coatings.
Figure 6 presents the calculated total solar reflectance (Ry)) values for a color-matched blue coating of
thickness 600 4= 50 um which contains 30 vol% of different fillers (namely, CaCO3, glass microspheres,
ceramic microspheres, and thermoplastic microspheres). The relatively low reflectance values are
obviously due to the absorption in the visible due to the blue color; the performance of the thermoplastic
(EPM-containing) coating is clearly superior to the other coatings [83].

Total solar reflectance
@
8

Glass Ceramic Thermoplastic CaCOy Binder only

Filler (30 vol%)

Figure 6. Comparison of the total solar reflectance Ry, for similar coatings using different fillers in the
same quantity (30 vol%). The value for the binder only is also shown. Ry is calculated by integrating
the measured reflectance data in the interval 300 to 2500 nm. Reproduced from [83] under Creative
Commons license.

Another interesting application of HGM has been recently proposed by Zhai et al,
who demonstrated efficient day- and night-time radiative cooling by using a novel metamaterial
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which can be manufactured by a high-throughput, economical roll-to-roll process [84]. The concept
of radiative cooling is well known: the energy of a hot body is released via the emission of infrared
thermal radiation through the atmospheric window, with the heat being dumped directly to the
outer space [85-87]. This metamaterial contains SiO, microspheres, with size in the range 4 to 8 um,
randomly distributed in a matrix material of polymethylpentene (TPX) that possesses an excellent
solar transmittance. Since the encapsulated silica microspheres, too, have negligible absorption
in the solar spectrum, the material is not heated by direct solar irradiance; moreover, it exhibits
an infrared emissivity greater than 0.93 across the atmospheric window. When backed by a silver
coating, 50 um thick films showed a noontime radiative cooling power of 93 watts per square meter
under direct sunshine, thus allowing to cool objects under direct sunlight with zero energy and water
consumption [84].

3.2. Energy Storage and Production

In many cases, the technologies for energy production and energy storage are closely
interconnected; let us consider here three examples of Ms&Mb use, referring to solar energy, fuel cells,
and nuclear energy, respectively.

In the field of solar energy production, glassy microspheres have given only a marginal
contribution; an example is represented by a flexible cover glass for solar panels in space applications.
The cover glass, patented under the name of Pseudomorphic Glass (PMG) [88], consisted of sphere-like
beads typically made of fused silica or ceria-doped borosilicate glasses and diameter of 20-40 um,
embedded in a polymer matrix. The glass can be sprayed onto the solar cells or can be manufactured
in the form of microsheets that adhere to the solar cells; it proved to increase the efficiency and
the UV transmittance with respect to conventional materials. Further, a multi-layer hybrid PMG
cover glass using a thin top layer of ceria-doped borosilicate beads and a bottom layer of fused
silica beads guarantees enhanced UV protection and a broadened spectral transmission bandwidth.
Another patent was claiming to enhance the properties of an encapsulation adhesive film for a solar
cell module; the film was made by mixing transparent microspheres (either polymeric or glassy or
ceramic), with an average diameter in the range of 0.1 to 50 um, together with an adhesive film [89].
The scattering and multiple reflections by the microspheres could improve light harvesting by the
solar cell, thus increasing the electrical power generation. An increase in light trapping was also
demonstrated in a periodic structure of microspheres deposited using a self-assembly method on the
surface of a GaAs solar cell: an increase of about 25% in the conversion power efficiency of the cell
was measured when using microspheres with size of 1 um [90]. It may be interesting to note, even if
the device is millimetric and not glassy, that the spherical shape has been adopted to make full solar
cells, too: the Japanese company Kyosemi developed Sphelar, a spherical solar-cell technology that
captures sunlight in three dimensions [91]. Single spherical cells are produced by dropping molten
silicon into a tube, where the silicon droplets become rounded by surface tension during the free fall.
Then, a proper process, which includes phosphorus diffusion and deposition of thin electrodes, creates
a spherical p—n junction between the inner and outer parts of the crystalline sphere, with diameter of
1-2 mm. These tiny spherical Si solar cells can be incorporated into a variety of transparent materials,
creating modules capable of covering a wide range of voltages [91].

In recent years, environment protection has pushed the search for vehicles having less harmful
impacts to the environment than internal combustion engine vehicles running on gasoline or diesel.
One of the best solutions appears to be that of electric vehicles, which, in turn, are expected to have
great advantages from the use of fuel cells [92]; electric vehicles powered by fuel cells can travel
for 500 km or more on a tankful of fuel, and—this is the best point—they can be refilled, as with
a conventional car, in a matter of minutes rather than hours, unlike battery vehicles. Hydrogen
storage in a small volume and light weight, however, is a significant challenge for the development
and viability of hydrogen-powered vehicles [93,94]. Here it is where hollow glass microspheres can
prove their capabilities: one can exploit the diffusion of hydrogen through the thin wall of an HGM
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at elevated temperatures and pressures, and then let the gas to be trapped upon cooling to room
temperature. HGM with diameter in the range 1 to 100 um, density between 1.0 and 2.0 gm/cc, and
porous-wall structure with wall openings 1 to 100 nm represent a promising material for hydrogen
storage, as demonstrated in recent papers and patents that have shown progress in the preparation
and use of HGM for this application [95-99]. The storage of hydrogen at pressures up to 100MPa
inside an HGM is possible due to the low diffusivity of hydrogen at room temperature; later, to release
it, it is necessary to reheat the microspheres. However, a limitation of HGM has been the poor thermal
conductivity, which implies unsuitably low release rates of hydrogen gas; to overcome this problem,
a proposed solution consisted of doping the glass with transition metals. As an example, cobalt loaded
HGM, prepared by mixing cobalt nitrate hexahydrate with the glass powder and using an air-acetylene
flame for melting the particles and producing the microspheres, showed an increase of thermal
conductivity from 0.072 to 0.198 W/mK when the cobalt loading increased from 0 to 10 wt.% [97].
Hydrogen adsorption capacity, however, has a maximum for cobalt loading at 2 wt.%; beyond 2%, the
storage capacity is said to decrease due to the closure of the pores by the uneven deposition of CoO on
the surface of the microspheres [97].

Proper strategies must be developed for applications in which rapid storage/release of stored
gas is required: one of them is based on the photo-induced outgassing, in which an infrared light
lamp is used to accelerate the release rate in comparison with furnace heating. To enhance this
outgassing, one must follow the same approach used to increase the thermal conductivity, i.e., doping
the glass with “optically active” dopants such as iron, nickel, and cobalt. Rapp and Shelby [100]
worked on various borosilicate Corning glasses and various dopants and found a good response by
the 0.5 wt.% Fe304-doped 7070 borosilicate glass; in this case, the amount of hydrogen released was
proportional to the lamp intensity. Moreover, the reaction of hydrogen with the iron-doped glass
increases the Fe?* /Fe®* ratio, which promotes infrared absorption and thus further enhances the
hydrogen yield obtained from photo-induced outgassing. More recently, Shetty et al. [95] developed
a facile flame spraying method for producing cobalt-doped HGM using recycled amber glass frit
coated by a transition metal salt. They found that doping with 3 wt.% CoO was more effective at
photo-induced outgassing than 1.5% wt.% CoO. In addition, a model was developed to estimate the
conditions needed to produce HGM with engineered geometric properties, i.e., wall thickness and
aspect ratio (diameter divided by the wall thickness).

It may also be worth to mention that crystalline hollow microspheres (e.g., vanadium pentoxide
or multishelled TiO, and NiO microspheres) may play an important role in electrical energy
storage, being used as safe, inexpensive anode materials for lithium ion batteries [101,102] and
supercapacitors [103], respectively.

The property of HGM to be permeable to gases and their ability to safely store such high-pressure
gases make them attractive for a very important application in the field of nuclear energy. As early as
in late 1950s, a group at Lawrence Livermore National Laboratory in the USA was studying how to fill
capsules with a mixture of deuterium and tritium (DT) to be compressed until reaching nuclear fusion.
In 1972, Nuckolls et al. published a paper in Nature showing that the efficient laser thermonuclear burn
of small pellets of DT was feasible, opening the way to the development of fusion power reactors [104].
Let us refer to a few recent publications to have an idea of the basic challenges and state of art of
the research on inertial confinement fusion (ICF) [105-108]. Since the 1970s, much attention has been
focused on the preparation of the nuclear fusion targets filled with hydrogen or its isotopes, since the
success of any laser-fusion system depends critically on the low-cost production of suitable fuel
capsules that satisfy the overall requirements. Hollow glass or polymer microspheres, with diameters
in the range of approximately 50 to 500 pm and wall thickness between 1 and 20 um appeared to
be very good candidates; many papers and patents have been published concerning the fabrication
and/or the filling of these microcapsules, and a few of them are cited here [109-120].

According to a recent review on the development of target fabrication for laser-driven ICF at the
Research Center of Laser Fusion (RCLF) in China [121], glow discharge polymer (GDP), glass, and
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polystyrene (PS) hollow microspheres are among the candidates for the ultimate ignition. Let us just
refer to the first type: GDP microballoons can be produced by inductive coupled plasma enhanced
chemical vapor deposition (ICP-CVD), a method that permits the deposition of high quality dielectric
films at low temperature with low damage. Trans-2-butene and H, were utilized as the working
gases, and the GDP coating was deposited on mandrels made from poly a-methylstyrene (PAMS).
A conical quartz tube used as the plasma generator allowed a fast growth rate of ~1.5 m/h; to get
homogeneous coating of the mandrels, they were made to roll randomly inside a special designed
glass pan. To produce single layered GDP microballoons after the coating deposition, the double
layered PAMS/GDP spheres were annealed in vacuum or Ar atmosphere at 300 °C for more than
24 h, so to pyrolyze the mandrel. Typically, 8 um thick single layered GDP shells with diameter of
450-540 pm were manufactured. Figure 7 summarizes the process [122]. It can be noted that the basic
PAMS/GDP process for production of ICF target mandrels had been already tested in 1997 [118].

PAMS mandrel

; Mandrel removal
m——

 tmi———.
300°C

PAMS/GDP shell GDP shell

GDP coater

Figure 7. Schematic process for the fabrication of GDP shell. (GDP-glow discharge polymer; PAMS-poly
a-methylstyrene). Reproduced with modifications from [122] under Creative Commons license.

The possibility of encapsulating several fuel-filled spheres in a low-density foam was also
investigated and patented [123,124]; such a foam was requested to have a cell size smaller than
2 um, a density of about 0.1 x 103 kg/m?, and a chemical composition of low average atomic number.

With the increase of the available laser power, the design of the targets has become increasingly
complex, and several structured target configurations have been reported, often comprising
a multilayer structure [125]. One of the layers usually is a low-atomic-number polymer coating
that must ablate as the laser pulse irradiates its surface: the ablation imparts a reaction force to the core
material, causing the fuel within to be compressed to high density. The polymeric layers must have
a predetermined thickness and a surface finish smoother than 0.1 um and they must conform perfectly
to the glass sphere; the deposition technique is therefore very important [114,126,127]. In recent years,
laser-fusion programs seem to have moved to consider larger fuel capsules [121,128]; viable ICF targets
are represented by spherical shells with diameter 0.5 to 4 mm, wall thickness 50-100 um, low density
(~250 mg/cm®), with interconnected voids (each <1 pm diameter), with extreme sphericity (>99.9%,
<50 nm roughness variation), and a high degree of concentricity (>99.0%) [129]. Fabricating these
pellets with so stringent specifications is a big technical challenge, and even more challenging is the fact
that they should be produced at massive scale. In fact, a reliable and economic fuel supply is essential
for the viability of future ICF power plants, where the problem nowadays is not the pellet’s content,
namely DT, but the container itself, namely the spherical capsule. It is estimated that six targets per
second, or about 500,000/ day, with a cost below 0.25 $/target (orders of magnitude less than current
costs), will be required for a power plant with nominal electric output of 1000 MW [130]. The efforts to
improve the quality of the targets [131] and to develop the possibility of their large-scale production
have made significant progress in recent years. As an example, Li et al. developed a continuous and
scalable process for the fabrication of polymer capsules using droplet microfluidics, thus demonstrating
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that, even with the many remaining limitations, channel-based droplet microfluidics technology has
the potential of being applied to ICF target fabrication [129].

4. Conclusions

Scientific and commercial applications of solid and hollow glass and polymer microspheres
have been continuously growing in recent decades, in parallel with the advances in their fabrication
with high quality and large batches. On the other hand, single microspheres have also gained much
attention for their potential as ultra-high quality-factor WGM optical microresonators [2]. One of
the advantages of glassy microspheres is that they can be easily doped with chemical elements and
compounds to increase their functionality; moreover, they can be made porous or hollow, allowing
for encapsulation of other chemical or biomedically relevant components. All these properties
open the way to develop microlasers, microsensors, biolabeling or drug-delivery bullets or even
to study matter-radiation interactions at the very high power density made possible by the strong light
confinement of WGMs [132-136]. Industrial applications are also mature, and it appears that there is
a constant or increasing demand from the healthcare and construction (e.g., paints and coatings) sector.
Much of the ongoing research relates to the advances in the polymer industry because the possibility
of changing the molecular properties (and hence the chemical and physical properties) permits to
conceive new applications of polymeric microspheres.

In the field of energy, glassy microspheres (and nanospheres) may offer effective solutions to
some of the problems that arise in the advanced technologies of energy generation. At a lower
technological level, they can be used for thermal insulation, or as proppants for shale oil and gas
recovery, components for solar cells, or anodes for electrical batteries. In all these cases, the synthesis
process of organic or inorganic microspheres does not present significant difficulties and the width of
size distribution of the produced particles is not a critical factor; current research is aimed at optimizing
the choice of the mean size and the usage protocol for the specific application considered. There is,
however, a research topic of growing interest where the size of the micrometric and sub-micrometric
spheres must be controlled: it is the case of photonic crystal structures and arrays of resonators,
whose properties may be exploited to improve light harvesting in solar cells [137-140]. A deeper
study of the self-organization processes of colloidal particles and of the process parameters would be
important to optimize the design and implementation of photonic crystal structures [137,139].

At a higher technological level, hollow glass and polymer microspheres have a winning potential
in two areas, namely hydrogen storage and ICE, which are of great importance for decreasing today’s
CO; and particles” emissions and taking care of the environment. In both applications, the peculiar
properties of hollow porous microspheres can be fully exploited. In particular, the fabrication of the
shell targets used in ICF experiments is a challenging project that involves different disciplines and
advanced material preparation and manufacture process.

Many more challenges and difficulties can be seen ahead, e.g., to develop reliable, very high quality
and economic mass-production technologies, but the horizon appears sunny for these microdevices.
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Abstract: Rare earth doped materials play a very important role in the development of many photonic
devices, such as optical amplifiers and lasers, frequency converters, solar concentrators, up to
quantum information storage devices. Among the rare earth ions, ytterbium is certainly one of the
most frequently investigated and employed. The absorption and emission properties of Yb** ions
are related to transitions between the two energy levels 2F;, (ground state) and 2Fs, (excited state),
involving photon energies around 1.26 eV (980 nm). Therefore, Yb>* cannot directly absorb UV or
visible light, and it is often used in combination with other rare earth ions like Pr3*, Tm3*, and Tb3*,
which act as energy transfer centres. Nevertheless, even in those co-doped materials, the absorption
bandwidth can be limited, and the cross section is small. In this paper, we report a broadband and
efficient energy transfer process between Ag dimers/multimers and Yb* ions, which results in a
strong PL emission around 980 nm under UV light excitation. Silica-zirconia (70% SiO5-30% ZrO,)
glass-ceramic films doped by 4 mol.% Yb3* ions and an additional 5 mol.% of Na,O were prepared
by sol-gel synthesis followed by a thermal annealing at 1000 °C. Ag introduction was then obtained
by ion-exchange in a molten salt bath and the samples were subsequently annealed in air at 430 °C
to induce the migration and aggregation of the metal. The structural, compositional, and optical
properties were investigated, providing evidence for efficient broadband sensitization of the rare
earth ions by energy transfer from Ag dimers/multimers, which could have important applications
in different fields, such as PV solar cells and light-emitting near-infrared (NIR) devices.

Keywords: sol-gel; Ag nanoaggregates; Yb3* ions; down-shifting; photonic microdevices

1. Introduction

Rare earth ions (RE®*) are widely used in many optical materials and devices, mainly due
to their unique spectral properties, which are related to the distribution of their electronic energy
levels (spanning from UV to IR), narrow bandwidths and long lifetimes [1]. This makes them
excellent candidates for many applications such as lighting [2,3], displays [4], biosensing [5-7],
optical amplification [8], anticounterfeiting [9], and photovoltaic (PV) solar cells [10-13]. Among rare
earths, Yb>* ions provide light-emitting near-infrared (NIR) absorption and emission features
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peaked around 980 nm (1.26 eV), related to transitions between the two energy levels 2F;,,
(ground state) and 2Fs,, (excited state). Therefore, Tb3* ions are often used as co-dopants, allowing
the additional possibility of obtaining down-conversion splitting of one 488 nm photon into two
980 nm photons [14-16]. Nevertheless, even in co-doped materials, the limited excitation/absorption
bandwidths and the small absorption cross sections of RE3* ions are major limitations for their effective
implementation and use in real devices.

In the last two decades, broadband and efficient sensitization of Er®* ions by silicon [17-19] or
silver aggregates [20-25] have been reported, showing that multimers and nanoaggregates can act as
energy-transfer centres to the RE3* ions. More recently, Ag sensitization was successfully observed
in Tb3* [26-28] and Tb3* / Yb3* [29] co-doped materials. In this paper, we report the investigation of
the direct interaction between Ag nanoaggregates and Yb%* rare earth ions in sol-gel silica-zirconia
glass-ceramic (GC) waveguides. GC films are good candidates for the realization of guided-wave
optical planar devices [30]. A GC is constituted by a homogeneous dispersion of ceramic nanocrystals in
a glass matrix. According to Extended X-ray Absorption Fine Structure (EXAFS) studies, RE** ions tend
to be incorporated into the ceramic nanocrystals [31], providing a better spectroscopic environment
for RE®* ions. Zirconia, for example, has a lower maximum phonon energy than silica [32] and a
higher refractive index. The combination of Ag-mediated enhancement with the advantage of the
glass-ceramic material is studied, suggesting the possibility to exploit this material for more efficient
optical devices.

2. Experimental

Undoped and 4 mol.% Yb doped films of nominal molar composition 70% SiO,-30% ZrO,
and additional 5 mol.% NayO were prepared by sol-gel technique and deposited by dip-coating.
All the reagents were purchased by Sigma Aldrich (Saint Louis, MO, USA). Tetraethyl orthosilicate
Si(OC;yHs)4 (TEOS ) and zirconium propoxide Zr(OC3Hy)s (ZPO) were used as precursors for silica
and zirconia, respectively. TEOS was dissolved in ethanol (EtOH) and hydrolized with H,O and HCI
(TEOS:HCI:H,O:EtOH = 1:0.01:2:25). For sake of simplicity, we will refer to this solution as Sol:Si,
and an analogous label will be used for the other solutions used in the process. For Yb co-doped
samples, 4 mol.% ytterbium nitrate YbNO3 was added to the solution (Sol.Si-Yb) and then left stirring
for 1 h. In the meanwhile, ZPO was mixed with acetylacetone (Acac) and ethanol (ZPO:Acac:EtOH =
1:0.5:50) and sodium acetate was dissolved in methanol (60 mg/ml), the two solutions will be referred
to as Sol.Zr and Sol.Na, respectively. The deposition solution has been obtained by mixing Sol.Si-Yb
with Sol.Zr and adding dropwise Sol.Na at room temperature. The solution has been left stirring
overnight for about 16 h.

Multi-layer films have been deposited on fused silica substrates by dipping. Each layer was
annealed in air at 700 °C for 3 min. A final heat treatment in air at 1000 °C for 1 h was performed after
the deposition of the last single layer. The typical thickness of each single layer after heat treatment
was about 40 nm, and, by adding 10 layers crack-free films, a total thickness of about 400 nm was
achieved. By this thermal treatment, a controlled crystallization occurred and glass-ceramic (GC) film
were produced.

Undoped and Yb-doped GC films were identified by GC0 and GC4 labels, respectively. In order
to introduce silver in the films, Ag*«+»Na* ion-exchange [33] was performed by immersing the samples
in a molten salt bath (1 mol.% AgNOj3 in NaNO3) at 350 °C for 1 h. After the ion exchange process,
the samples were identified by GC0-A and GC4-A. Finally, post-exchange heat treatments for 1 h at
430 °C in air (samples GCO-C and GC4-C) were used to investigate the possibility of migration and
aggregation of the metal ions.

Compositional, structural, and optical characterization of the films were obtained by Rutherford
Backscattering Spectrometry (RBS), X-Ray Diffraction (XRD, Panalytical, Almelo, the Netherlands),
and Photoluminescence Spectroscopy.
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RBS was carried out at the National Laboratories of Legaro (Padova, Italy) using a 2.2 MeV *He*
beam at 160° backscattering angle in IBM geometry. RUMP code was used for the analysis of the
experimental spectra [34]. The conversion from areal density (the natural unit of measurement for
RBS) to film thickness is based on a molar density of the film equal to a weighted average between
silica (2.00 g-cm*3) and zirconia (5.68 g-cm*3), according to the nominal stoichiometric composition of
the matrix (70% Si0,-30% ZrO;), confirmed by the RBS analysis.

XRD measurements for crystal phase identification were carried out at room temperature by
an X'Pert PRO diffractometer. A Cu anode equipped with a Ni filter was used as a radiation source
(Ko radiation, A = 1.54056 A). Diffractograms were collected in Bragg-Brentano geometry using a
step-by-step scan mode in the 20 range 10°~100°, with a scanning step of 0.05° and counting time of
30 s/step. Nanocrystals’ size was determined by Line Broadening Analysis (LBA) [35], in particular,
by using the Warren-Averbach method.

Photoluminescence excitation (PLE) and emission (PL) spectra in the UV-visible range were
recorded by an Edinburgh Instruments (Livingston, UK) FLS980 Photoluminescence Spectrometer.
A continuous-wave xenon lamp was used as the excitation source for steady-state measurements,
coupled to a double-grating monochromator for wavelength selection. In particular, 280 nm excitation
was used for the investigation of Ag-related PL emission. The light emitted from the sample was
collected by a double-grating monochromator and recorded by a photon counting R928P Hamamatsu
photomultiplier tube cooled at —20 °C. The PL emission in the NIR spectral range was instead obtained
by exciting the sample with the third harmonic of a pulsed Nd:YAG laser at 355 nm. The emission was
analyzed by a single grating monochromator coupled to an InGaAs photodiode and using a standard
lock-in technique.

3. Results and Discussion

The elemental composition of the samples before and after Ag introduction and annealing was
studied by RBS, confirming the agreement of the film composition with the nominal values for Si, Zr,
and Yb. RBS analysis was also used to obtain information about the Ag concentration depth-profile
after ion-exchange and annealing, revealing Ag-concentration decreasing from 2 mol.% (at surface) to
1.5 mol.% (inner part of the film) for all the samples. An example is reported in Figure 1, which presents
the RBS spectra for undoped silica-zirconia GC samples before and after Ag-exchange (GC0 and
GCO0-A). The simulated GC0-A spectrum and the specific Ag contribution are also shown.
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Figure 1. RBS spectra for undoped silica-zirconia GC samples before and after Ag-exchange (GCO0 and
GCO0-A). The simulated GC0-A spectrum and the specific Ag contribution are also shown, resulting in
Ag concentrations decreasing from 2 mol.% (at surface) to 1.5 mol.% (inner part of the film).

The XRD analyses of the synthesized GC samples before Ag*<«+>Na* ion-exchange are reported in
Figure 2. It can be noted that ZrO, tetragonal-phase nanocrystals were detected in the undoped GC

146



Micromachines 2018, 9, 380

samples (PDF 01-080-0784 50-1089; ICSD 68589), while fluorite-type cubic-phase nanocrystals were
observed for Yb doped samples (PDF 01-078-1309; ICSD 62462), attested by the different shape of the
characteristic reflection peaks, especially those at 260 ~ 35.5° and 26 ~ 75°. For GC0 and GC4 samples
the zirconia nanocrystals’ size determined by Line Broadening Analysis (LBA) [35] was about 14 nm
for tetragonal zirconia in GCO and about 12 nm for cubic zirconia in GC4.

—GCo
1 —— GC4-Yb4

Intensity (arb. units)

10 20 30 40 5 60 70 80 90
2 Theta (°)
Figure 2. XRD comparison between silica-zirconia-soda GC samples with or without Yb co-doping.
Undoped GC samples contain tetragonal-phase zirconia nanocrystals (PDF 01-080-0784; ICSD 68589),
while Yb doped samples have a fluorite-type cubic-phase zirconia nanocrystals (PDF 01-078-1309;
ICSD 62462), attested by the different shape of the characteristic reflection peaks, especially those at
26 ~ 35.5° and 20 ~ 75°.

Regarding the optical properties of the synthesized samples, it is well known that silver-doped
silicate glasses exhibit broad excitation and emission bands [36-39], in relation to the emitting species.
The emission around 330-370 nm is due to isolated emitting Ag* ions. The emission around 430-450 nm
is due to Ag*~Ag" pairs. The emission around 550-650 nm is due to the formation of (Agz)?* trimers
or small multimers. These bands are excited by UV and near-UV illumination. The PL emission of
undoped GC samples is reported in Figure 3 before an Ag-exchange (GC0), after Ag-exchange (GC0-A),
and after Ag-exchange and 1 h annealing at 430 °C (GCO0-C). The curves have been obtained by 280 nm
excitation. The main contribution, peaked at 425 nm, can be reasonably attributed to Ag*-Ag™ pairs.
After 1 h post-exchange annealing at 430 °C, the emission shape slightly changes in the following
ways: the contribution of Ag*~Ag™ pairs decreases, while the emission from trimers and multimers in
the red spectral region increases. Noteworthy, and in agreement with a previous work [36], the band
around 350 nm of isolated emitting silver ions was not detected, indicating that the probability of
isolated ions is low.
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Figure 3. Photoluminescence emission by 280 nm excitation of undoped samples before Ag-exchange
(GCO0), after Ag-exchange (GC0-A), and after Ag-exchange and annealing (GCO0-C). The substrate is also
reported as a reference. The main contribution, peaked at 425 nm, is reasonably attributed to Ag*-Ag™*
pairs. After 1 h annealing at 430 °C, the decreasing of the blue emission in favor of the red emission
suggests the formation of Ag trimers and multimers.
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The PL emission in the NIR spectral range is reported in Figure 4 for Yb®* doped GC samples
before Ag-exchange (GC4), after Ag-exchange (GC4-A), and after Ag-exchange and 1 h annealing at
430 °C (GC4-C). As expected, the direct excitation of Yb** by 355 nm wavelength light is very weak.
However, Ag introduction by ion-exchange results in a strong enhancement of the Yb®* PL emission,
possibly due to Ag*—Ag* pairs formed during the ion exchange process. During the annealing,
their number decreases to form multimers or bigger aggregates, resulting in a decrease of the PL signal.
Furthermore, a lower number of sensitizers means also a higher average distance between them and
the Yb%* ions, decreasing the efficiency of the energy-transfer process.
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Figure 4. Near-infrared photoluminescence emission of Yb doped samples before Ag-exchange (GC4),
after Ag-exchange (GC4-A) and after Ag-exchange and annealing (GC4-C). It can be observed that
355 nm is a very weak excitation wavelength for Yb3* ions, while it results in a strong PL emission in
Ag-containing samples.

4. Conclusions

In this paper, we report the synthesis and characterization of efficient NIR emitting glass-ceramic
films. In these materials, Yb%* emission around 980 nm was significantly enhanced by Ag*<+Na™*
ion-exchange, resulting in a strong UV absorption. The significant increase of the PL emission was
attributed to energy transfer from Ag*-Ag* pairs and multimers. Ag-sensitized Yb%* doped films
could have important applications as spectral downshifters for PV solar cells, converting the UV part of
the solar spectrum to NIR photons around 980 nm, which can be efficiently converted to electricity by
commercially available crystalline-silicon solar cells. Furthermore, the capability of sol-gel technology
to synthesize high quality glass-ceramic waveguides makes these materials suitable for realizing
optical devices operating in the NIR spectral range, with significant technological interest in many
different fields such as optical amplifiers and lasers, frequency converters, solar concentrators, up to
quantum information storage devices.
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Abstract: The high-vacuum self-pumping MEMS cell for atomic spectroscopy presented here is the
result of the technological achievements of the author and the research group in which he works.
A high-temperature anodic bonding process in vacuum or buffer gas atmosphere and the influence of
the process on the inner gas composition inside a MEMS structure were studied. A laser-induced alkali
vapor introduction method from solid-state pill-like dispenser is presented as well. The technologies
mentioned above are groundbreaking achievements that have allowed the building of the first
European miniature atomic clock, and they are the basis for other solutions, including high-vacuum
optical MEMS. Following description of the key technologies, high-vacuum self-pumping MEMS
cell construction and preliminary measurement results are reported. This unique solution makes it
possible to achieve a 10~ Torr vacuum level inside the cell in the presence of saturated rubidium
vapor, paving the way to building a new class of optical reference cells for atomic spectroscopy.
Because the level of vacuum is high enough, experiments with cold atoms are potentially feasible.

Keywords: alkali cells; MEMS vapor cells; optical cells; atomic spectroscopy; microtechnology;
microfabrication; MEMS

1. Introduction

The need to develop miniaturized, low power consumption and low-cost instruments/sensors is
a current trend. This need is driven by requirements for new applications in which size, weight, and
power consumption are key parameters. One example is the development of the miniature, so-called
chip-scale atomic clocks (CSAC), applying the Coherent Population Trapping effect (CPT) [1]. The CPT
effect is similar to Electromagnetically Induced Transparency (EIT) [2], with the difference being
that microwave (electromagnetic) interactions with atoms have been replaced by optical interactions
(properly modulated laser light). Using the laser technique, miniaturization of the optical alkali
vapor (Cs/Rb) cell and the instrument itself have been made possible. The range of application has
expanded as a natural consequence of the availability of small and relatively cheap time and frequency
atomic references.

Atomic standards enable very precise control of time and frequency (atomic clocks), as well as
high precision of magnetic field measurements. Research on miniature atomic references using the
MEMS alkali atom cell is being conducted by several research groups. The common motivation to work
on this topic is the growing demand for high-precision and accurate time and frequency references,
mostly for telecommunication (terrestrial base stations for telecommunication) and global navigation
satellite systems (GNSS), and also for the development of highly sensitive magnetometers. To become
competitive solutions for crystal-based time references (TCXO, OCXO), atomic standards must comply
with a frequency stability of about x 10~!! 1, low power consumption of ~100 mW, size of a few
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cubic centimeters (~10-30 cm®), and be mass producible to give a low price. This is possible through
miniaturization and integration using microengineering technology.

The technological development and application extension of atomic time and frequency references
has occurred over the last three decades and has resulted in breakthrough discoveries in the field of
physics; in particular, optical, laser-based spectroscopy, including the CPT effect mentioned above,
and methods for cooling and trapping atoms. The last achievement was awarded the Nobel Prize
in 1997 (Steven Chu, Claude Cohen-Tannoudji, William D. P) and was followed by the obtaining of
a new state of matter, the so-called Bose-Einstein condensate (Nobel Prize 2001: Eric Cornell, Carl
Wieman, Wolfgang Ketterle). Cold atom spectroscopy is most spectacular, due to its future use in
the construction of accurate atomic time and frequency standards, and short-term stability (Allan
deviation), counted as xE-16, has been impressive. Unfortunately, these solutions exist as laboratory
compact setups or laboratory benches only. The key component of such constructions is optical cells,
in which 1078 Torr or better vacuum is required inside. Currently, such high vacuum levels can only
be obtained by standard pumping systems, because miniature and ready-to-integrate high-vacuum
pumping systems do not exist. This is the main reason these solutions have not been miniaturized
to date.

Technology of MEMS optical cells for atomic spectroscopy is being developed in several research
groups [3-12], including the one represented by the author [13,14]. The author’s activity in this field
started in 2006. During this period, key technologies of miniature, silicon-glass optical MEMS cells,
like non-standard anodic bonding sealing processes in buffer gas atmospheres, as well as the novel
cesium vapor introduction during laser-induced dispensing from a solid-state dispenser, have been
invented [13-15] and successfully implemented under the MAC-TFC FP7 Project [16], which has
resulted in the first European CSAC.

The purpose of this paper is to present important achievements in MEMS vapor cells and
high-vacuum MEMS technology toward the development of self-pumping MEMS cells for atomic
spectroscopy. The final achievements have no equivalent at the global scale, and are based on the results
of work carried out by the team represented by the author. The experience and knowledge gained
so far in tandem with the recently developed MEMS ion-sorption pump [17,18] makes it possible to
think that achieving the critical condition of high vacuum inside the cell for the development of MEMS
optical cell for cold atom spectroscopy is possible.

2. MEMS Alkali Vapor Optical Cell Technology

MEMS alkali vapor cells can be fabricated in several ways [19]. Silicon-glass technology dominates,
but low temperature co-fired ceramics (LTCC) ceramic-based solutions have been described in the
literature. In this paper, wider analysis of available technologies will not be done. The author will
focus on silicon-glass technology, including laser-induced the alkali vapor introduction method, which
is crucial for development of the high-vacuum self-pumping MEMS cell.

The MEMS cell technology involves execution of a miniature hermetically sealed silicon-glass
structure. The structure consists of deep reactive ion etching (DRIE), or wet etched silicon body, both
sides of which are covered with glass wafers (borosilicate glass). The internal structure is composed of
an optical chamber, connection channel and chamber for small, pill-like solid-state cesium dispenser
(SAES Getters [20]) (Figure 1a,b).
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Figure 1. The MEMS cell visualization: (a) cross-section view; (b) 3D view with dimensions;
(c) technology path.

Silicon wafer with etched cavities is anodically bonded to the bottom glass (>400 °C, 1 kV) to
produce MEMS pre-form (Figure 1c). Next, cesium/rubidium dispenser is placed inside the proper
cavity. Subsequently, the MEMS pre-form is anodically bonded at approximately 400 °C in vacuum or
buffer gas atmosphere to the top side of the glass plate. The applied voltage is 1.5 kV in vacuum or
0.5-1 kV in the presence of buffer gases. The alkali vapor is introduced with the use of NIR laser light
(980 nm wavelength) focused onto a pill-like dispenser, where it is absorbed. The dispenser becomes
hot and evaporates the alkali vapors, while the rest of the cell remains cold. The intensity and quantity
of the introduction of alkali atoms can be set with laser power and irradiation time.

High-temperature anodic bonding (assembling/sealing process) and laser-induced alkali vapor
introduction are key methods in silicon-glass MEMS cell technology. Both methods will be
described later.

2.1. High-Temperature Anodic Bonding and Inner Atmosphere Composition

Out-gassing of residual gasses (or particles) from the inner cell walls from the bonded interface
might contaminate the inner atmosphere of the MEMS cell and influence the optical properties and
long-term stability of the cell. To confirm the quality of anodic bonding, and to obtain information on
the atmosphere composition of cells sealed by anodic bonding, several test samples were fabricated,
followed by Residual Gas Analysis (RGA). The test samples consist of a silicon substrate with a deep
wet-etched cavity forming a large-area Si membrane (5 x 5 mm?) and a glass cover (Figure 2).

Glass cover

Anodic bonding
o Atmosphere to be
Silicon substrate measure by RGA

(@ (b)

Figure 2. The test structure: (a) schematics of the cross-section; (b) real view of the structure where the
deflected membrane is visible.

Silicon substrate and glass cover were bonded using the anodic bonding process in vacuum with
buffer gas (argon) atmosphere as described above. Part of the residual gases—present inside the
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chamber used for anodic bonding—and the buffer gas were trapped inside the test samples. As is
shown in Figure 2b, the deflection of the membrane was visible to the naked eye on the test samples
after the anodic bonding process, due to the lower Ar pressure inside the cells compared to the outside
atmospheric pressure.

RGA analysis results (Table 1) obtained before or after aging (twin cells, fabricated in the same
process, were used; the aging procedure is described later), show that the sealing process—using a
modified cleaning and hydrophilization procedure prior to the high-temperature anodic bonding
process—gives good results. The composition of the inner atmosphere is stable and shows good
repeatability (Figure 3). Low amounts of contaminations (O,, CO, CO,, CHy, C;Hp) are characteristic
for vacuum MEMS structures sealed with the anodic bonding process.

Table 1. Residual Gas Analysis (RGA) of atmosphere composition inside test structures before and
after aging: table of partial pressure of different particles.

Gas  Sample No. 1 (mbar) Sample No. 2 (mbar) Sample No. 3 (mbar) Sample No. 4 (mbar)

H, 1.41 x 107! 1.68 x 107! 3.75 x 102 478 x 1072
He 2.30 x 1073 1.96 x 1073 1.86 x 1073 1.68 x 1073
Cco 3.60 x 1071 6.15 x 1072 0.00 0.00

N, 0.00 0.00 3.86 x 1072 2.07 x 1072
CH, 2.35 x 1072 227 x 1072 218 x 1072 9.31 x 1073
H,O 0.00 0.00 0.00 0.00

0, 4.83 x 1072 1.43 x 107! 8.95 x 1071 159 x 107!
CoHg 4.44 x 1072 3.64 x 1072 1.07 x 102 1.56 x 1072
C3Hg 0.00 0.00 0.00 0.00

Ar 1.11 x 10*2 1.16 x 10*2 8.36 x 10*! 8.77 x 10*1
CO, 455 % 1071 1.75 x 1071 1.87 x *10~1 435 x 1071
Kr 9.80 x 10°* 1.48 x 1073 0.00 0.00
TOT. 1.12 x 10*2 1.17 x 10+2 8.48 x 10*! 8.84 x 10*!

H2
1.010%

Kr - ~—_He
% \\)1‘0,7’10”” ~ /\
o ® co

= = \ \‘ —~—
'02 e Sample No. 1 P e Sample No. 3
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Figure 3. Star-like graphs showing high repeatability of proposed sealing process.

Additionally, analysis of residual gas composition inside the silicon-glass structures after anodic
bonding was performed at 2 x 10~% mbar with and without MEMS getter (SAES Getters, Italy) (Table 2).
Results obtained for samples without getter are similar to those presented before. Inner atmosphere
inside the test structure with MEMS getter is clean, except for a low (10~5 mbar) amount of argon.
The internal atmosphere is almost entirely filled with helium (10~3 mbar). This vacuum level is the
minimum to obtain with the use of MEMS getter.
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Table 2. Residual Gas Analysis (RGA) of atmosphere composition inside test structures with and
without MEMS getter inside.

G Without Getter With Getter
as
mbar % mbar %
H, 9.24 x 1071 69.72 0.00 0.00
He 8.55 x 107+ 0.06 1.06 x 1073 96.70
CcoO 1.89 x 107! 14.26 0.00 0.00
N2 257 x 1072 1.94 0.00 0.00
CHy 3.23 x 1072 2.44 0.00 0.00
H,O  215x 1073 0.16 0.00 0.00
0, 3.88 x 1075 0.00 0.00 0.00
C2Hg 0.00 0.00 0.00 0.00
C3Hg 0.00 0.00 0.00 0.00
Ar 424 x 1075 0.00 3.60 x 107> 3.30
CO, 1.51 x 1071 11.41 0.00 0.00
Kr 0.00 0.00 0.00 0.00
TOT. 1.32 100.00 1.09 x 1073 100.00

The experiment related to the high-temperature anodic bonding and the study of the inner
atmosphere revealed the following important facts:

e The inner atmosphere of the MEMS structure is contaminated by products of the anodic bonding
process (O, CO, CO,, CHy, CoHp), resulting in a vacuum no better than 101 mbar,

e Contaminations can be removed from the inner atmosphere with use of MEMS getters, except
noble gases, especially helium, whose pressure was maintained at 1 x 1073 mbar,

e Preprocessing (wafers cleaning, hydrophilization) followed by high-temperature anodic bonding
minimizes problems related to out gassing and gas penetration through the bonded silicon-glass
interface, which has previously been visible as an unnoticeable effect of the structure’s aging.

The obtained results are sufficient for atomic clock technology (CSAC) using the CPT effect.
A vacuum level of 1 x 1073 mbar is far from the value required to cool the atoms, but is a good starting
point for a MEMS ion-sorption pump, for which integration with the MEMS alkali vapor optical cell
is planned.

2.2. Laser-Induced Alkali Vapor Introduction Method from Solid-State Dispenser

Alkali vapor dispensers are available as resistively heated wires. This solution has been known
for years and is still in use. Forming the dispenser into a pill and using it in the MEMS optical cell
technology has been invented by author’s group and successfully implemented in the MAC-TFC
FP6 Project. The purpose of the Project was the development of the first European miniature atomic
clock, what was achieved [16]. The laser-induced cesium vapor introduction method from solid-state
dispensers is the basis of the technology of MEMS optical cells developed in the author’s mother’s
unit, but also at the Université de Franche-Comté/FEMTO-ST, Besancon, France [21,22].

To evacuate liquid alkali and their vapor effectively, the dispenser must be heated to above 650 °C.
The 980 nm and 4 W of maximum power (continues work mode) IR laser-based activation set-up was
built. The mechanical part of the set-up ensured precision positioning of a cell. The electronic part
ensured precision power control of the IR beam, activation time setting and their automatic timing,
and real-time viewing, as well as video recording of the activation process. Effective introduction of
alkali vapors depends on the cell design and inner atmosphere conditions. Distance to walls and the
presence of buffer gas change heat dissipation, due to the fact that the laser power and irradiation time
must be set individually.
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2.3. Accelerating Aging Tests of MEMS Cesium Cells

Several MEMS cesium cells of 1.0 mm optical path and 4 x 6 mm? planar dimensions (see
Figure 1a,b), filled with Argon as buffer gas with different pressures in the range from 50 mbar to
300 mbar, were successfully fabricated (Figure 4). MEMS getters were intentionally not applied,
to check for the influence of residual gases on inner atmosphere quality.

Golden drops of liquid caesium

(@ (b) () (d)

Figure 4. Four examples of MEMS cesium cells fabricated at Wroclaw University of Technology:
(a) 50 mbar of Ar—large amount of alkali atoms, (b) 100 mbar of Ar—evaporated metal located on
dispenser’s chamber, (c) 200 mbar of Ar—small amount of cesium in form of golden drops condensate
in optical chamber, (d) 300 mbar of Ar—alkali metal visible as golden fog around dispenser.

Alkali vapor dispensing was carried out for fixed values of IR laser power (~0.8 W) and irradiation
time (15 s). Different amounts of alkali metal were released depending on the pressure of the buffering
gas. Increasing pressure improves heat dissipation; thus, less power is supplied to the dispenser.
However, this has positive sides in the form of better control of the amount of released atoms.

All MEMS cells were exposed to accelerated aging tests. There are no existing norms on aging
test procedures for miniature MEMS alkali vapor cells. The known aging procedures for electronic
devices/components are focused on generation of mechanical tensions as result of temperature changes
(temperature cycles). The goal of aging of MEMS cesium cells is to see possible degradation of alkali
metal (oxidation—cesium becomes black) caused by contaminations out gassed from bulk materials
(mostly glass) and the bonding interface. Out gassing is a function of temperature. We propose a new
temperature-accelerated aging procedure for miniature MEMS alkali vapor cells, based on a simplified
model for the cell aging. The acceleration factor (AF) is a function of AT = TX — TN, where TN is the
nominal operating temperature, and TX the aging temperature:

AF = 201 X AT (1)

The operating temperature of the MEMS cell should be kept in the range from 40 °C to 85 °C.
The normal operating temperature has been set to TN = 75 °C. The applied temperature profile is
presented in Figure 5 and consists of cycles with 24 h periods. Each 24 h cycle consists of three
steps: heating up the cell from ambient temperature to aging temperature (105 °C or 115 °C) in
1 min, exposition at aging temperature for 23 h and 45 min, cooling down to ambient temperature
to make optical observations and pictures—15 min. The cells underwent 13 cycles, i.e., a total of
309 h at TX = 105 °C (corresponding to 2472 h at 75 °C), followed by 16 cycles (380 h) at TX = 115 °C
(corresponding to 6080 h at 75 °C). Moreover, after aging at 105 °C and 115 °C, respectively, short
temperature shocks were applied where the temperature reaches 250 °C.
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Figure 5. The temperature profile of the accelerated aging test.

During the test, no changes in the amount or color of the cesium drops (as an indication of possible
oxidation) were observed. This indicates that the inner atmosphere is clean and stable. The explanation
is simple. The inner atmosphere of the cell consists of saturated cesium vapors. Cesium, as a highly
reactive atom, reacts with residual gases and neutralizes them. Even if some part of cesium atoms
reacts with impurities, the saturation of the cesium vapors is still maintained.

The cesium pill-like dispenser composition contains porous alloys or powder mixtures of Al, Zr,
Ti, V or Fe. Those materials are the basis of NEG (Non Evaporable Getters). NEG getters are thermally
activated (>200 °C). Therefore, at elevated temperatures (laser-induced dispensing, aging tests) the
pill-like dispenser plays a dual role as alkali atom dispenser and NEG getter.

Moreover, the high quality and stability of the applied anodic bonding as a sealing process is
confirmed by the resistance of the cells to temperature shocks (250 °C) and possible cesium penetration
into the bonded interface. Cesium, as a highly reactive atom, may neutralize impurities, but may also
degrade materials and the bonded interface. In the tested MEMS cells, the distance between the cell’s
inner chamber and the environment was only 1 mm at the narrowest point of the bonded interface.
Interface degradation, manifesting as alkali atom oxidation as a result of the atoms’ penetration
through interface, was not observed. Golden drops/fog of cesium atoms were always visible.

The high-temperature anodic bonding in vacuum or buffer gas atmosphere described here, as well
as the investigation of the atmosphere composition inside the MEMS structures and the laser-induced
alkali vapor introduction method, are breakthrough technologies for the development of MEMS optical
cells for miniature atomic clocks, but they also stand behind the development of future solutions
including high-vacuum MEMS. The most important outcomes from the current work are:

e High-temperature anodic bonding provides durable and tight connection of
silicon-glass substrates,

e Itis possible to obtain a medium vacuum level (1071-1073) inside the MEMS structures, which
gives a good starting point for the MEMS ion-sorption pump,

e The presence of buffering gases favors better control of laser-induced alkali atom introduction;
hence, one should pay particular attention to the process of dispensing in high vacuum.

3. Self-Pumping MEMS Optical Cell for Atomic Spectroscopy

Atomic spectroscopy—cold atoms spectroscopy, for example—requires at least 10~ Torr vacuum
and a low concentration of atoms (partial pressure lower than the vapor pressure). This state of the
inner atmosphere can only be achieved in a dynamic manner. This means that maintaining high
vacuum and dispensing must be done at the same time.

The standard setup consists of an open-sided cell connected to a typical vacuum installation.
The inner atmosphere is firstly evacuated with use of turbo-molecular pump (Figure 6). After achieving
10~ Torr, the turbo pump is disconnected and the ion pump starts work. The alkali atoms are delivered
continuously from the wire dispenser through thermally activated chemical reaction (current flowing
through the dispenser heats it up). To achieve the proper amount of atoms and the required vacuum
level, the ion pump must be running in conjunction with dispensing efficiency.
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Figure 6. Block diagram of standard setup for atomic spectroscopy at high vacuum and low
concentration of atoms.

Development of miniature, integrated MEMS cells for atomic spectroscopy required
miniaturization and integration of the pumping system, a proper alkali atoms introduction method,
and suitable assembly processes.

The high-temperature anodic bonding described earlier will be used as an assembling method,
along with the alkali atoms introduction method from a solid-state pill-like dispenser. Development of
integrated, miniaturized pumping system that is suitable for MEMS technology remains a challenge.

The team represented by the author has been conducting research on vacuum microelectronics for
many years. This research has resulted in the development of a miniature ion-sorption vacuum pump.
The pump makes possible the generation and stabilization of pressure at a 10~ Torr vacuum level, and
its construction is fully compatible with MEMS technology. These advantages make the pump usable
in new applications [23-25] including self-pumping MEMS optical cells for atomic spectroscopy.

The multilayer silicon-glass spatial structure, consisting of a glass tube with appropriate
dimensions connected to a planar structure containing solid-state dispenser and miniaturized
ion-sorption pump is proposed (Figure 7). The cell is made of borosilicate (Pyrex-like) glass and
silicon. All connections are made with the use of a high-temperature anodic bonding process, which
ensures tight and stable leak-proof connections.

Optical paths
arranged in
three axes

lon-sorption
micropump

Solid-state, pill-like ~~
Cs/Rb dispenser

Figure 7. Self-pumping MEMS optical cell for atomic spectroscopy—visualization.

Absorption spectroscopy and cold atom spectroscopy were planned using a self-pumping MEMS
cell. Because the author has access to the rubidium atomic spectroscopy laboratory, the dispenser was
changed to rubidium. This change has no influence on the cell technology.

A self-pumping MEMS cell filled with rubidium vapor was fabricated. First of all, the open test
structure of the self-pumping cell was closed inside the vacuum chamber, and ion current versus

158



Micromachines 2018, 9, 405

pressure was measured. Based on the scaling, the initial vacuum and pumping efficiency was measured
(Figure 8).
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Figure 8. Pumping efficiency in time; vacuum level marked in red.

Initial pressure is equal to 1073 Torr just after the sealing process. After a few minutes of pumping,
the vacuum reaches 107 Torr. Vacuum level was improved by increasing the applied voltage and
extending the pumping time. Based on the measured ion current, the vacuum level was at least two
orders of magnitude better (blue dots on the graph, Figure 8). Because of the pumping limit of the
apparatus used for scaling, precise numbers cannot be given.

After pumping, rubidium atoms were introduced through laser-assisted dispensing from a
pill-like solid-state dispenser, reaching saturation of the alkali vapor. A more detailed description of
vacuum generation and stabilization can be found in [26].

Doppler-free spectroscopy of rubidium self-pumping MEMS cells was done (D2 line, 780 nm).
Characteristics were measured at different test periods (Figure 9). Peak contrast (amplitude) depends
on the temperature, and remains comparable to the characteristics of the reference cell. Impurities
where partial pressure is higher than 1073 may have an influence on optical spectroscopy. In our
experiment, the characteristics are stable: no peak shifts or half-width peaks were observed.

TRCO04 just after dispensing, t~20°C
TRCO5 after pumping 2 kV, t~20°C, po 120 s
—— TRC06 after pumping, t~40°C
TRCO8 TRCO7 after pumping 1k3 V, <t~40°C, po 60 s
TRC09 TRCO8 after heating t~50"C
—— TRCO9 after heating and pumping 1k5 V@1000 nA,< t~50°C,
TRC10 after heating and pumping 1k5 V@100 nA << t~50°C,
rrrrr TRC11 after heating and pumping 1k5 V@50 nA <<< t~50°C,
TRC10 — TRC12 after heating and pumping 1k5 V@25 nA,<<<< t~50°C,
——REF reference cell: Thorlabs, 75 mm optical path

400

300

200

Amplitude [mV]

100

Time [ms]

Figure 9. Doppler-free characteristics of the self-pumped rubidium MEMS cell at different test periods.
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4. Summary

The solution presented here is the result of work carried out by the team in which the author
is the core member developing the technology described in this article. The description of the
construction and initial measurement results of the self-pumping high-vacuum cell was preceded by
the explanation of key technologies developed earlier for the needs of the European miniature atomic
clock. High-temperature anodic bonding and its influence on the atmosphere composition inside
MEMS structure were studied, followed by performing accelerated aging tests of MEMS cesium vapor
optical cells. It was found that the sealing process ensured high and stable connection. RGA analysis of
the inner atmosphere gives important information. After the sealing process, the inner volume of the
MEMS structure is depolluted by chemical products of the anodic bonding process (O,, CO, CO,, CHy,
C,Hg), setting the vacuum level at 10~! mbar, even if the bonding process was carried out in a vacuum
two orders of magnitude better. MEMS getters improve the situation by eliminating pollution, with
the exception of noble gases, whose pressure inside the MEMS structure is set at 10~ mbar, which is
the limit using passive vacuum stabilization methods.

The aim of this work is to develop a MEMS optical cell in which it will be possible to generate
and stabilize a high vacuum with the simultaneous presence of a small amount of alkaline atoms.
Generation of high vacuum inside MEMS structures is possible only with use of active pumping.
Integration of the currently developed MEMS ion-sorption pump and MEMS alkali vapor optical
cell was proposed, toward a self-pumping, high-vacuum, MEMS alkali vapor optical cell for atomic
spectroscopy. The self-pumping high-vacuum cell has no equivalent at a global scale and is probably
presented here for the first time ever. High pumping efficiency, making it possible to achieve a 10~° Torr
vacuum level, was proved. It must be strongly pointed out here that pumping out of impurities was
possible in the presence of saturated rubidium vapor. The presence of saturated alkali atom vapor
limited the vacuum level. However, this result makes it possible to think that the generation of a
vacuum level of 1078 Torr and the stabilization of partial vapor pressure below saturation is possible.

Doppler-free spectroscopy shows that absorption peaks are comparable to the reference spectrum.
Simple absorption tests will not reveal the potential of this new solution. More sophisticated
experiments like cold atom spectroscopy, where high vacuum and low concertation of atoms are
required, should demonstrate the true possibilities of this solution.
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Abstract: Conventional manufacturing of microfluidic devices from glass substrates is a complex,
multi-step process that involves different fabrication techniques and tools. Hence, it is time-
consuming and expensive, in particular for the prototyping of microfluidic devices in low quantities.
This article describes a laser-based process that enables the rapid manufacturing of enclosed
micro-structures by laser micromachining and microwelding of two 1.1-mm-thick borosilicate glass
plates. The fabrication process was carried out only with a picosecond laser (Trumpf TruMicro 5x50)
that was used for: (a) the generation of microfluidic patterns on glass, (b) the drilling of inlet/outlet
ports into the material, and (c) the bonding of two glass plates together in order to enclose the
laser-generated microstructures. Using this manufacturing approach, a fully-functional microfluidic
device can be fabricated in less than two hours. Initial fluid flow experiments proved that the
laser-generated microstructures are completely sealed; thus, they show a potential use in many
industrial and scientific areas. This includes geological and petroleum engineering research, where
such microfluidic devices can be used to investigate single-phase and multi-phase flow of various
fluids (such as brine, oil, and CO;) in porous media.

Keywords: microfluidic devices; laser materials processing; ultrafast laser micromachining; ultrafast
laser welding; enclosed microstructures; glass; porous media; fluid displacement

1. Introduction

Microfluidic devices are used across a wide range of applications in many industrial and research
areas, primarily in chemistry, biology, medicine, and pharmacology [1-9]. These devices enable the
direct observation and investigation of various physical, chemical, and biological processes occurring
at small (even sub-micron) length scales. An operation on such small volumes obviously reduces the
amount of testing materials (such as fluids, colloids, cells, etc.) and the time required for analysis,
thereby reducing the overall cost of an experiment. Many microfluidic devices also offer temperature
control and parallel operation. Simultaneous operations can be executed thanks to the compact size
of microfluidic devices. Finally, the hermeticity of microfluidic devices reduces the risk of sample
contamination and provides a physical barrier between an operator and an analyzed substance that
sometimes can be dangerous (e.g., living cells and bacteria).

Microfluidic devices are also used in geological and petroleum engineering research to investigate
various processes governing the macroscopic behavior of subsurface systems at a pore level (i.e.,
sub-micron scale) [10,11]. These microfluidic devices, often called “micromodels”, typically contain
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structures of interconnected pores whose arrangement and shapes are designed in such a way to
represent simplified versions of the geometries typically found in the subsurface systems. In other
words, they are constructed to mimic, as close as possible, an internal structure of rocks. Using
such microfluidic devices, it is possible to observe and study processes, such as CO, injection and
trapping [12-16], oil recovery [17-20], dissolution of substances [21], and transport of colloids [22],
at a” small (sub-millimeter) scale in the laboratory environment.

Microfluidic devices can be manufactured from a range of materials, such as SU-8 photoresist,
polydimethylsiloxane (PDMS), polymethyl methacrylate (PMMA), polylactic acid (PLA), cyclic olefin
copolymer (COC), glass, or silicon. Glass, due to its unique combination of high transparency,
hardness, thermal stability, electric insulation, surface stability, chemical inertness, and resistance
to acids, is often a preferred substrate for the fabrication of microfluidic devices over silicon and
polymers. Unfortunately, the conventional manufacturing of microfluidic devices from glass substrates
is a complex, multi-step process that involves different fabrication techniques and tools [23-25].
This, in turn, makes the fabrication process time-consuming and expensive, in particular for the
prototyping of microfluidic devices in low quantities.

Microfluidic patterns on glass materials are typically generated by either wet (chemical) etching
or dry (reactive ion) etching. Wet etching of glass involves the use of strong chemicals, such as
hydrofluoric acid (HF), to remove the material [24]. This etching technique enables the manufacturing
of deep structures (>500 um) with an etch rate of several um/min. The surface roughness of the etched
structures can be as low as 10 nm. Unfortunately, the etched structures have a low aspect ratio (close
to unity) because this process is isotropic. This means that such structures contain walls with rounded
corners and may possess undercuts.

The reactive ion etching (RIE) of glass is an anisotropic process that enables the generation of
microfluidic patterns with almost vertical sidewalls (the wall angles up to 88°) [25]. Microchannels
generated by RIE can have a very high aspect ratio (up to 40) and low surface roughness (Ra <10 nm).
The drawbacks of RIE are a low etching rate (typically <1 pum/min) and a low etch selectivity that
forces the use of thick masks. This, in turn, reduces the spatial resolution of etching structures.

Although both etching techniques enable the precision generation of complex microfluidic
patterns on glass substrates [24,25], the generation of these patterns is limited to only two dimensions.
Moreover, these two fabrication techniques require the preparation of bespoke masks made of either a
photoresist or metal. Since such masks are manufactured by photolithography and etching, the entire
fabrication process of microfluidic devices is time-consuming and can be expensive, particularly at the
prototyping stage.

Lasers enable the generation of microfluidic patterns on various materials, including glass
materials [25-32]. Direct (maskless) writing of microstructures on the surface of glass can be obtained
using a CO; laser, an ultrafast laser, an excimer laser, or an ultraviolet Q-switched solid-state laser.
Current laser systems, which often are integrated with a galvo-scanning system and computer-aided
design (CAD) software, enable the generation of complex 2.5-dimensional (2.5D) patterns in which
each channel may have a different depth and width. The surface elements of such patterns may be
generated with different sets of laser parameters, and thus, they may have different widths as well
as depths.

Ultrafast (femtosecond) lasers can also be used for the generation of truly three-dimensional (3D)
microfluidic patterns inside glass materials, such as fused silica, Borofloat®33, or Pyrex™ [33-38]. This
is performed by chemically etching the locally laser-modified regions inside glass. This fabrication
technique, often called selective laser-induced etching (SLE), enables the manufacturing of microfluidic
devices without the use of a physical mask and additional steps related to the enclosure of the
microfluidic patterns. The recent results presented by Gottmann et al. [38] provided strong evidence
that the SLE process is an attractive alternative to the conventional etching processes for the fabrication
of glass microfluidic devices. Unfortunately, the drawback of this process is a very long etching time
(even a few days to complete the development of a microstructure).
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In the past, we demonstrated that an ultrafast picosecond laser (Trumpf TruMicro 5x50, Trumpf
Ltd., Ditzingen, Germany) can be an effective tool for the direct cutting, drilling, and micromachining
of glass plates [39,40], and for joining glass to glass [41,42] or even glass to metal [41] without using
any intermediate adhesive layers. In this article, we report on a combination of these processes to
manufacture glass microfluidic devices. A picosecond laser was used to generate microfluidic patterns
directly on glass (using laser ablation) and to enclose such patterns by microwelding a cover glass plate.
Inlet/outlet ports in the cover glass were also generated with the same laser. This process provides a
high degree of flexibility in the design of microfluidic devices, which is very important, particularly at
the stage of prototyping, and reduces the time and cost associated with their manufacture when a low
quantity of the devices is required.

2. Materials and Methods

2.1. Material Used

Borosilicate (Schott Borofloat®33) glass plates with dimensions of 75 mm x 25 mm x 1.1 mm
were used for the manufacturing of microfluidic devices. The flatness of the glass plates was ~A/4.
Borofloat®33 contains 81% SiO,, 13% B,035, 4% Na,O/K,0, and ~2% Al,O5 [43]. This material has
similar optical properties to fused silica, but it is less expensive. This glass is used in many industrial
and scientific areas, such as chemistry, optics, photovoltaics, micro-electronics, and biotechnology.

2.2. Laser System

A customized laser processing system based around a 50-W picosecond laser (Trumpf TruMicro
5x50) was used in this work. The laser provides ~6 ps pulses (as measured at full width at half
maximum (FWHM)) with a maximum pulse repetition frequency (PRF) of 400 kHz. The model
TruMicro 5x50 contains three outputs; each output emits a collimated laser beam of a different
wavelength (A = 1030 nm, 515 nm, or 343 nm). The output laser beams are expanded and
delivered to three separate galvo-scanners using appropriate high-reflection (HR)-coated mirrors.
Each galvo-scanner is equipped with an approximately 160-mm-focal-length F-theta lens. The laser
beams at the focus have different diameters and M2 values, as listed in Table 1.

Table 1. Laser beam diameters (2 wp) and M2 values measured at the focal points. Measurements were
performed using a scanning slit beam profiler (DataRay Beam-Map 2 sensor). The 2 wy values were
measured at 1/e? of the peak intensity. Output average power (P), pulse energy (Ep), and peak fluence
(F) calculated for each wavelength are also given here.

Wavelength (nm) P (W) Ep (1)) 2 wg (um) M2 (value)  F(J/em?)?!
1030 50 125 3541 13401 260+£15
515 30 75 21 +1 14 +0.1 36.3 4+ 3.5
343 18 45 20+1 2140.1 28.9 429

1 Peak fluence was calculated as follows: F = 2 Ep/(rtwg?), where Ep is pulse energy and wy is the beam radius.

2.3. Laser Micromachining Procedure

Microfluidic patterns and inlet/outlet ports were generated using the 515-nm wavelength. At this
wavelength, the peak laser fluence and the machining resolution were the highest. The maximum
fluence used for machining the glass plates was 31.1 J/cm?. The PRF value, in turn, was limited
to 100 kHz because higher values could potentially lead to heat accumulation in the material,
and consequently, the fusion of glass particles to the material surface [29].

Prior to the laser treatment, the glass samples were cleaned with isopropanol and wiped off with
lens tissues. Following the cleaning process, the glass plates were mounted in a holder that provided a
clear aperture underneath the laser machining area, while the holder was fixed to XYZ linear stages
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(Aerotech PRO115, Aerotech, Inc., Pittsburgh, PA, USA), as shown in Figure 1. The linear stages
provided accurate positioning of the glass samples for machining.

Galvo scan
=, head
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MZAIIIIIIIIIIIIIII

F-theta lens
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A=515nm Sample stages
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Pax = 30W /
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T=6ps (FWHM)
PRFyax = 400kHz

BEX
Pslaser —w . &l
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Figure 1. Schematic of the laser system used for machining of the glass plate.

2.4. Laser Microwelding Procedure

The same picosecond laser processing system was also used for the microwelding of glass plates;
however, a different processing arrangement was used. In this case the 1030-nm wavelength was
used at the maximum PRF of 400 kHz. The processing arrangement was the same as that described
in Reference [41]. The only modification was a holder (shown in Figure 2) which provided a large
working area (70 mm x 25 mm) and allowed the glass plates to maintain close contact during the
welding process. The piston underneath the glass plates, which was under pressure of 1 bar, holds the
glass plates in place during the movement of the holder. A 6-mm-thick supporting glass plate prevents
the 1.1-mm-thick glass plates from bending.

Laserbeam
A=1030nm
PRF = 400kHz

Glass plates
10mm FLlens for micro-welding

(NA =0.54)

Piston

Thick glass
plate (support)

XY nano-positioning
stages

(@)

Figure 2. Holder used for the microwelding of two glass plates: (a) schematic; and (b) photograph.

The real challenge in laser microwelding is to bring two glass plates into sufficiently close contact
prior to the process. This can be achieved by pressing one plate to the other. Once optical contact
is provided, van der Waals forces are capable of holding the two materials together. This, however,
requires the glass surfaces to be flat, smooth, and free of debris. Figure 3 shows two glass plates in
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local contact. Optical fringes (so-called Newtonian rings) visible on this photo indicate a small gap
between the two materials, whereas, in the areas where no optical fringes can be seen, the two glass
plates can be assumed to be in optical contact.

No contact

Optical contact
(no gap)

Figure 3. Two glass plates in local contact.

The laser-machined glass plates were contaminated with small amounts of dust and glass particles
that would prevent optical contact being achieved. Therefore, it was necessary to clean the plates prior
to laser welding to ensure optical contact between the two materials. The cleaning was performed
with the use of an ultrasonic bath. The glass plates were individually inserted into a beaker filled with
methanol, and the beaker was placed into a water-filled tank of an ultrasonic bath, that was operated
at room temperature for ~10 min. After the ultrasonic bath treatment, the samples were dried using a
jet of ionized nitrogen. This last cleaning step was performed under an air hood that protected the
samples from dust. The cover glass plates were cleaned in the same way.

Recently, more effective cleaning of the laser-machined samples was achieved using hydrofluoric
(HF) acid. In this method, the glass plates are placed into a beaker filled with a 5% HF solution, and are
kept in this solution at room temperature for a couple of minutes. This removes any debris resulting
from the laser machining process, even glass particles that fused to the glass surface.

Following the cleaning process, the glass cover and the laser-machined glass plate are placed
into contact, and a force is applied to bring them into optical contact. Such prepared samples are
transferred to the holder, while the holder is fixed to XY nano-positioning stages (Aerotech ANT95-XY,
Aerotech, Inc., Pittsburgh, PA, USA), as shown in Figure 2b. The laser spot used for microwelding
had a diameter of ~3 pum in air. Such a small spot was obtained by focusing the laser beam through
a 10-mm-focal-length aspheric lens. Since the laser beam was stationary, the glass samples had to
move during the welding process. This was achieved by means of the XY nano-positioning stages
which moved the glass plates through the fixed focus of the laser. The incident laser radiation was
focused ~80 um below the glass—glass interface in order to generate a weld seam across the interface.
The procedure for the generation of welds in a specific location inside a transparent material was
described in Reference [41].

2.5. Testing of the Laser-Manufactured Microfluidic Devices

The laser-manufactured microfluidic devices were tested using the set-up shown in Figure 4.
The aim of this test was to determine whether the welds are capable of limiting the flow of fluids to the
enclosed microfluidic patterns.

Initially, the microfluidic channels were filled with air. In the test, deionized (DI) water was
injected into a microfluidic device through one of the inlet ports. After filling, the device was inspected
for any water leakage. Following the visual inspection of the device, nitrogen was injected in order to
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remove the water. The maximum injection pressure was 1.5 bar. During these experiments, the flow of
fluids was recorded using a digital camera (Canon IXUS 60, Canon, Inc., Tokyo, Japan).

Pressure

gauge Digital
Camera
Microfluidic

device

]
Sample holder

Figure 4. Set-up used for testing the laser-manufactured microfluidic devices.

Nitrogen
Pmax = 1.5bar

3. Results and Discussion

3.1. Calibration of the Laser Micro-Machining Process

Figure 5a shows that the picosecond laser (Trumpf TruMicro 5x 50) can machine grooves (channels)
with a roughly Gaussian cross-section. A peak laser fluence >10 J/cm? (ablation threshold) is required,
together with a PRF < 400 kHz, and a pulse overlap in the range of 85-95%. If the overlap is too small,
the result is partial machining and the generation of damage on the back surface of glass, whereas,
if the overlap and PRF are too high, the resultant heat accumulated in the material can be sufficient to
cause cracking.

The laser-generated channels were measured and characterized using a 3D surface profilometer
(Alicona InfiniteFocus®, Alicona Ltd., Raaba, Austria). This instrument can measure many surface
parameters, including depth, width, and surface roughness, with a vertical resolution down to 10 nm.
Figure 5a shows a groove that was generated at a peak laser fluence (F) of 19.9 J/cm?. The PRF value
and laser beam scan velocity (v) were 20 kHz and 40 mm/s, respectively. At these laser parameters,
the distance between the centers of subsequent laser pulses (Ax) was 2 um, corresponding to a 90.4%
pulse overlap (calculated as O = ((2 wy — Ax)/2 wy) x 100%, where 2 wy is the laser beam diameter).

Channels with different depths can be generated by altering peak fluence and the number of laser
passes, while maintaining the same velocity and PRE. As can be seen in Figure 5b, the laser-generated
channels can have a minimum depth of 6 um and a minimum width of 10 um, as measured at FWHM.
Surface roughness (Ra) along the bottom of the channels was measured to be approximately 1 pm.
This value was calculated for a 0.2-mm length.
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Figure 5. (a) 13.5-um deep and 14-um wide groove (channel) generated by the picosecond laser using
a 21-um-diameter spot; (b) Depth and (c) width (measured at full width at half maximum (FWHM))
of the channels generated with a pulse repetition frequency (PRF) of 20 kHz and a laser beam scan
velocity (v) of 40 mm/s. Channels were measured using a three-dimensional (3D) surface profilometer
(Alicona InfiniteFocus®).

Larger areas (including channels wider than 14 pm) can also be generated by the picosecond
laser, typically by raster scanning the beam. The depth can be controlled by selecting an appropriate
combination of laser fluence (F), pulse overlap (O), and hatch distance (i.e., a distance between the
scanning lines). Figure 6a shows a 1 mm x 1 mm area that was generated using F = 11.3 pJ/cm?,
O =92.8% (PRF = 100 kHz and v = 150 mm/s), and hatch = 1.8 um. The depth of this area is 73 um,
and the surface roughness (Sa) is 2.2 pm (as calculated for the central 0.8 mm x 0.8 mm region).

As can be seen in Figure 6b, the depth of the laser-machined areas is well controlled. If areas
deeper than 160 pum are required, then the laser scan must be repeated. Using this approach, it is
possible to generate very deep micro-wells, reservoirs, or even through holes (that can be used as
inlet/outlet ports in glass covers for microfluidic devices). The surface roughness of the micro-wells
and reservoirs was measured to be between 1.6 and 2.2 um, as shown in Figure 6¢. Finally, as can be
noted from the example shown in Figure 6a, the laser-machined areas have inclined walls. The slope
angle of these walls (x) was measured to be ~82°, which limits the aspect ratio of the laser-generated
areas to 7 (calculated as tan(c)).
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Figure 6. (a) Example of a 1 mm x 1 mm area generated by a moving 21-um-diameter laser spot;
(b) Ablation depth and (c) average surface roughness (Sa) of the 1 mm x 1 mm areas generated using a
different combination of laser fluence and hatch distance. The laser machining was performed with PRF
=100 kHz and a scan velocity of 150 mm/s. Surfaces were measured using a 3D surface profilometer

(Alicona InfinityFocus®).

3.2. Calibration of the Laser Microwelding Process

The laser microwelding system enables the generation of weld seams at the interface of two
glass plates, as demonstrated in References [41,42]. Previously, however, the welds were generated
in relatively small areas (typically less than 5 mm x 5 mm). The challenge in this project was to
generate welds along the glass—glass interface over a large area (75 mm x 25 mm). To ensure accurate
positioning of weld seams during the laser microwelding process, it was necessary to take into account
any tilt of the glass plates located in the holder. This was performed by recording the height position of
the top glass plate at three different (X,Y) locations at which Fresnel reflection could be observed (see
Reference [41] for more details). In this way, it was possible to compensate for the tilt and maintain the
laser focus always at the same level (approximately 80 um) below the glass—glass interface.

Figure 7a shows a photograph that was taken during the laser microwelding of two 1.1-mm-thick
Borofloat®33 glass plates. The glass plates are blank, i.e., they do not contain any laser-generated
patterns. The glowing lines seen in Figure 7a contain weld seams that were generated at the interface
of the two glass plates. The cross-section of two weld seams is shown in Figure 7b, showing that
they are teardrop shaped, and are 75 pm wide and 120 um long. The welds were generated using an
average laser power (P) of 2 W, moving the glass plates with a velocity of 2 mm/s. At this velocity,
the pulse overlap was very high (nearly 99.98%).
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Glass plate #1

Glass plate #2

(b)

Figure 7. (a) Photograph taken during the laser welding of two 1.1-mm-thick glass plates;
(b) cross-section of the weld seams generated at P =2 W and v =2 mm/s.

The generation of weld seams occurs via multi-photon absorption and subsequent plasma
generation inside the glass plates, as described in Reference [41]. By focusing the laser beam below
the glass—glass interface, this plasma is generated in the top part of the lower glass (glass plate
#2). This plasma expands and locally melts a small volume of surrounding glass that crosses into
the bottom part of the cover glass (glass plate #1), and, when this solidifies on cooling, it forms a
weld. Our previous work [42] showed that gaps smaller than 3 pm can be closed during the laser
welding process.

3.3. Manufacturing of Microfluidic Devices

Figure 8 shows a glass microfluidic device that was manufactured using the process described
above. It contains a grid of microchannels that are 36 pm deep and 14 um wide (FWHM). The distance
between the microchannels is only 50 pm. The device also contains two 5-mm-long feed channels (also
36 pm deep and 14 um wide) and two square inlet/outlet ports (1.5 mm x 1.5 mm).

FWHM = 14+2pm
Total width = 22+2pym
Depth = 36+4pm

(b) (CY

Figure 8. Example of laser-manufactured microfluidic device: (a) design; (b) 3D surface profile of its
internal structure; (c,d) microfluidic device before and after laser microwelding, respectively.
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The total time required for the generation of the microfluidic pattern and for the drilling of the
inlet/outlet ports was approximately 15 min. Laser machining was carried out using three passes
of the laser beam with PRF = 100 kHz and v = 150 mm/s. In this case, the laser fluence used had a
constant value (F = 26.4 J/cm?) since a single depth was required. In order to drill two inlet/outlet
ports (through holes), a total of nine passes were used. To maintain the laser beam focus during the
drilling process, the sample was moved by a 0.1-mm distance toward the galvo-scanner after each
laser scan.

The laser-machined glass samples were cleaned in a bath containing 5% HF solution for two
minutes in order to remove debris and redeposited material, as can be seen in Figure 9.

Figure 9. Optical microscope image of the laser-generated structure: (a) before and (b) after the cleaning
in 5% hydrogen fluoride (HF) solution. The glass sample was etched for 2 min.

Figure 8c,d show the same microfluidic device before and after the laser microwelding process.
Optical fringes visible in Figure 8c indicate a large gap between the two glass plates. Two adjacent
bright or dark fringes represents a change in the gap length by A/2.

Laser microwelding was started at the location where the gap was the smallest, i.e., near the
inlet/outlet port on the right-hand side. In this way, it was possible to generate a plasma and initiate the
process. Weld seams were generated around the microfluidic pattern, using the same laser parameters
as those provided in Section 3.2. To ensure that the microfluidic device was properly sealed, weld seams
were generated along several lines (separated by a 0.5-mm distance from each other) on all sides of the
pattern. The location of the welds is shown in Figure 8a—see white dashes. This strategy allowed all
existing gaps to be closed during the microwelding process, as can be seen in Figure 8d.

3.4. Fluid Flow Test

The microfluidic channels were filled with DI water during its injection. Water did not leak from
the devices, demonstrating that the laser-generated welds provided good sealing. To subsequently
displace the water, nitrogen was injected into the devices under different pressures (up to 1.5 bar).
These pressures did not cause physical damage to the devices. During the gas injection, nitrogen
created preferential paths (so called “fingers”) to escape the device through the outlet port, as can be
seen in Figure 10a. This phenomenon is called “viscous fingering” and can be observed in porous media
(e.g., hydrocarbon-bearing rocks) when a less viscous fluid displaces a more viscous fluid [11,16,44].

Not all water could be removed from the microfluidic devices following the nitrogen injection.
In some places, water was trapped in the microstructure, as shown in Figure 10b. This photo was taken
following the fluid flow test when the inlet and outlet pressures were equal to the ambient pressure.
The image shows a good contrast between water and air.
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(a) (b)

Figure 10. (a) Photograph taken during the testing of a laser-manufactured microfluidic device;
(b) zoomed image of the microstructure partially filled in with water. This image was obtained using a
Leica optical microscope.

During the water injection at a pressure of ~1.5 bar, when the microfluidic device still contained
air, it was observed that the pressure inside the device caused a little deformation of the glass plates,
giving rise to a couple of optical fringes as a result of gap formation within the laser-machined area.
Although the gap was very small (approximately 1 um) and did not have any visible impact on the
behavior of the flow of fluids, the authors consider this may be a problem in particular at high injection
pressures, where injected fluids may start bypassing the microchannels by flowing through the gaps.
One of the solutions to overcome this problem would be to use thicker (hence, stiffer) glass substrates
for manufacturing the microfluidic devices. Another solution would be to place the microfluidic
device inside a hermetic vessel and apply an external pressure onto the microfluidic device in order to
compensate for the internal pressure. This solution requires a special vessel with a transparent window
to provide optical access to the microfluidic device; however, it is feasible, as already shown in several
publications [12,16-19]. Alternatively, it is of course possible to create additional weld regions in the
interstices between microchannels, at the expense of increasing the manufacturing time.

4. Conclusions

This paper describes a laser-based process suitable for the rapid manufacturing of glass
microfluidic devices. Using this process, it is possible to generate almost arbitrary enclosed microfluidic
structures. The lateral resolution of the patterns, however, is limited to the laser spot size used for
micromachining. The fluid flow tests performed for the microfluidic devices proved that a good sealing
of the laser-generated microstructures can be obtained using the picosecond laser microwelding process.
Weld seams generated by the laser not only eliminate any existing gaps between two glass plates,
bringing the materials into close contact, but they also confine the flow of fluids to the designated
areas. Hence, the laser microwelding process seems to be an attractive alternative to processes such as
anodic bonding and thermal bonding.

Continuing work will focus on the investigation of the flow of different fluids through a range of
pore network patterns generated by the laser. Currently, we are building a workstation dedicated to
such experiments. The workstation will be equipped with a high-resolution camera with a high-zoom
objective lens in order to observe the flow of fluids in microchannels, while fluids will be injected to
the microfluidic devices at controlled flow rates using syringe pumps. In this way, it will be possible
to investigate various fluid transport processes and to determine conditions at which injected fluids
follow the microfluidic patterns, as well as identifying the limit beyond which fluids start flowing
through small gaps between the glass plates, bypassing the microchannels.

Finally, it should be highlighted that the laser microwelding process has some limitations. One of
the limitations is the lateral dimension of weld seams that determines the minimum size of the areas
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suitable for welding. In our case, two parallel microchannels cannot be isolated from each other
by producing weld seams between them if the clearance between the microchannels is less than
100 um. Weld seams of smaller dimensions, however, should be possible to generate using a different
combination of laser welding parameters, i.e., using a different scan speed, pulse energy, repetition
rate, and pulse duration. Unfortunately, the last two parameters cannot be changed in our laser system.
In addition, equipping the laser microwelding system with a visualization system would simplify
the necessary precise positioning of the welding samples. Using such a system, weld seams could be
readily generated in specific locations, even in small areas between individual microchannels. Another
limitation of our laser microwelding system is a welding speed (currently 2 mm/s). Higher welding
speeds, however, can be achieved using ultrafast lasers operating at higher PRFs. For instance, using a
laser with a PRF of 2 MHz, it should be possible to increase the welding speed to 10 mm/s, reducing
the total welding time of microfluidic devices by a factor of five.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2072-666X/9/8/409/s1,
Table S1: Generation of narrow grooves on Borofloat®33 glass using PRF = 20 kHz. This dataset was used to plot
graphs in Figure 5. Table S2: Generation of narrow grooves on Borofloat®33 glass using PRF = 10 kHz. Data not
presented in the article. Table S3: Generation of 1 mm x 1 mm areas on Borofloat®33 glass. This dataset was used
to plot graphs in Figure 6.
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Abstract: The spray pyrolysis technique has been extensively used to synthesize materials for a wide
variety of applications such as micro and sub-micrometer dimension MOSFET s for integrated circuits
technology, light emitting devices for displays, and solid-state lighting, planar waveguides and other
multilayer structure devices for photonics. This technique is an atmospheric pressure chemical
synthesis of materials, in which a precursor solution of chemical compounds in the proper solvent
is sprayed and converted into powders or films through a pyrolysis process. The most common
ways to generate the aerosol for the spraying process are by pneumatic and ultrasonic systems.
The synthesis parameters are usually optimized for the materials optical, structural, electric and
mechanical characteristics required. There are several reviews of the research efforts in which spray
pyrolysis and the processes involved have been described in detail. This review is intended to focus
on research work developed with this technique in relation to high-K dielectric and luminescent
materials in the form of coatings and powders as well as multiple layered structures.

Keywords: spray pyrolysis technique; dielectric materials; luminescent materials

1. Introduction

The spray pyrolysis technique is a low-cost, non-vacuum required, way to synthesize materials in
the form of powders and films. In the case of films, they are usually deposited over a wide variety of
substrates that can be easily adapted for large area deposition and industrial production processes [1-7].
A large amount of the work reported using this technique is concerned with semiconductors, metal
and transparent conductive oxides (TCO’s) related to their electrical conductivity characteristics.
In particular, in the case of TCO’s and their relevance for photovoltaic applications, a considerable
amount of effort was set to optimize their optical transparency in the visible and electrical conductivity
characteristics. This was the case for indium-tin oxides (ITO), indium-Zinc Oxide (IZO), fluorinated-tin
oxide (FTO) and many others [1,3]. It was until a few decades ago that different metal oxide
and compounds, mixed or in a multiple layer form, incorporating a large variety of dopants were
synthesized by this technique for other application purposes [8-10]. Thus, coatings were developed to
modify the optical absorption/transmittance, and emissivity of flat glass for the automotive, as well as
construction industries. Furthermore, they were also developed for multiple layered structures, such as
planar waveguides and resonant optical cavities for photonics [11-13], as well as semiconducting and
metal oxide layers. These were doped with a variety of atomic and molecular centers, synthesized by
this technique, for the development of light emission devices [14,15]. The dielectric characteristics of
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many metal oxides were also evaluated for high dielectric constant coatings for dielectric gate layers
that might find applications in MOSFET technology, as well [16-20].

This technique is an atmospheric pressure chemical synthesis of materials, in which a precursor
solution of chemical compounds in the proper solvent is sprayed through a furnace. In the case of
powders, or on a hot substrate in the case of films, where a pyrolysis reaction is achieved, metal oxides
is the preferred compound to be obtained by this technique. Nonetheless, metal and semiconductor
materials have also been synthesized by a proper deposition ambient and carrier gas choice [1,15].
In this paper, a revision of the work involving the spray pyrolysis technique (published in the later
period of time) will be presented. This focuses on the high-K dielectric and luminescent properties
of coatings and powders as well as multiple layered structures. This review will begin with a brief
general description of the basic physical and chemical principles utilized by this technique, and the
different experimental arrangements and deposition regimes that are involved in this process. The
main characteristics of high-K dielectric materials deposited on different type of substrates will then
be discussed, as well as the luminescent characteristics of both powders and coatings of materials
obtained by the incorporation of dopants in a suitable matrix.

2. Spray Pyrolysis as Materials Synthesis Technique

The spray pyrolysis technique involves three major process stages: Precursor solution composition,
aerosol generation and transport, and synthesis process. Every one of these stages is tuned according
to of the final chemical and physical characteristics of the material targeted; these adjustments and the
choice of materials/processes at each stage will affect the rest of the stages, to some extent. Thus, at the
first stage, the chemical composition of the precursor solution will have to involve a compound(s)
that will render after the pyrolysis stage the chemical composition required. The selection of the
solvent will limit the maximum concentration of the precursor compound in the solution and will
determine the best choice for the aerosol generation/transport process and the temperature and rate
of synthesis. At the second stage, the aerosol droplet size distribution, determined by the aerosol
generation mechanism, will set the morphological characteristics of the final material produced, as well
as the proper range of synthesis temperatures. The carrier gas nature and flux rate will propitiate
or reduce the probability of a reactive interaction with the precursor compound. At the last stage,
the decision whether the final chemical reaction takes place on a gas phase or on a hot substrate will
determine if the material synthesized is a powder or a film coating. In general, given an experimental
setup, the synthesis parameters that are more relevant are the concentration molarity of the precursor
solution, the carrier gas flux rate, and the synthesis temperature.

The solvent in the precursor solution is chosen attending to the solubility of the precursor
compound and on its physical properties such as density and viscosity as well as on the final byproducts
that will generate and how neutral for their disposal they will be. The preferred choice is water or
a mixture of water and an alcohol, which will dissolve many inorganic salts (such as chlorides,
some nitrites and fluorides). Organic salts will require organic solvents that, when properly selected,
could render excellent precursor solutions, especially for thin films deposition processes [4].

The aerosol generation mechanism could be as simple as a pneumatic system or a more complex
but more tunable ultrasonic system. Figure 1 illustrates both systems. In the most common setup for a
pneumatic system (Figure 1a), a Venturi nozzle is used in which the precursor solution is fed through
a fine (capillary like) inlet into a pressurized carrier gas jet flow. An equation to estimate the average
drop diameter has been developed for this type of nozzle [21]:

GZ 2 2,)/ 0.45
1 +0.011(Eg> {pUZD )

d = 0.64D

where; G; and G represent the mass flow rate of liquid and gas, respectively, 7 the liquid surface
tension, p the density of the gas, D the diameter of the spraying solution inlet orifice, and v the velocity
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of gas. The actual experimental distribution of the droplet diameter size distribution generated by
pneumatic means [3] is shown in Figure 1b, for the number of drops and for the total mass carried by
the drops, in both cases a broad distribution is observed. Figure 1c shows a diagram of an ultrasonic
system [5], in which the aerosol is generated by the ultrasonic waves produced with a piezoelectric
disc in contact with the precursor solution. The standing waves generated at/near the surface of the
liquid solution result in a generation of droplets in a combination of surface waves (capillary waves)
and cavitation phenomena. The first mechanism dominates at low frequencies (20-100 kHz) and the
later at frequencies above 100 kHz (0.1-5 MHz). An expression that estimates well the diameter of the
droplets was derived [22] as follows:

1/3
D= (%) +0.0013(We)" %% (OR) /" (1y) 0% )
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In these expressions; f is the ultrasonic wave frequency, A, is the amplitude, ¢ is the surface
tension, p is the liquid density, p is the viscosity and Q is the volumetric flow rate of the liquid and v; is
the speed of sound. Figure 1d shows the experimental distribution for the number of drops and for the
total mass carried by the drops generated by ultrasound waves at three different frequencies: 0.7, 0.115,
and 3 MHz. The narrow distribution of drops, as well as the control on the average size, is considered
the main advantages of the ultrasonic aerosol generation systems. Once the aerosol mist is generated,
it has to be transported to the material synthesis area, since in most cases the droplets in the aerosol
are below 20 um in diameter, they can be carried with a gas flow set to minimize coalescence of the
drops throughout the transport process, and also to render a desired synthesis rate. Since the carrier
gas will be closely present during the synthesis process, whether it is chosen to be an inert or a reactive
gas becomes relevant. Thus, if the carrier gas is air, the synthesis is limited to compounds that are as
stable like or even better than oxides. In the case of metals, the carrier gas has to be an inert gas which
in some cases is combined with a reduction gas (N, and Hy, as in the case of forming gas) [1].

At the reactive zone, several parameters are determinant as to what type of material synthesis
process occurs, such as temperature, droplet size and their speed. The reactive zone is, in the case of
film deposition, the space near the surface of the hot substrate (a few millimeters above the surface
of the substrate), or the furnace heated chamber, in the case of powder synthesis. Figure 2 shows a
diagram of the different stages at which the droplet is subjected as it approaches the hot substrate for
two cases a fixed droplet size and speed, different (increasing from A to D, Figure 2a) temperature
of the substrate and fixed substrate temperature and speed of different droplet sizes (decreasing
droplet size from A to D, Figure 2b) [23,24]. At low temperature (large initial droplet size), the solvent
within the droplet is not completely vaporized and the liquid droplet hits the substrate and upon
contact with it vaporizes leaving a ring-shaped dry precipitate on the substrate (process A). At low
or intermediate temperature values (large or medium droplet size) the solvent is vaporized, and a
dry precipitate (an amorphous precursor salt) hits the substrate surface where a pyrolysis reaction
takes place (process B). At intermediate or high temperatures (medium or small droplet size) the
droplet goes through all previously described stages. Near the substrate surface the dry precipitates
are vaporized, propitiating a chemical vapor reaction (CVD) on the surface of the substrate (process
C). Finally, for high temperature (small droplet sizes) the vaporized precipitates undergo a chemical
reaction in the vapor phase before they reach the substrate surface (process D). In the case powder
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synthesis, similar processes occur—but for this case, the parameter that controls the occurrence of the

different synthesis stages is the time of flight (time of residence) of the droplet inside the hot zone of
the furnace [5].
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Figure 1. The most common aerosol generation systems, pneumatic and ultrasonic, and the droplet
distribution by diameter size or by the amount of solution delivered: (a) Shows the pneumatic setup,

and (b) the corresponding droplet distribution. (c) Shows the ultrasonic system, and (d) the droplet
distribution for this system.
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Figure 2. Diagram of the different process stages for the aerosol droplet evolution as it approaches

the hot substrate for two cases: (a) Constant initial droplet size and increasing substrate temperature,
and (b) constant substrate temperature and decreasing initial droplet size.
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3. High-K Dielectric Films

Results associated to the fabrication and characterization of high-K dielectrics obtained by
ultrasonic spray pyrolysis (USP) is shown in this section. The synthesis of high-K dielectric thin films by
USP is considered of great importance because, as can be inferred from the last section, the technique is
neither expensive nor difficult to be developed in any fair laboratory [2]. Several high-K dielectrics have
been attempted, including aluminum oxide thin films, zirconium oxide, and yttrium oxide [16-20].
The main goal of researching high-K dielectrics is the preparation of metal oxides that might be of
interest for the scaling and gate capacitance of some devices in the future. Literature has shown
clearly the need to develop high-K dielectric materials [25,26] for electronic microdevices in the silicon
based Complementary Metal Oxide Semiconductor (CMOS) technology. This is the case of Field
Effect Transistors (FETs), one of the most important devices, because of its low power consumption
and performance. However, the need of down scaling has been a very dramatic issue. Furthermore,
the materials involved for these applications show a dramatic constraint in the dielectric layers that
play an important role in the FETs. In them, the thickness of the SiO; layer needed for the gate dielectric
is under 1.4 nm; so thin that the gate leakage current by direct tunneling of electrons through the SiO,
film becomes too high. This, and other drawbacks, have resulted in a search for better suited dielectric
materials than that of SiO,. Since the tunneling current across a dielectric film decreases exponentially

with increasing thickness (3 o exp <—2 ZZ—;‘PZ> , where ¢ is the barrier height for tunneling), a thicker

layer of a higher dielectric constant material than SiOj is a possible solution. In a FET, the source-drain
current depends on the gate capacitance: C = ke(} A, where ¢ is the permittivity of free space, k is the
relative permittivity, A is the area and t is the oxide thickness. So, to solve the problem of leakage
current due to tunneling, it is required to replace SiO, with a physically thicker layer of a higher
dielectric constant material. This would preserve the capacitance value with a reduced tunneling
current. With this purpose in mind, the “equivalent oxide thickness”, (EOT), defined as t,x = (%) thik,
where the 3.9 value is the dielectric constant of SiO,, has been used as a figure of merit for high-K
dielectrics to be used instead SiO,. The requirements for choosing a new high K dielectric are the
following: (i) Its K value must be high enough. (ii) The oxide should be thermodynamically stable
when in contact with the Si channel. (iii) It must act as an insulator (large barrier with Si for both holes
and electrons), and (iv) It should have a good electrical interface with Si. The static dielectric constant
of high-K oxides is already known. Some oxides with its dielectric constant are listed in Table 1 [25,26].

Table 1. Static dielectric constant of a few gate dielectrics.

Oxide K
SiO, 3.9
SizNy 7

ALO; 9
Ta205 22
TiO, 80
ZrO, 25
HfO, 25
HfSiO, 11
La203 30
Y203 15
a-LaAlO3 30

3.1. High-K Dielectrics Materials

Some common high-K metal oxides that might provide thicker dielectric layers with reduced
leakage (preserving the SiO, equivalent capacitance values) are Ta;Os, SrTiO3, Al,O3 (among others).
These metal oxides” dielectric constants range from ~10 to 80, and have been employed mainly
in memory capacitor applications. Among the few high-K materials above mentioned, Al,O5 is
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thermodynamically more stable when in contact with Si [26]. Before listing the synthesis and properties
of aluminum oxide and other dielectrics prepared by the USP technique, it is important to realize the
role of reagents and solvents involved in their synthesis.

3.2. The Role of the Reagents and Solvents in the USP Synthesis of High-K Dielectric Layers

The role of the reagents and solvents play a dramatic factor for achieving specific properties of
films and coatings deposited by the USP technique [2]. Thus, it is important to revise the deposition
process pathways, in particular, at the reactive stage (Figure 2). In the aerosol processing of materials,
reactions are initiated by thermal energy. A wide number of metal-organic compounds have been
used as precursors to a number of materials, via thermally induced aerosol processing. Among others,
f-diketonates, carboxylates, alkoxides, and amides are frequently used. Metal 3-diketonates and
amides are often used as sources of metal-containing materials and frequently require reaction with an
added reagent. Some metal alkoxides, 3-diketonates, and amides sublimate, thus, these species are
ideal and have been used for CVD like, or aerosol assisted CVD (process C in Figure 2) deposition
process, that renders excellent quality layers. Metal 3-diketonates have been utilized for the deposition
of a large variety of materials, such as metals, metal oxides, and metal sulfides. The suggested reaction
in the presence of water that produces metal oxides (MO) is as follows:

M(p — diketonate), + H,O — MO + 2H( — diketonate) (6)

Organometallic compounds have been used extensively in the gas-phase synthesis of materials,
particularly CVD and gas-to-particle conversion, because these compounds are often sufficiently
volatile. In addition to the appropriate choice of an appropriate source of the metal, the selection
of an appropriate solvent is also important. Three basic requirements should be accomplished by a
solvent for its suitability in the case of ultrasonic generation of an aerosol. Firstly, the solubility of
the acetylacetonates or the organometallic compounds used. The second requirement is, because of
the requirement that the aerosol droplets should arrive near the substrate surface preferably in liquid
state, that the solvent used should have a relatively high boiling point. The third requirement is that
the solvent should also possess a low grade of viscosity to enable proper ultrasonic excitation and
aerosol generation [11]. Atomization of acetylacetonates (dissolved in organic solvents) by ultrasonic
excitation has been used by G. Blandenet et al. to deposit films of Al;O3, Y,03, ZrO, and other coatings
on glass and stainless steel [3].

The physical properties of a few solvents used during the deposition of some high-K dielectric
coatings in this work and in for other authors are listed in Table 2. In this review, it is highlighted the
use of Dimethylformamide and a few alcohols [11].

Table 2. Physical properties of a few solvents used during the deposition of some high-K dielectrics.

Boilin Viscosity at Room Densi .
Solvent Point (ogc) Temperatt};re (mPas) ( g/cmg] Chemical Formula
Dimethylformamide 153.0 0.80 0.95 C3;H;NO
Methanol (Methyl Alcohol) 65.0 0.52 0.79 CH;0H
Ethanol (Ethyl Alcohol) 78.5 1.19 0.78 CH;3;CH,0OH
Propanol (n-Propyl Alcohol) 97.4 2.25 0.80 CHj3(CH,;),OH
Butanol (n-Butyl Alcohol) 117.0 2.95 0.80 CH3(CH;),CH,OH

3.3. Synthesis of Al;O3 Thin Films by USP Technique

Aluminum oxide thin films (Al,O3) have good thermal conductivity, low permeability to
alkali ions, excellent hardness, high radiation resistance, high refractive index, high transparency,
resistant against hostile environments and high dielectric constant [9,20,27-29]. This latter property is
highly important to possibly replacement of SiO; as a H-K dielectric for the microelectronic devices
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applications. The fabrication of aluminum oxide thin films using the USP technique has been reported,
at least, since the 1980s. G. Blandenet et al. deposited Al,O3 coatings on glass by ultrasonic spraying
using aluminum isopropoxide, as source of aluminum, and butanol as solvent [3]. A lot of work
has been carried out since then to get this type of films with improved characteristics. Actually,
the research in these films continues up to date, using the same technique and/or a related spray
pyrolysis technique. It is worth to mention the recent work of B.P. Dhonge et al. [30]; or the work
of A.B. Khatibani et al., who also obtained alumina thin films by spray pyrolysis [31]. In particular,
excellent quality aluminum oxide thin films have been deposited using aluminum acetylacetonate,
dissolved in N,N-dimethylformamide as spraying solution [9,19,20]. These work shows the versatility
of USP technique and how the experimental conditions of synthesis can be optimized to get the films
with the required optical, structural and dielectric properties. A few highlights of these results are
described below.

3.4. Experimental Details

The most appropriate reagent and solvent were found to be: Aluminum acetylacetonate (Al(acac)3)
as source of aluminum, and N,N-dimethylformamide (DMF) as solvent. Several solutions of Al(acac)s
in DMF were prepared. The solutions prepared consisted in dissolving 1, 3, 5, 7, 10 and 12 g of
Al(acac)s in 100 mL of DMF. The versatility of the spray pyrolysis process permits the generation
of aerosol streams with different reagents and/or additives that can be supplied simultaneously
during the synthesis of a thin film (for example, binary oxides of some semiconductors; such as
CuCrO, have been deposited within this approach [32]). In the present case, a parallel aerosol stream
of water mist to the aerosol of the Al(acac); in DMF solution was supplied during the synthesis
of the Al,O3 thin films. The motivation to use a water aerosol was realized by the report of J.S.
Kim et al. [33], who used the addition of a water mist for fabricating thin films by the CVD method.
The Al,Oj films were deposited on n-type silicon wafers of low and high resistivity (0.1 and 200 Q-cm,
respectively), and on quartz slides for the optical absorption measurements. The deposition of the
films was achieved at different substrate temperatures: 450, 500, 550, 600 and 650 °C. The high
deposition rate of the films led to get the film thicknesses, within a few seconds or minutes, in the
range of 90-130 nm. MOS (Metal-Oxide-Semiconductor) structures were fabricated with these films by
thermally evaporating aluminum contacts (1.1 x 1072 cm?) on top of the aluminum oxide thin film
deposited on the silicon substrates [9,19,20]. The films resulted transparent in the whole visible range of
the electromagnetic spectrum. The optical band gap of these films (about 5.63 eV) compared favorably
to the best quality films obtained by other techniques. The films were found to be mainly amorphous
in all cases. The films deposited with water mist showed a higher index of refraction, in contrast to the
films deposited without water mist. These results might indicate that the films deposited by water mist
show a higher specific density and were confirmed by the electrical response of the films, since the
MOS structures fabricated with this type of films showed the best dielectric characteristics. The role
of water during deposition process was perhaps to collect and remove the residual carbon from
the acetylacetonate decomposition, reducing in this way the total amount of carbon and impurities
that might remain in the oxide film [9,19,20]. 1 MHz and quasi-static capacitance versus voltage
characteristic of the MOS structures were used to determine the density of interface states that was
found in the range of 10M eV~!.cm~2. This density of interface states compared favorably to other
dielectric layer used in many microelectronic applications. The current density measured by the ramp
I-V characteristic curves in these MOS structures, at electric fields below 2 MV /cm, was in the range of
the displacement current generated by the voltage ramp applied to the MOS structure 10~ Amp/cm?.
At electric fields higher than 2 MV /cm a real current injection across the aluminum oxide (produced
by Fowler-Nordheim tunneling) increases up to 107® Amp/cm? at approximately 5 MV /cm without
any destructive breakdown of the films [9,20]. In addition, aluminum oxide thin films as thin as 30 nm
were deposited by means of a pulsed spraying setup with excellent properties [19]. This last feature
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showed that the ultrasonic spraying is also capable of depositing extremely thin films of aluminum
oxide preserving its excellent dielectric properties.

3.5. Y,03 and ZrO, Films

Other dielectrics have also been considered. In particular, yttrium, zirconium and silicon oxides
(Y203, ZrO; and SiO,) deposited by spray pyrolysis. Even though SiO, is not a high-K dielectric,
this type of film has been obtained successfully using the spray pyrolysis technique [18]. Other high-K
dielectrics, such as yttrium oxide thin films, have been deposited on silicon substrates using yttrium
acetylacetonate as source of yttrium, and N,N-dimethylformamide as solvent. For this system,
a solution of H,O-NH4OH was sprayed in parallel during the deposition process to improve the
optical, structural and electrical properties of the deposited films. In this case, the films were deposited
at temperatures in the range from 400 to 550 °C. The effective index of refraction measured in the
films was about 1.86, and an average deposition rate ~0.1 nm/s. A highly textured surface of the
films was obtained to (400) orientation. The growth of a SiO; layer sandwiched between the yttrium
oxide and the Si substrate was also noticed and it seemed to improve a lower interface state density,
in the range of 10'% eV~!.cm~2. An effective dielectric constant up to 13, as well as a dielectric strength
in the range of 0.2 MV/cm was obtained in a 100 nm thick film incorporated in a MOS structure.
For this system, it seemed that the polycrystalline nature of these films results in a deterioration of
the dielectric properties by reducing the threshold voltage needed for conduction current across the
films [16,34]. Another high-K dielectric that has been studied is zirconium oxide (ZrO,). ZrO, thin
films were also deposited on silicon substrates by spray pyrolysis, in the temperature range from 400 to
600 °C. The use of zirconium acetylacetonate as source of zirconium and N,N-dimethylformamide was
also used in this case. The films resulted with an index of refraction in the range of 2.12. The dielectric
constant was about 12.5-17.5. In the best case, the films could stand an electric field up to 3 MV/cm,
without presenting evidences a dielectric breakdown. Transmission electron microscopy measurements
indicated that the films of ZrO, were constituted by nano-crystals embedded in an amorphous
matrix [16].

In summary, high quality aluminum, yttrium and zirconium oxide thin films have been deposited
by spray pyrolysis using acetylacetonates dissolved in N,N-dimethylformamide. In the case of
aluminum oxide, they were obtained with excellent homogeneity to thicknesses down to 30 nm.
The addition of a parallel stream of water mist into the spraying solution aerosol during the deposition
process resulted in a dramatic effect over the refractive index and on the dielectric characteristics
of the deposited aluminum oxide films. The density of states in the range of 10! eV~1.cm~2 and a
destructive electric breakdown field larger than 5 MV /cm, were obtained on MOS structures fabricated
with these films. Yttrium and Zirconium oxide thin films showed a higher dielectric constant than
those of aluminum oxide, but lower dielectric strength, likely due to the polycrystalline nature of
the films.

4. Luminescent Materials

Luminescent materials, in the form of powders (phosphors) and films, have been extensively
studied in recent decades [35,36] because their great importance for a wide variety of
applications such as: Lighting, image displays, signaling, lasers, medical applications, etc. [37,38].
They have been synthesized through a variety of physical and chemical techniques, including:
Hidrothermal/Solvothermal [39—-41], solid-state reaction [42], sol-gel [43,44], laser ablation [45,46],
sputtering [47], Pechini Method [48], plasma electrolitic oxidation [49], conventional melt-quenching
method [50,51], combustion synthesis [52], solvent evaporation method [53-55], and co-precipitation
process [56]. Among these techniques, spray pyrolysis began to be used for this purpose in the
mid-1980s, and it is still used today [57,58]—proving to be a practical, low cost, easy to extrapolate for
large area deposition technique. In this review, an account is made on diverse luminescent materials
synthesized by this technique. These materials in general involve one or more luminescent centers
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incorporated as dopants in a host lattice. A great variety of host lattices have been used for the
synthesis (by means of spray pyrolysis) of phosphors and luminescent films, among them stand
out metal oxides such as: ZrO,, Al,O3, HfO,, Y,03, ZnO, In,O3, ZnSiO5, CdO, (Y, Gd)BO3, Gd,0O3,
LaPO,, BaMgAl;(Oy7, and some sulfur based compounds such as: ZnS, CaSO,, CdS, and others.
The luminescent active centers have been mainly RE (Rare Earth) and some transition metal ions.
In some cases, luminescence emission has been observed to be generated by mechanisms that involve
structural defects and intrinsic states in the host lattices as well. This review focuses mainly on the
work done on host lattices such as: ZrO,, Al,O3, HfO,, Y03, ZnO, and ZnS with different dopants.

4.1. ZrO,

Virtually before 1999, ZrO, had not been used as a host lattice to produce phosphor materials
synthesized by spray pyrolysis technique. In that year, some results were reported about
photoluminescence (PL) and thermoluminescence (TL) properties of ZrOy:Tb3* films deposited by a
pneumatic spray pyrolysis (PSP) system [59]. These films excited by 275 nm exhibited four peaks at 487,
542, 582, and 619 nm—typical of electronic transitions in the Tb>* ions. The TL glow curve displayed
two peaks at 112 °C and 270 °C for the ZrO,:Tb%* films exposed to 260 nm UV radiations. In addition,
the TL response was linear in the range of 40 to 240 mJ-cm~2 spectral UV irradiance. These results
exhibited that ZrO,:Tb3" films had appropriate characteristics for their use as a UV dosimeter as well
as PL phosphor. In a later investigation (2001) on this material [60], a deeper analysis was made on
the thermoluminescence mechanisms. Two important parameters in TL studies such as activation
energy (E) and the frequency factor (S) were investigated. In this contribution, the Lushchik and Chen
methods were used to determine the kinetic parameters which showed second order kinetics for both
the first and second glow TL peaks.

Furthermore, in 2001, PL and cathodoluminescence (CL) feature of ZrO,:Tb?* films, deposited
by the PSP, technique was reported [61]. In this case different deposition parameters, such as
substrate temperatures, doping concentrations, and the flow of the precursor solution, were studied.
Substrate temperatures higher than 400 °C rendered a polycrystalline material with metastable
tetragonal or cubic phases. With increasing deposition temperatures, the PL and CL emission intensities
(excited with 250 nm light) also increased. The PL and CL emission spectra showed the characteristic
peaks associated with the electronic transitions of Th%* ions. Concentration quenching for the PL
and CL emissions occurred at doping concentration greater than 1.96 and 1.17 at.%, respectively.
Similar studies were conducted on ZrOy:Eu®* films [62]. Depending on the substrate temperature,
these films were amorphous or polycrystalline (tetragonal-cubic phase). A strong red emission was
observed which was generated by the °Dy — ”F; transition typical of the Eu* ions. From those studies,
it became clear that zirconia was a suitable host lattice for RE ions.

For the first time, a study on luminescent emissions from ZrO,: Mn?* films deposited by the USP
technique was reported in 2002 [63]. These films were deposited at substrate temperatures ranging
from 250 to 500 °C. The PL and CL (7 KeV) emission spectra showed a broad band (450-750 nm)
centered at 650 nm (red), which is associated with the electronic transitions *T;(*G) — ®A;(°S) of
the Mn2* ions. A decrease of the luminescence, as a function of the doping concentration, substrate
temperature and electron accelerating voltage was observed. The maximum emission intensity was
observed for films deposited at 250 °C, EDS measurements showed that these films had a high amount
of incorporated chlorine (from the precursors in the spraying solution), which acts as a co-activator for
the red emission. As the deposition temperature increased, the amount of chlorine in the film (as well
as the red luminescence emission intensity) decreased. The presence of chlorine was necessary for
the red luminescence emission to occur. CL spectra obtained at higher electron accelerating voltages
(10 KeV) from samples deposited at 500 °C showed, instead of the red emission, a wide band centered
at 590 nm (yellow)—which is also characteristic of Mn?* ions.

ZrOy:Eu®* phosphors consisting of spherical, dense and sub-micrometer size particles were
successfully synthesized by the USP technique in 2005 [64]. The X-ray diffraction (XRD) measurements
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indicated that the crystallinity of these powders increased with increasing postdeposition annealing
temperature. Several characterization techniques were used to study this material: Including PL
emission spectra, and decay time measurements. The excitation spectrum showed a band centered
at 248 nm corresponding to a charge transfer transition from Eu-O generated electronic states in the
ZrO, host matrix. The emission spectra exhibit the typical (red) bands of Eu* ions. The optimal
concentration of Eu®* ions was 10 at.% and it was observed that the spherical morphology of the
particles improves the intensity of the PL emission.

A research work on ZrO,:Pr3* films was published in 2007 [65]. In this case, PL and CL properties
were studied as a function of growth parameters such as the substrate temperature and the Pr3*
ions concentration. XRD studies indicated a tetragonal crystalline structure for zirconia as the
substrate temperature was increased. The PL spectra exhibited bands centered at 490, 510, 566,
615, 642, 695, 718, 740 and 833 nm; associated with the electronic transitions >Py — *Hy, 3Py — 3H,,
3P1 + 116 — 31_15, 1D2 — 31_14, 3P0 — 3H6, 1D2 — 3H5, 1D2 — 3H5, 3P0 — 3F3/4, and 1D2 — 3F2 of the
Pr3* ions. As the substrate temperature was increased, an increasing intensity of the PL emission
was observed. Also, a quenching of the PL and CL emissions, with increasing doping concentration,
was detected. Interestingly the CL spectra, as a function of the electron accelerating voltage, showed an
evolution of the highest peak: For low electron accelerating voltages (4 kV) the red emission (615 nm)
is the maximum, and for high voltages (15 kV) the most intense band is the blue (around 490 nm).

The cathodoluminescence properties of ZrO,:Er®* films were reported in 2014 [66]. These films
were deposited at different temperatures from 400 °C up to 550 °C. As substrate temperatures are
increased, the films showed a tetragonal phase. CL emission spectra showed bands centered at
524 (green), 544 (green) and 655 (red) nm associated with the electronic transition *Hyy /o — 41315,
4S5/ — #1152, and *Fg /5 — #1155 of Er®* ions. The highest emission intensity is achieved in samples
deposited at 500 °C doped with 5 at.% of Er>* ions. Also, the CL emission intensity increases as the
substrate temperature and electron accelerating voltage values increase.

Investigations on ZrOp:Dy3* and ZrO,:Dy**+xLi* films were published in 2015 [67].
XRD measurements, as a function of the deposition temperature, indicated a meta-stable tetragonal
crystalline structure of the zirconia. PL and CL features of the films were studied as a function
of synthesis parameters such as the substrate temperature and the Dy** and Li* concentrations.
All luminescent emission spectra showed peaks located at 485 (blue), 584 (yellow), 670 (red) and
760 nm; which correspond to electronic transitions *Fg,, — ®Hys /2, *Fg/2 — ®His o, *Fo/2 — ®Hiy o,
and *Fy/, — ®Hy 5, of Dy®*, respectively. The Li* incorporation in the ZrO»:Dy®* films produced an
improvement in the intensity of the luminescent emission, presumably because it acts as a charge
compensator and because it contributes to improving the crystalline structure of the host lattice.
The CIE color coordinates (0.3475, 0.3609) of these films were found within the warm white light
emission region. These spectroscopic characteristics allowed to propose this material for application
in solid-state lighting (SSL), especially for white lighting emission applications. It is observed that,
as the concentration of Li* ions increases, they come closer to the perfect white area of the CIE color
coordinates (0.3333, 0.3333).

Moreover, in 2015 a work on ZrO,, ZrO,:Dy** and ZrO,:Dy** + Gd3* films was published [68].
The synthesis and the characterization conditions were carried out as described in Reference [67].
The relative concentrations of Dy** and Gd3* ions were varied; the emission spectra of these films
exhibited bands in the blue and yellow regions. The incorporation of Gd?** ions in ZrOZ:Dy3+ films
generated a remarkable increase in the intensity of the luminescent emission (approximately 15 times).
In principle, the host lattice absorbs the excitation energy which is transferred to the Gd** ions which
in turn transfers it to the Dy>* ions. The CIE chromaticity diagram exhibited a cold-white emission
(Dy**-Gd** doped samples) and a warm-white emission (Dy** doped samples), which shows the
potential of these films for generating white light coatings for solid state lighting (SSL) applications.

The PL and structural properties of co-doped ZrO,: Eu’* + Tb%* films, were also reported in
2015 [69]. The PL spectra showed the typical emission bands associated with the Tb*" and Eu®* ions,
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as well as a broad emission, peaked at 440 nm associated to radiative transitions within the ZrO,
host lattice. These films displayed multicolored emissions depending of the ratio Eu3*/Tb3* and
the excitation wavelength. The observed colors were: Blue (from the host lattice), green (from the
ZrO,:Tb3* films), red-orange (from the ZrOy:Eu3* films), yellow (from the ZrO,:Eu3* + Tb3* films,
excited with 288 nm) and bluish-white and yellowish white (from the ZrO;: Eu®* + Tb?* films, excited
with 368 or 380 nm). The CIE coordinates of the double-doped ZrO,:Tb3* (10 at.%) + Eu®* (5 at.%)
films lie in the white light region of the chromaticity diagram and show good potential for lighting
devices and photonic applications.

4.2. Al,O;

A pioneering work on luminescent Al,O3:Tb%* films appeared in 1992 [70]. The films were
deposited by the PSP technique on either plain or conductive oxide coated glass substrates at deposition
temperatures in the range of 270-450 °C. PL emission from these films showed well-defined peaks
at 490 and 550 nm, which were associated to the electronic transitions corresponding to Tb** ions.
The relative emission intensity was strongly dependent on the type of substrate, the deposition
temperature and the amount of Tb3* ions incorporated in the films. Two years later, an investigation
on Al,O3:CeClj3 films was published in 1994 [71]. PL spectra (excited with 300 nm light) showed a
broad emission formed by two overlapping peaks at 365 and 395 nm. It was suggested that these
bands originate from the 5d to 4f electronic energy levels of Ce in the CeCl3 molecule. The PL
emission intensity of these peaks was strongly dependent on the doping concentration and the
substrate temperature. The films with greater intensity were those deposited at the lowest temperature,
where there is a greater amount of CeCls incorporated in the films. As the temperature increases,
the concentration of CeClz molecules decreases and so does the PL emission intensity—therefore,
the presence of this molecule is essential for an optimal emission of blue light. Also, a quenching
of the PL is observed for CeCls concentrations higher than 1 at.%. Another research on AlLO5:Eu®*
films was published in 2000 [72]. These films were deposited by the USP technique at substrate
temperatures from 300 to 540 °C and the Eu®* doping concentration was varied. All films were
amorphous in structure and the PL spectra were measured as a function of substrate temperature and
doping concentration. The excitation spectrum showed an intense peak centered at 395 nm. All the PL
emission spectra (excited by 395 nm) showed bands located at 587, 600, 612, and 648 nm—typical of
the electronic transitions in Eu3* ions. It was observed a concentration quenching of the PL emission
intensity at values of above 1.5 at.% in the films. Thus, it was shown that Al,Oj is a suitable host lattice
to support RE ions (such as Eu®*) to generate strong PL emissions.

In 2003, a new research in Al,O5:Tb?* films was published [73]. In this case, the transparency
of the films was up to 88% on the 400 to 700 nm range. These was possible because the use of
organic source reactive for both aluminum and terbium (acetylacetonates) that were dissolved in
dimethylformamide and sprayed, deposited at temperatures up to 600 °C. These films were mostly
amorphous in the range of deposition temperatures studied with an average roughness of 14 A or
less; which was perfect for the design and development of microdevices integrating this type of films.
PL and CL spectra, studied as a function of the deposition parameters such as doping concentrations
and substrate temperatures, were typical of the transitions among the electronic energy levels of the
Tb3* ions. Thus, from this work, it is clear that the use of acetylacetonates as precursors, generates the
formation of high transmittance films with low roughness, as described in the dielectric section thin
films, in contrast to those films synthesized from chlorides, nitrates or acetates (dissolved in water)
which are, in general, very rough and opaque.

An energy transfer mechanism between Ce®* and Mn?* ions in alumina films was reported in
2005 [74]. Blue and red light emitting Al,O3:Ce3*:Mn?* films, under ultraviolet light excitation, were
investigated in this case. The blue emission is due to transitions from the excited state 5d to the split
ground state 2F of the Ce3* ions. The usually weak Mn?* ions red emission, attributed to intra 3d
transitions, was enhanced by an efficient energy transfer from the Ce®* ions. The energy transfer
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mechanism was an electric dipole-quadrupole interaction with a quantum efficiency estimated to be
near to 100%, which makes these films interesting phosphors for the design of microdevices based on
luminescent layers in flat-panel displays. Other studies on this type of amorphous Al,O3:Ce®*:Mn?*
films were also published [75,76]. However, in this case, the precursors were AlCl3, CeCl; and MnCl,
dissolved in deionized water (Ce: 10 at.%; Mn: 1, 3, 5, 7 and 10 at.%), deposited at a substrate
temperature of 300 °C. The chemical composition and the profile distribution of the dopant ions
across the films were determined by Rutherford backscattering (RBS). A homogeneous depth profile
of both Ce®* and Mn?* ions was found within the films, and the overall measured quantities were as
expected from the solution concentrations. Chlorine, which plays a significant role in luminescent
properties, was detected in important quantities, something that was expected due to the low
deposition temperatures used in this case. The red emission from manganese-doped samples was
strongly enhanced with the co-doping with Ce due to the efficient energy transfer mechanism from
Ce3* to Mn?* ions. From XPS analysis, it was determined that a considerable amount of Mn ions
remains linked to chlorine, while Ce is mostly in an oxidized state.

In 2010, alumina was used to host three ions (Tb%", Ce?* and Mn?*) to generate white light
when excited by ultraviolet light [77]. These amorphous films were also deposited at 300 °C.
Sensitization of Tb*" and Mn?* ions by Ce®* ions gave rise to blue, green and red luminescent
emission when the film was excited with UV radiation. The overall efficiency of such energy transfer
was about 85% upon excitation with 312 nm light. Energy transfer from Ce3* to Tb®" ions through
an electric dipole—quadrupole interaction mechanism appeared to be more probable than the electric
dipole-dipole one. A strong white light emission from the Al,03:Ce®* (1.3 at.%):Tb>* (0.2 at.%):Mn>*
(0.3 at.%) films under UV excitation was obtained. The high efficiency of energy transfer from Ce>* to
Tb% and Mn?* ions, resulted in a cold white light emission (x = 0.30 and y = 0.32). Thus, these films
resulted interesting material for the design of efficient UV pumped phosphors for white light generation
which could be integrated in light emitting microdevices.

Similarly, alumina co-doped with Dy3* and Ce®" ions was reported in 2011 [78]. The PL
properties of these films were studied through excitation, emission spectra measurements and
decay time spectroscopy. These films emitted a combination of blue and yellow colors through
an efficient energy transfer (77%) from Ce>* to Dy3* ions. It was inferred that such energy transfer
was non-radiative, taking place between Ce®* and Dy3+ clusters, through a short-range interaction
mechanism. Ce®* doped single films emitted in the violet-purplish-blue region; whereas co-doped
films the presented a cold-white light emission. The PL properties of tri-doped A1203:Ce3“':Dy3“’:Mr12+
films were published in 2012 [79]. Nonradiative energy transfer from Ce3* to Dy3* and Mn?* was
reported upon UV excitation at 278 nm. From lifetime data, it was deducted that the energy transfer
was nonradiative in nature. Simultaneous emission of all co-dopant ions in the blue, yellow and
red regions, resulted in white light emission with CIE 1931 chromaticity coordinates, x = 0.34 and
y = 0.23, with a color temperature of 4900 K. Thin films as these might contribute to the development
of materials that, pumped with AlGaN-based LEDs, could generate white light emission.

Also, in 2012, a study on the PL characteristics, under continuous and pulsed excitation of
Eu-doped alumina films was reported [80]. It was determined that localized states in the undoped
Al O3 host lattice, excited with 250 nm radiation, emit a violet color (broad band centered at 415 nm)
associated to a radiative recombination process involving F centers. When Eu* ions were incorporated
into these films, a charge transfer mechanism to these ions from the localized states seems to occur
predominantly. The Eu* related emission, generated in this way, results intensified and luminescence
decay time extended as compared to that obtained when the excitation is achieved through an
inter-electronic energy level transition in the Eu®* ion, excited by 395 nm radiation.

Subsequently, in 2013, a contribution on the white light emission from Al,03:Ce>*:Tb%*:Mn?* and
HfO,:Ce®*:Tb3 :Mn?* films was published [81]. These oxide films doped with CeCls/TbCl;3/MnCl,
were deposited at 300 °C. XRD measurements exhibited a very broadband typical of non-crystalline
materials. Non-radiative energy transfer from Ce3* to Tb3* and Mn?* ions is observed upon UV
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excitation at 280 nm; the energy transfer could take place in Ce>*-Tb*" and Ce®*-Mn?* clusters
through an electric dipole-quadrupole interaction mechanism. This energy transfer gives place to
a simultaneous emission of the donor and acceptor ions in the blue, green, yellow and red regions,
resulting white light emission. The chromaticity coordinates for Al,03:Ce®*:Tb**:Mn?* films and
color temperatures were: (0.30, 0.32) and 7300 K (cold-white color). The chromaticity coordinates for
HfO,:Ce®*:Tb>":Mn?" films and color temperatures were (0.32, 0.37) and 6000 K (warm-white color).

Another study on PL emission (white emission) from single and double layered
AlyO3:Ce3*:Thb%*:Eu’* films was presented in 2013 [10]. These films were deposited using
acetylacetonates (dissolved in dimethylformamide) as precursors. Eu3* and Tb** doped films showed
the typical emissions of these trivalent ions (red and green, respectively). Ce doped films showed
two broad bands associated with the 5d to 4f transitions of the Ce3* ion, centered at ~400 and 510 nm.
As expected from films deposited with organic precursors, these films had low surface roughness
(lower than 3 nm) and thicknesses between 50 and 260 nm. The double layer stacks involved first an
Eu®* doped film followed by a second Ce**-Tb** co-doped layer. The films were transparent in the
visible region, with an optical bandgap of approximately 5.63 eV. The PL of these stacks was an overlap
of the emissions corresponding to all the dopants when excited with 300 nm light, resulting in an intense
white light emission, which would be suitable for the design of electroluminescent microdevices.

The PL characteristics of Eu®>* doped alumina films co-doped with Bi3* and Li* were published
in 2015 [82]. In this case, the incorporation of Bi** and Li* ions as co-dopants in Al,O3:Eu?* films
and its effect on the luminescence characteristics of this material were described. Both Bi** and Li*
do not introduce new luminescence features but affect the luminescence intensity of the Eu* related
emission spectra as well as the excitation spectra. The introduction of Bi3* generates localized states
in the aluminum oxide host that result in a quenching of the luminescence intensity, while Li* and
Bi%* co-doping increases the luminescence intensity of these films. It was found that the Eu®* ions
emission intensity in these films, when Bi®* ions were added together with Li*, produce an increase
of 62% in the emission intensity. It was suggested that the role of Li* co-doping was to redirect the
energy paths back to the Eu* ions from the Bi** ions. Analysis of time decay measurements of the
Eu®* related emission in the amorphous alumina films indicated the presence of two type of sites in
the short-range surroundings of the Eu®* ions that could be correlated with those around this ion in &
or y Al,Oj crystalline phases.

4.3. HfO,

Luminescent HfO»:Mn?* films (deposited by Ultrasonic Spray Pyrolysis technique) were reported
for the first time, in 2004 [83]. The deposited films were amorphous at deposition temperatures up
to 300 °C; for higher temperatures a polycrystalline material was obtained with a monoclinic HfO,
phase. The cathodoluminescence (CL) spectra showed blue-green and red bands associated with the
electronic transitions 4T1(*G) — ©A1(®S) of the Mn?* ions. A dependence of the CL emissions, as a
function of the doping concentration, substrate temperature and electron accelerating voltage was
reported. It was determined that both amorphous and polycrystalline hafnium oxide make efficient
host for Mn?* ions, and that the relative content of chlorine in the processed films have an important
role on the luminescent emission intensity of the studied materials.

USP deposited HfO,:CeCl; films luminescent properties were published in 2007 [84]. These films
were deposited from hafnium dichloride oxide and CeCl; dissolved in deionized water (18 MQ)/cm).
The PL characteristics of the HfO,:CeCl; films were studied as a function of doping concentrations
and substrate temperature. XRD measurements showed the monoclinic phase of HfO, for samples
deposited at deposition temperatures higher than 400 °C. These films showed a violet-blue PL emission
that could easily be seen with the naked eye in normal room light. Also, PL emission and excitation
spectra evidence the presence of two different Ce®* centers in HfO,. A complete concentration
quenching of the luminescence of one of the two centers is observed at high concentration of CeClj
(15 at.% in the start solution), which suggests a fast energy transfer from the high-energy to the low
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energy centers. Finally, it was confirmed that HfO, is an adequate host matrix for rare earth ions as
active centers to generate strong violet-blue PL emissions.

Also, in 2007, a work on PL properties of HfO,:Tb%* films was published [85]. The PL properties
of these films were studied as a function of deposition temperature and Tb>* ions concentration.
The films were deposited the USP technique from aqueous solution of Hafnium and Terbium chlorides.
Results showed that crystalline structure of HfO,:Tb*? films depends on the deposition temperature.
PL excitation spectrum showed a wide band centered at 262 nm while the PL emission spectra showed
bands centered at 488, 542, 584 and 621 nm, which correspond to the electronic transitions: 5Dy — 7Fj
(j =3,4,5, 6) typical of trivalent terbium ions. The dominant emission intensity corresponds to the
green color (542 nm), which depended on the terbium concentration incorporated in the host lattice;
the optimum doping concentration was 5 at.% Tb*3 in the spraying solution.

The PL and CL characteristics of HfO,:Sm3* films were published in 2008 [86]. These films were
deposited by the USP technique on Corning glass substrates at deposition temperatures ranging from
300 to 550 °C using chlorides as precursor materials. Scanning electron microcopy (SEM) micrographs
revealed rough surfaces morphology with spherical particles. The PL and CL spectra exhibited four
main bands centered at 570, 610, 652 and 716 nm, which are due to the well-known intra-4f transitions
of the Sm*3 ions. It was found that the overall emission intensity rose as the deposition temperature
was increased. Moreover, a concentration quenching of the emission intensity was observed for doping
concentration higher than 0.7 at.% as measured by EDS. These films showed good adherence to the
substrate and a high deposition rate of up to 2 um per minute. In addition, The CL emission intensity
was found to increase as the electron accelerating voltage was raised.

Also, in 2008, HfO, films doped with CeCl; and/or MnCl, were deposited at 300 °C by the
USP technique [87]. The XRD results revealed that the films were predominantly amorphous. HfO,:
CeClz showed a violet-blue emission. The weak green-red emissions of Mn?* ions was enhanced
through an efficient energy transfer from Ce®* to Mn?* ions in the co-doped films. Spectroscopic data
indicated that this energy transfer was nonradiative in nature and it could occur in Ce®* and Mn2*
clusters through a short-range interaction mechanism. The efficiency of this energy transfer increases
with the Mn2* ion concentration, so that an efficiency of about 78% is achieved for a 5 at.% of MnCl,
concentration. The HfO,:CeCl3:MnCl, films are interesting phosphors for the design of luminescent
layers emitting simultaneously in the three primary colors: Violet-blue, green and red.

The HfO, host lattice was also used to house, simultaneously, ions such as Ce3*, Tb®* and Mn?* to
generate cold white light [88]. These films were either doubly doped with CeCl3 and TbCl; or tri-doped
with CeClz, TbCl3, and MnCl, and deposited at 300 °C. In the doubly doped films, energy transfer
from Ce®* to Tb®* ions could take place in Ce>*-Tb%* clusters through an electric dipole-quadrupole
interaction; the efficiency of this transfer was about 81% upon excitation with 270 nm light. In the
triply doped films, both Tb** and Mn?* ions, can be sensitized by Ce* ions. The efficiency of energy
transfer from Ce3* to Tb®" and Mn?* ions was enhanced by increasing the Mn?* concentration, up to
about 76% for the films with the highest Mn2* ions content (1.6 at.%). The simultaneous emission of
these ions under UV excitation resulted in white light luminescence.

The PL and TL properties of HfO, films were investigated [89], these films were synthesized
from hafnium chloride as raw material in deionized water as solvent and were deposited at
temperatures from 300 to 600 °C. SEM images showed that the film’s surface resulted very rough with
semi-spherical promontories. UV irradiation was used in order to perform the thermo-luminescent
(TL) characterization of these films; the 240 nm wavelength irradiation induced the best response.
The PL spectra showed emission bands, centered at 425, 512 and 650 nm, associated to impurities
such as chlorine and/or structural defects. As the substrate temperature was raised, a higher intensity
of the band centered at 425 nm was observed. The TL experimental results showed that HfO, films
could be useful in UV radiation dosimetry applications, using the TL method mainly in the interval of
200-400 nm; indicating an advantage over other ultraviolet dosimeters currently used.
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An investigation on the luminescent properties of HfO, films co-doped with Ce®* and several
concentrations of Dy3* was presented in 2011 [90]. The deposition temperature was 300 °C.
PL emissions from Dy3Jr ions centered at 480 nm (blue) and 575 nm (yellow) associated with the
4F, /2 — oHis ,2 and 4F, /2 — OHy3 /2 electronic transitions, respectively, were observed upon UV
(280 nm) excitation via a non-radiative energy transfer from Ce3* to Dy>* ions. Such energy transfer
via an electric dipole—quadrupole interaction appeared to be the most probable transfer mechanism.
The efficiency of this transfer increases up to 86 + 3% for the film with the highest Dy>* content
(1.9 £ 0.1 at.% as measured by EDS). The possibility of achieving the coordinates of ideal white light
with increasing the concentration of Dy** ions was demonstrated.

The PL, CL, and TL characteristics of HfOZ:Dy3+ films were also reported in 2014 [91]. The films
were deposited at temperatures ranging from 300 to 600 °C, using chlorides as precursor reagents.
XRD diffraction studies showed the presence of HfO, monoclinic phase in the films deposited
at substrate temperatures greater than 400 °C. The surface morphology of films showed a veins
shaped microstructure at low deposition temperatures, while at higher temperatures the formation
of spherical particles was observed. The PL (excitation = 248 nm) and CL spectra of the doped films
showed the highest emission in the band centered at 575 nm (yellow) corresponding to the transitions
4F, /2—>6H13 /2, which is a typical transition of Dy3+ ions. Regarding the TL behavior, the glow curve
of HfO»:Dy*3 films exhibited spectrum with one broad band centered at about 150 °C. The highest
intensity TL response was observed on the films deposited at 500 °C. A concentration quenching
was observed and the optimum DyCl; concentration was 1 at.% in the initial solution. It was also
determined that substrate temperature for the sample with maximum PL emission intensity was
600 °C. The PL (yellowish-white emission) is intense since it can be observed by the naked eyes with
normal ambient illumination.

HfO, films co-doped with Tb% or Eu®" ions using acetylacetonates as precursors,
were studied [92]. The films presented transmittance values in the visible region =90% and surface
roughness less than 3.9 nm. These films were polycrystalline with a monoclinic phase for films
deposited at substrate temperatures higher than 500 °C. The luminescent emissions (PL and CL) were
typical of Tb®* and Eu®* ions with a luminescence concentration quenching observed for both Tb%*
and Eu3* ions at 5 and 10 at.%, respectively. The peak PL and CL emission intensities for single
doped films were observed for HfO,:Tb>* (5 at.%) and HfO,:Eu®* (10 at.%) films deposited at 500 °C.
The refractive index observed in these films was between 1.97 and 2.04 and an optical band gap of
5.4 eV. The PL decay time measurements was measured on some HfO,:Tb>*, Eu®* samples. QE around
35% and 25% were obtained using excitation wavelengths of 204 nm for Tb3* and 215 nm for Eu®*,
respectively. HfO, films co-doped with Tb>* and Eu®* ions were synthesized at substrate temperatures
from 400 to 600 °C using chlorides as reactive source materials [93]. These films became polycrystalline
at 600 °C exhibiting the HfO, monoclinic phase. Tuning by the means of the excitation wavelength
and the relative concentration of the co-dopants, PL spectra with several shades, from blue to yellow
(including white light) were obtained due to the combined emissions of Th3* (green), Eu’* (red) ions
and the host lattice (HfO,) violet-blue emission. The best white light emission (x = 0.3343, y = 0.3406)
was obtained with 382 nm excitation light and 1.35 and 0.88 at.% of Tb and Eu in the films, respectively.
The CL emission spectra for these films also showed emissions from green to red (including yellow,
orange, and other intermediate emissions depending on the relative content of Tb and Eu in the film).
Quantum efficiency values between 47% and 78% were obtained for these films, depending on the
excitation wavelength and co-doping concentrations.

4.4. Y05

The first publication on Y,03:Eu®*particles (synthesized by the spray pyrolysis process) was
registered in the year 2000 [94]. These particles were prepared from high solution concentrations
which had a more hollow and porous structure than those prepared from low-concentration solutions.
The PL spectra showed a prominent peak at 612 nm (pure red color). The colloidal seed-assisted
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spray pyrolysis introduced in this paper was found to be applicable to the control of morphology of
phosphor particles when the stock solution concentration was high. For the colloidal seed-assisted
spray pyrolysis, the stable colloidal solution should be used for homogeneity of phase and morphology
of the phosphor particles. The colloidal solution of Y and Gd hydroxy carbonate sol obtained by the
liquid phase reaction method, using urea, was appropriate for the preparation of Y,03:Eu®* particles
of filled and non-porous structure at high concentration of the precursor solution. The fine particles
size prepared from the colloidal solution compared to those of the aqueous solution also revealed that
the particles prepared from colloidal solution are much less hollow.

CL of USP deposited Y,03 thin films doped separately with Eu**, Tb** and Tm3* were reported in
2001 [95]. CL spectra for films doped with Eu®*, Tb3* or Tm>* ions presented red, green, and blue light
emissions, respectively. The blue emission of Y,03:Tm3* films had dominant peak at 476 nm. The CL
intensity of these films depended strongly on annealing conditions and thulium doping concentration,
presenting a maximum luminance of 30.4 cd/m?. For the Eu**-doped films, a luminance of 255 cd /m?
was obtained with a dominant peak centered at 604 nm. The luminance for the Tb**-doped film was
72 cd/m? with a dominant peak at 547 nm.

The role of LiCl added as flux on the luminescence properties of USP synthesized Y,05:Eu’*
phosphors was investigated in 2002 [96]. The maximum PL intensity was obtained for phosphors
prepared at 1300 °C from solution with LiCl flux, their intensity was 50% higher than that of phosphors
prepared from solution without flux. The PL intensities of phosphors prepared at 700 and 900 °C from
flux solution were 200% and 134% of those phosphors processed from solutions without flux at the
same synthesis temperatures. LiCl flux played the role of enhancing the luminescence of Eu** ions
into Y03 host lattice by reducing defects in the phosphor particles.

Furthermore, in 2002, a study on spherical particles of Y,05:Eu®t was published [97]. Y,053:Eu?*
luminescent particles of spherical shape, filled morphology, and high brightness were prepared by
combination of colloidal seed assisted spray pyrolysis and flux-added spray pyrolysis. Y,O3:Eu®*
particles processed from Y colloidal solution with 5 at.% LiCl/KClI flux showed completely spherical
shape, filled morphology, high crystallinity, and significantly improved PL emission intensity,
which was 30% higher than that of particles prepared by general spray pyrolysis.

Another study on Y,03:Eu®* powders was published in 2005 [98]. These powders were
synthesized by spray pyrolysis process and annealed at several temperatures, in the range 900-1400 °C,
to achieve crystallized luminescent materials. The microstructure and macrostructure of these powders
were investigated by high resolution SEM images and XRD measurements. The luminescent properties
were measured under VUV excitation (254 nm). The results of this work allowed to understand the
influence of the phosphors’ microstructure on PL characteristics. The spray pyrolysis powder PL
efficiencies excited at 254 nm were lower than that of the commercial phosphor but under a 600 mbar
Ne—Xe plasma excitation (this measurement provides a characteristic close to the working conditions
in plasma display panels); the powder the brightness was equal that of the commercial phosphor.
The results allowed differentiating the microstructure and macrostructure influence on luminescence.
Eventually, a suitable phosphor powder for plasma display panels less dense than the commercial one
has been prepared by spray pyrolysis.

A control of the morphology of Y,05:Eu®* phosphor particles in the spray pyrolysis process was
attempted by using citric acid and polyethylene glycol (PEG) as additives in the spray precursors [99].
Three different morphologies of phosphor particles were obtained: Smooth spheres, rods, and flakes
(with the presence of PEG with different molecular weights or without the presence of PEG,
respectively). It was shown that the spherical Y,O3:Eu®* particles, obtained through a two-step
spray pyrolysis process, had higher PL intensity than those with other morphologies.

In a similar work to the previous ones, also published in 2005, it was demonstrated that
the densified particles of Y,03:Eu®* remarkably improved the intensity of PL emissions [100].
High luminous Y,O3:Eu®" phosphor particles with spherical shape were synthesized by Spray
Pyrolysis technique. A simple but effective preparation strategy for enhancing the PL intensity
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of these particles was implemented. The yttrium nitrate solution was modified using an organic
additive, then non-hollow particles were reached, but they were very porous, and the PL intensity was
not improved. To solve this disadvantage, a drying control chemical additive (DCCA) was used as a
secondary additive. It was found that the surface area was greatly reduced, and the crystallite size
was increased by the use of DCCA. As a consequence, densified Y,O3:Eu®* particles showed great
improvement in their PL emission intensity.

The luminescent characteristics of Y,03:Eu®* (5 and 10 at.%) submicron particles, synthesized
from the pure nitrate solutions at 900 °C, was also reported in 2010 [101]. The synthesis conditions
(gradual increase of temperature within triple zone reactor and extended residence time) assured
formation of spherical, dense, non-agglomerated particles with a crystallite size about 20 nm with a
cubic Y,Oj3 crystalline phase. PL emission spectra were studied under excitation with 393 nm and
together with the decay lifetimes for Eu®* ion Dy and °Dj levels revealed the effect of nanocrystalline
nature on the luminescent properties of the powders. The PL emission spectra showed typical
Eu?*5Dy — 7F; (i=0, 1, 2, 3, 4) electronic transitions with dominant red emission at 611 nm, while the
lifetime measurements revealed the quenching effect with the rise of dopant concentration and its
more consistent distribution into host lattice due to the thermal treatment. The nanostructured
Y,05:Eu®* phosphors possess favorable morphological properties for applications as red phosphor in
optoelectronic microdevices, for example for luminescent displays.

Y,03 powders doped with Yb%* and co-doped either with Tm3* or Ho®" were synthesized and
reported in 2012 [102]. These powders were processed at 900 °C using 0.1 M nitrates precursor
solution and a cubic structure with space group Ia-3 was confirmed for all samples. Spherical particles
with average size about 400 nm were generated with certain degree of porosity which alters their
morphology during additional thermal treatment. The up-conversion emission spectra after excitation
with 978 nm, as well as emission lifetimes and up-converted emission intensity dependence on
excitation power were investigated. Dominant green (°F4, °Sy — 5Ig) and blue (1G4 — *Hg) emissions
were found for Ho®*" and Tm3* samples, respectively. The enhanced emission intensities and lifetime
in thermally treated samples were correlated with morphological and structural changes observed.

The enhancement of the PL emission intensity from Y,O3:Er®* thin films with Li* as co-dopant
was published in 2013 [103]. These films were deposited using 0.03 M of yttrium acetylacetonate,
dissolved in N,N-dimethylformamide. The doping of the films with Er was achieved by adding erbium
(III) acetate in the solution at 1.5% in relation to the Y content. The co-doping with Li was achieved
adding lithium acetylacetonate to the spraying solution; the Li contents studied were 0, 0.5, 1, 2, 3,
3.5, and 4 at.% in relation to the Y content. The films were deposited at 500 °C on (1 0 0) silicon
wafers. These films were polycrystalline with a pure Y,0j3 cubic phase. The typical Er** related
emission spectra showed an intensity increase by a factor of ~4-5 times with the addition of 2% of Li*.
This behavior is attributed to the distortion of the local crystalline field induced by the incorporation
of Li* ions. The addition of Li* reduces the intensity of the diffraction peaks after 1%, and shifts the
main diffraction peak toward large angles for Li* doping less than 3%. The distortion of the crystalline
field leads to an increment of the efficiency of intra-4f transitions by permitting the otherwise parity
forbidding transitions and reducing alternative nonradiative processes. These results showed that the
low-cost ultrasonic spray pyrolysis technique was a simple way to obtain rare earth doped metallic
oxide films co-doped with Li* ions as a strategy to improve their PL emission intensity.

The enhancement of the PL emission from \{203:Er3+ films, with the incorporation of Li* ions,
was reported in 2014 [104] for both visible and IR characteristic emissions of Er>* ions. The presence of
Li* ions in the USP deposited films was inferred from Fourier transform infrared (FTIR) spectroscopy
and also measured by Ion Beam Analysis (EBS), in which the high energies « particle yield from the
7Li(p,a)*He nuclear reaction was used to determine the content of Li* inside the films. The average
content of Li* inside the films, as determined by EBS, increases from 0 up to 18.5 at.% for un-doped to
4 at.% Li* co-doped samples. The Li-C-O absorption band in the IR region was directly proportional
to the Li* content inside the films and a calibration curve was generated with the EBS analysis. In a
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related work [105], the effect of Li* co-doping on PL time decay characteristics of Y,O3:Er** was
reported for films deposited at 500 °C. The Er®* content, in this case, was fixed at 1.5 at.% while the Li*
content in the spraying solution was varied from 1 to 4 at.% in relation to Y3* content. The addition
of Li* content up to 2 at.%, besides resulting in an increase of the luminescence emission intensity,
modified the luminescence time decay behavior as well. A simple model in which charge transfer from
localized centers to the Er** ions was proposed to describe the temporal evolution of the PL emission.
The introduction of Li* ions in Y,O3:Er®* had an impact on the charge transfer (CT) process and on
the total number of Er®* ions contributing to the PL emission. The PL time decay characteristics of
Y,03:Er®* films under 207 nm or 414 nm excitation light were analyzed with a simple model in which,
in addition to the radiative recombination sites associated with Er®* ions, a CT process from localized
states was considered.

Luminescent and structural characteristics of Y,O5:Tb%* thin films deposited from {3-diketonates
as precursors on c-Si substrates, at temperatures in the 400-550 °C range, were reported in 2014 [106].
The PL and CL spectra intensity depended strongly on substrate temperature, the thickness of the
films and the Tb* doping concentration. Y,03:Tb%* thin films exhibited one main band centered at
547 nm due to the °Dy — ”Fs electronic transition of the Tb3* ion. A concentration quenching of the
luminescence intensity was observed. At high temperatures the cubic crystalline phase of Y,O3 was
observed as well as a reduction of organic residues. Also, at elevated temperatures, a low average
surface roughness was obtained in the films with a high transmittance in the visible region.

PL and CL from Y,03 doped with Tb?* and Eu®* ions films results were published in 2015 [107].
The deposition conditions were similar to those of the work described above. The optical and structural
characterization of these films was carried out as a function of substrate temperature and Tb®* and
Eu®* concentrations. Films deposited above 450 °C exhibited the typical PL bands associated with
either Tb3* or Eu®* intra electronic energy levels transitions. The most intense PL and CL emissions
were found for dopant concentration of 10 at.% for Tb®* and at 8 at.% for Eu®* ions in spraying solution.
Higher substrate temperatures improved the crystallinity of Y,Oj3 films, and showed a low average
surface roughness (62 A for Y,03:Tb?" and 25 A for Y,03:Eu®* thin films). The films reported in this
work were dense, and showed high refraction index (1.81), as well as a high optical transmittance in
the UV-Vis range (about 90%) of the electromagnetic spectrum. These results suggest the possibility of
applying those films in electroluminescent microdevices.

Recently, in 2017, an investigation on luminescent (PL and TL) Y,05:Sm>*, Li nanostructured
thin films was presented [108]. XRD measurements confirmed the cubic structure of Y,Oj3 thin films.
Li ions were successfully incorporated into the Y,Oj3 host lattice and it served as a sensitizer for
better crystallization. The crystallites sizes are found to be ~50 nm. Surface morphology appeared as
carved sculptures of particles with agglomeration. Optical absorption spectrum exhibited a prominent
absorption peak at 270 nm and the corresponding energy gap was found to be ~5.53 eV. A broad PL
emission was observed in the range 560-690 nm with peaks at 595, 608 and 622 nm corresponding
to characteristic electronic transitions in the Sm3* ions. These films were irradiated with y-rays in a
dose range 187-563 Gy; TL glow curve is deconvoluted into three peaks with temperature maxima at
400, 460 and 580 K. The activation energy and frequency factor of these TL glows were found to be in
the order of ~0.58 eV and ~10° s, respectively. Trap depths for the three luminescent centers were
calculated and dose response was found to be linear in the range of 422-469 Gy.

4.5. ZnO

Zinc oxide (ZnO) is one of the most studied materials due to the various areas in which it is used.
This material in the form of films and powders has also been frequently synthesized by the spray
pyrolysis technique. One of the first studies on luminescent films deposited by the PSP technique
of this material was on ZnO:TbCl; films published in 1987 [8]. Both intrinsic and ZnO:TbCl; films
were deposited at atmospheric pressure, using air as the carrier gas. The substrate temperature
during deposition was varied from 270 to 400 °C. The solution flow rate was changed in the range of
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4-16 cm®/min and the carrier gas flow rate was kept constant throughout the deposition process at
10 I/min; the deposition time was 10 minutes in all cases and the TbCl3 concentration was 10 at.%.
These films were polycrystalline with a hexagonal wurtzite structure. The PL spectra from un-doped
films showed a peak centered at 510 nm [109], while ZnO:TbCl; films showed a peak at 550 nm
associated to electronic transitions in the Tb?* ions. Later in a follow up study about these films [110] it
was reported that the light emission of the ZnO:TbCl; decreased with time of exposure of the sample
to the excitation radiation. The phenomenon was interpreted in terms of a simple model in which
a competitive process of hole trapping and photo-detrapping occurred at a radiative recombination
center generated by the presence of TbC13.

The luminescence of undoped ZnO films, deposited from zinc nitrate solution, was also published
in 1998 [111]. The films had a polycrystalline hexagonal wurtzite type structure with no preferred
orientation. Green and orange PL (excited by 320 nm light) with emission intensity strongly dependent
on the deposition and annealing temperatures was reported. The best green (broad band peaked
at 510 nm) luminescent films had a porous structure while orange (band peaked at 640 nm) films
consisted of close-packed grains with diameters of up to more than 1 micrometer. Green and orange
PL bands resulted from oxygen-poor and oxygen-rich states, respectively, in ZnO. In the case of the
green films, the vacancies did not appear to penetrate deeply into the crystallites.

The effect of Li ions incorporation on the luminescence of ZnO films was reported in 1990 [112].
The spraying solution was 0.1 M zinc acetate in isopropyl alcohol and deionized water mixed in
equal proportions. Lithium chloride was added to the spraying solution at a concentration of 10 at.%.
All deposited films exhibited a hexagonal polycrystalline structure. The optical transmission depended
on the deposition temperatures (Ts = 340-330 °C) which showed an absorption edge shifting to longer
wavelengths with higher Ts. The PL spectra of samples deposited at low Ts showed two emissions
located at 420 nm and 500 nm, associated with blue emission from the Pyrex glass substrate and the
blue green emission typical of un-doped zinc oxide, respectively. Films deposited at high Ts showed
an emission peak centered at 555 nm apparently associated with the localized states generated by
incorporation of Li ions in the ZnO films.

The photoluminescence from PSP deposited indium doped ZnO films was reported in 1992 [113].
This study was carried out as a function of the substrate temperature and solution flow rate. Deposition
solution was 0.1 M zinc acetate in three parts of isopropyl alcohol mixed with one part of deionized
water. Indium doping was achieved by adding InCl; to the spraying solution in a concentration of
2 at.%. The substrate temperature was varied from 260 to 320 °C. These films were polycrystalline
with a hexagonal crystalline structure; high solution flow rates resulted in larger disorder on the
orientation of the polycrystallites. The PL spectra from films deposited at low substrate temperature
or with high solution flow rate showed a broad peak centered at 530 nm which was associated with
(Inzy, Vz)-luminescent centers.

The green photoluminescence efficiency and free-carrier density in ZnO phosphor powders were
investigated in 1997 [114]. An aqueous zinc nitrate solution (10 at.% Zn) was utilized in the synthesis
of all powders at processing temperatures from 700 to 900 °C. Electron paramagnetic resonance,
optical absorption, and photoluminescence spectroscopy were combined to characterize ZnO powders.
Green PL emission was generated and a good correlation between the 510 nm green emissions
with the density of paramagnetic isolated oxygen vacancies was observed. Also, both quantities
increase with free-carrier concentration ne, as long as ne < 1.4 x 10" em 3. At higher free-carrier
concentrations, both quantities decrease. A model is proposed involving the isolated oxygen vacancy
as the luminescence center. It was also shown that a free-carrier depletion layer, which forms at the
surface of the powder particles, and the overall free-carrier concentration of the particles have a large
impact on the green emission intensity of the ZnO powder.

PL from ZnO and ZnO:Li films, reported in 1997 [115], showed the well-known blue-green
emission typical of ZnO for the undoped films. The Li-doped films PL emission was a broad band
composed of four overlapping peaks at 508, 590, 604 and 810 nm (the excitation wavelength was
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365 nm); the PL excitation spectra indicated that the excitation mechanism is primarily due to
electron-hole pair generation across the ZnO energy bandgap. The decay time measurements of
the PL showed that the lifetime of the luminescence emission was 187 ns. The dependence of the
luminescent intensity with temperature showed an activation energy of 0.057 eV for competitive
non-radiative transitions. These results were indicative that the lithium was atomically incorporated
giving rise to a donor level in the ZnO.

PL dependence on the deposition temperature, film thickness, and post heat treatment of ZnO
films, deposited from 0.4 M solution of zinc acetate dihydrate in a mixture of deionized water and
isopropyl alcohol, was reported in 2000 [116]. Chlorine free ZnO films were obtained using zinc acetate
as a precursor with the (002) oriented wurtzite structure in the substrate temperature range 250-350 °C.
For films with the same thickness, the intensity of green emission decreased with an increment of
the O/Zn ratio as determined by XPS. The green emission intensity was gradually enhanced with
increasing film thickness. Increasing deposition temperatures resulted in a reduction of the O/Zn ratio
and an increment of the intensity of the green PL emission. Also, as the annealing temperature was
increased, the O/Zn ratio decreased, and the green emission was consequently enhanced.

The CL from ZnO and ZnO:F (5 at.%) films deposited from ZnCl, precursor solutions and fluorine
doped by adding NH4F to spraying solution was reported in 2002 [117]. The optimal substrate
temperature was 450 °C presenting a hexagonal close packed structure. The CL spectra of both ZnO
and ZnO:F films exhibited near-ultra-violet band peaked at A = 382 nm, but they differ on the visible
emissions; the undoped ZnO films emitted an intense blue-green light at 520 nm and a red emission
at 672 nm, the fluorine doped samples presented a new band emission centered at 454 nm and no
blue-green emission. This emission was interpreted as coming from a lattice modification of the Zn?*
environment in the crystal that could be due to a total anionic substitution process of O by F species.

Luminescent properties of ZnO and ZnO:Sn (6 at.%) films were studied through
cathodoluminescence as well, in 2003 [118]. The spraying solutions (0.05 M) were prepared from
Zn and Sn chlorides dissolved in deionized water. The substrate temperature was fixed at 450 °C.
Luminescence films had a polycrystalline hexagonal wurtzite type structure. The CL measurements
of the undoped films showed three bands centered at 382, 520 and 672 nm. Incorporation of tin ions
extinguishes the blue-green band (520 nm) while appears a blue light at 463 nm and increases the
value of the band-gap transition. CL imaging of ZnO films showed that the luminescence was located
at defined sites giving rise to a grain-like structure inherent to the surface morphology. The presence
of Sn inside the films led to great luminescent spots, attributed to large grain sizes.

The photoluminescent properties of Eu?>* and Eu3* ions in ZnO phosphors were reported in
2004 [119]. These particles were synthesized from a zinc acetate solution and europium nitrate as the
europium ions source. The crystal structure (zincite) of samples depended on the europium jons and
the synthesis temperature. It was identified the coexistence of Eu** and Eu®* ions in the as prepared
ZnO samples. With addition of a 0.5 mol% concentration of europium ions, only the Eu?* ion was
detected inside the samples, while both Eu?* and Eu®* ions existed in samples using 1 mol% or higher
concentration of europium ions. Changing the excitation wavelength, it was observed that both the blue
and red PL can be obtained. The reduction of the Eu** to Eu?* ions occurred in the particles prepared
by the addition of a low concentration of europium ions. This reduction changed the color of PL from
red to blue. Blue PL can be enhanced by increasing the synthesis temperature. At a high concentration
of europium ions, the Eu®* created the Eu,O; component forming a ZnO-EuyO3 composite.

The origin of the well-known blue-green emission of ZnO thin films was discussed on the basis of
variation of the properties induced by different treatment of these films, such as ion beam irradiation
(120 MeV Au ions and 80 MeV Ni ions were used for ion beam irradiation), and doping (Indium) [120].
PL studies of untreated thin films showed only one emission at 517 nm at room temperature while the
irradiated films showed a decrease in this emission intensity. Indium doping also reduced the intensity
of this emission; but additional emissions (centered at 407, 590 and 670 nm) were observed in these
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thin films. It was proposed that the blue-green emission was due to the transitions from the bottom of
the ZnO conduction band to the level associated with an oxygen antisite (Ozy,).

Photoluminescence from Er-doped ZnO films were reported in 2008 [121]. These ZnO:Er films
were deposited on (1 0 0) MgO wafers at 550 °C; the concentration of Er ions in the deposition
solution (from Zn and Er acetates in methanol at 0.1 M) varied from 1.0 to 3.0 at.%. The films were
polycrystalline with a dominant [002] preferential orientation. The near-ultraviolet (n-UV) PL from
undoped ZnO films, n-UV peaks at 3.375 and 3.360 eV were observed at 18 K, which were proposed to
be originated by free excitons and donor-bound excitons, respectively. The peaks from the free exciton
transitions disappeared at room temperature. However, Er-doping enhanced the room temperature
n-UV emission of ZnO:Er films. ZnO:Er (2.0 at.%) films showed n-UV peaks which were ~15 times
stronger than those of undoped ZnO films.

Also, the luminescence of ZnO and ZnO:Ag nanocrystalline films deposited on Si (1 0 0) substrates
from aqueous solution prepared by Zinc acetate dehydrate and Silver nitrate (6 at.%) was reported
in 2008 [122]. Intrinsic samples deposited at 500 °C with spray rate of 0.15 mL/min presented the
best near-band edge near-ultraviolet emission at 378 nm observed within a set of samples deposited
at different deposition temperature and spray rates. The PL intensity ratio of the n-UV emission to
the deep-level emission had a largest value of 470 and the full-width at half-maximum of n-UV peak
had a smallest value of 10 nm (87 meV). In addition, the n-UV emission intensity of ZnO:Ag films
(with the Ag:Zn atomic ratio = 3% in the precursor solution) is markedly enhanced and the ratio to
the deep-level emission, increased to at least 700. However, a silver phase was detected and the n-UV
luminescence became weak for ZnO:Ag films after the annealing at 700 °C in air for 1 h.

The electrical resistivity and the photoluminescence of zinc oxide films were correlated and
reported in 2009 [123]. ZnO thin films were deposited, in this case, using zinc acetate dehydrate
dissolved in methanol, ethanol, and deionized water within the substrate temperature range
320420 °C. PL measurements showed that the as-grown ZnO thin films exhibited ultraviolet and green
emission bands when excited by an Hg arc lamp using 313 nm as the excitation source. A red-shift in
the near band edge was observed with the increase in the deposition temperature and was attributed
to the compressive intrinsic stress present into the films. It is confirmed that oxygen vacancy (VO) is
the most important factor that causes the broad visible emission. Furthermore, the visible emission and
electrical resistivity of ZnO thin films are found to be a function of porosity. Additionally, it has been
found that the intensity of the green emission at ~2.5 eV increased when ZnO films were deposited
at 320 °C. The reason might be that the intrinsic stress, surface-to-volume ratio and porosity were
incremented at low substrate temperatures. The resistivity presented similar behavior as the intensity
of the green emission. A new luminescence mechanism based on the recombination related to oxygen
vacancies in Zn-rich or stoichiometric conditions, was proposed.

Another study about ZnO:Li films was reported [124] for thin films deposited on borosilicate
glass substrates; the deposition temperature was kept at 250 °C. The spraying solution was 0.2 M zinc
acetate in a mixture of equal proportion of isopropyl alcohol and deionized water. Lithium doping was
achieved by adding required amount of lithium acetate to the spraying solution. The spray time was
2 min with solution flow rate of 18 cm®-min~! and gas flow rate of 15 L-min~!. The polycrystalline
nature of the films was confirmed from XRD and TEM studies. A two-dimensional fringe moiré
pattern with spacing of 1.2 nm was observed for the Li doped thin films. Lithium doping increased the
roughness of the surface, thus making the film more passivated. Lithium was founded to play a key
role in the excitonic as well as visible PL of ZnO films.

The effect of introducing Yb ions into ZnO films was reported in 2011 [125]. Yb-doped ZnO thin
films were deposited on glass substrates at 350 °C during 77 min with a flow rate of the solution
fixed at 2.6 mL/min; the molar ratio of Yb in the spray solution was varied in the range of 0-5 at.%.
XRD measurements showed that the undoped and Yb-doped ZnO films exhibit the hexagonal wurtzite
crystal structure with a preferential orientation along [002] direction. All films exhibited a high
transmittance. The PL measurements showed a band at 980 nm that is characteristic of Yb®* transition
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between the electronic levels 2Fs /2 and 2F, /2. This was an experimental evidence for an efficient energy
transfer from ZnO matrix to Yb%* ions. These films showed low resistivity and high carrier mobility
which makes of interest to photovoltaic devices; all ZnO:Yb thin films were n-type semiconductor.
Also, ZnO:Yb*" films had potential as candidates for photons down conversion process.

An investigation of structural, optical and luminescent properties of sprayed N-doped zinc
(NZO) oxide thin films was reported in 2012 [126]. The precursor solution (0.1 M of zinc acetate and
N,N-dimethylformamide) was sprayed onto the preheated corning glass, and fluorine doped tin oxide
substrates held at optimized substrate temperature of 450 °C. Influence of N doping on structural,
optical and luminescence properties were studied. These films were nanocrystalline having hexagonal
crystal structure. Raman analysis depicted an existence of N-Zn-O structure in NZO thin film. XPS
spectrum of N 1s showed the 400 eV peak terminally bonded, well screened molecular nitrogen (y-Ny).
Lowest direct band gap of 3.17 eV was observed for 10 at.% NZO thin film. The UV, blue and green
deep-level emissions in PL of NZO films were due to Zn interstitials and O vacancies. The intensity of
UV emission band increased with the concentration of activated nitrogen impurities. Shifting of PL
peak from 393 to 388 nm seemed to be associated with free electron to neutral acceptor transition or
some LO phonon replicas, followed by free electron-acceptor transitions.

The effect that Ga has on the properties of ZnO films deposited with an aqueous solution of 0.1 M
zinc acetate and gallium nitrate on corning glass substrates was reported in 2012 [127]. XRD study
depicted that the films were polycrystalline with hexagonal crystal structure and strong orientations
along the (0 0 2) and (1 0 1) planes. Presence of EM8", mode in Raman spectra indicated that the
gallium doping does not affect the hexagonal structure. The ZnO:Ga thin films were adherent,
compact, densely packed with hexagonal flakes and spherical grains. Optical transmittance was high
(about 80%). PL spectra showed violet, blue and green emission in these films. The specific heat and
thermal conductivity study showed that the phonon conduction behavior was dominant in these
films. XPS analysis confirmed that the majority Zn atoms remain in the same formal valence state
of Zn?* within an oxygen-deficient ZnO host lattice. The presence of zinc and oxygen vacancies
was confirmed from PL results. The potential use of these films for optoelectronic microdevices was
considered possible.

Optical and structural characteristics of ZnO:Al microrod films, obtained using different solvents
(methanol and propanol), were published [128]. Zinc chloride at 0.1 M concentration in methanol
and propanol was used as spraying solution. The doping was achieved by the addition of Alg3
(tris(quinolin-8-olato) aluminum(Ill)) dissolved in chloroform with a concentration of 7 at.% Al;
a 50 nm/min deposition rate on glass substrates, at 500 °C and a spray rate of about 5 mL/min,
was achieved. Both undoped ZnO and ZnO:Al films were composed of microrods with hexagonal
crystal structure and a (0 0 2) preferential orientation. SEM images revealed a quasi-aligned hexagonal
shaped microrods with diameters varying between 0.7 and 1.3 micrometers. Optical studies showed
that microrods had a low transmittance (~30%) and the band gap increased from 3.24 to 3.26 eV upon
Al doping. PL measurements showed the two emission bands usually present in ZnO PL spectra:
One sharp and intense peak at ~383 nm and one broadband ranging from 420 to 580 nm.

The lithium effect on the blue and red emissions of ZnO:Er thin films was reported in 2013 [129].
These films were successfully deposited on heated (at 450 °C) glass substrates. The spraying solution
was 0.05 M zinc chloride; erbium doping was achieved by adding ErCl; in concentrations of 2, 3, 5,
and 7 at.%. Lithium was obtained from Li;SO4 in concentrations of 3, 5 and 7 at.%. This study was an
investigation of the Li effect on the enhancement of CL emission intensity on Er-mono doped ZnO
films. The Li-Er co-doped ZnO films showed a higher CL intensity of blue and red emissions than the
Er-mono doped ZnO films. This behavior was attributed to the modification of the local symmetry
of the Er** ions, which increases the probabilities for the radiative intra 4f transition of the Er** ions
to occur. These results suggested that optimized Er-Li-codoped ZnO films could be used in data
storage devices.
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The blue luminescence of ZnO:Zn nanocrystals prepared from zinc acetate dihydrate aqueous
solutions (0.05 M), and air as carrier gas with 1, 3, and 5 L/min flow rate was also reported in 2013 [130].
The temperature of the tubular reactor was set at 500, 600, and 700 °C. The crystal sizes were about
14-22 nm with a zincite structure; the observed morphology was partially spherical with other particles
of irregular shape. The highest PL intensity, peaked at 450 nm (excitation wavelength of 250 nm),
was obtained from samples prepared using 5 L/min carrier gas at 700 °C. These PL emission was
associated to oxygen vacancy in the ZnO:Zn nanocrystals.

PL emission from ZnO:Ag films, formed by nanorods (NRs) as a function of the measurement
temperature (10-300 K), was published in 2014 [131]. These films were deposited on soda-lime glass
substrates at the deposition temperature of 400 °C and different deposition times (3, 5, and 10 min).
The spraying solution (0.4 M) was prepared from zinc acetate and silver nitrate dissolved in in a mix
of deionized water, acetic acid and methanol, a constant [Ag]/[Zn] ratio of 2 at.% was used for ZnO:
Ag films deposition. The de position time variation permitted modifying the ZnO phase from the
amorphous to crystalline, to change the size of ZnO:Ag NRs and to vary the PL emission spectra.
PL spectra, versus temperature, revealed that the band related to the acceptor AgZn (LO phonon
replicas of an acceptor bound exciton (2.877 eV)), and its second-order diffraction peak (1.44 eV)
disappeared in the temperature range of 10-170 K with the formation of free exciton (FX). The PL
intensity of defect related PL bands decreases monotonously in the range 10-300 K with the activation
energy of 13 meV. The PL band (3.22 eV), related to the LO phonon replica of free exciton (FX-2LO)
and its second-order diffraction peak (1.61 eV) increased in the range 10-300 K. FX related peak
dominated in PL spectra at room temperature testifying the high quality of ZnO:Ag films deposited by
the ultrasonic spray pyrolysis process.

A study on the role of substrates on the structural, optical, and morphological properties of ZnO
films (nanotubes) was also reported in 2014 [132]. The role of substrate on the properties of ZnO
films was investigated; these films were deposited onto glass, ITO coated glass and sapphire substrate
and annealed at 400 °C for 3 hours. Aqueous solution (0.1 M) of zinc acetate was used to deposit
these films at 350 °C. In the characterization XRD, SEM, Atomic force microscopy (AFM), and PL
measurements were employed. XRD measurements showed that the ZnO films deposited on sapphire
and ITO substrates exhibited a strong c-axis orientation of grains with hexagonal wurtzite structure.
Extremely high UV emission intensity was observed in the film on ITO. The different luminescence
behavior was discussed, which would be caused by least value of strain in the film—it is well known
that the visible emission of ZnO thin films is due to the lattice defects that form deep energy levels in
the bandgap. Films grown on different substrates revealed differences in the morphology. ZnO films
on ITO and sapphire substrates revealed better morphology than that of the films deposited on glass.
AFM images of the films prepared on ITO showed uniform distribution of grains with large surface
roughness, suitable for application in dye sensitized solar cells. It was concluded that the nature of
substrate had significant effect on the crystal structure, PL spectra, and morphological characteristics
of the deposited ZnO films.

A comprehensive review on the structure, optical, and luminescence properties of ZnO:RE
nanophosphors, including up-conversion (UC) and down-conversion (DC) and/or down shifting PL,
was published in 2017 [133]. Some of ZnO:RE nanophosphors reviewed were synthesized by spray
pyrolysis technique. The interest on RE doped ZnO for UC and DC nanophosphors has been motivated
by the potential application of these materials in light emitting microdevices and photovoltaic cells.
The two characteristic emissions observed in ZnO at the ultraviolet and visible regions are related,
respectively, to excitonic recombination and intrinsic defects. XPS data demonstrated a correlation
between the visible emission and intrinsic defects in these phosphors. In the case of the DC or down
shifting processes, there was simultaneous emission related to intra-f level transitions of the RE ions and
defects associated transitions in the ZnO host lattice. These emissions were mainly dependent on the
synthesis process, annealing temperature, and RE ion concentration; only f — f transitions of RE ions
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were observed in the case of the UC process. These down and up conversion RE doped ZnO phosphors
were evaluated for a possible application in solid state lighting devices and photovoltaic cells.

Also, in 2017 a study on the morphological, structural and optical properties (PL and CL) of
ZnO thin films formed by nanoleafs or micron/submicron cauliflowers was reported [134]. Precursor
solution was composed of zinc acetate dihydrate in deionized water (resistivity: 18 MQ-cm); solution
concentration was 0.002-0.064 mol-dm?> and reactor temperature was varied from 300 to 450 °C, in 50 °C
steps. These films formed by nano and microstructures with hexagonal crystal phase were successfully
synthesized on aluminum or silicon substrates. The morphology showed the presence of three types of
particles: Nano-leafs, single microparticles, and particles formed by the aglomeration of microparticles.
The largest zone was formed by nanoleafs with a width of 25 nm and a length 200 nm long regardless
of the roughness of the substrate. Moreover, the energy bandgap (3.26 eV) was invariant to changes
in synthesis parameters. The optical measurements showed no considerable differences between
the luminescence properties of films formed by nanoleafs and cauliflower particles. Deconvolution
of PL emission spectra made it possible to elucidate the existence of oxygen vacancies, interstitial
oxygen, zinc vacancies and interstitial zinc, structural defects in nanoleafs, and micro-cauliflowers.
Defects such as these play an important role into PL and CL emissions of ZnO because electronic
transitions associated to these defects originated almost the 100% of these emissions.

In 2018, a paper on the enhancement of visible luminescence and photocatalytic activity of ZnO:Cu
thin films was published [135]. ZnO thin films doped with copper (04 at.%) were deposited on glass
substrates maintaining a substrate temperature of 400 + 10 °C. 0.4 M solution of zinc acetate and cupric
acetate dissolved in a mixture of methanol, deionized water and acetic acid was used as the precursor
for the deposition of these thin films. Hexagonal crystallinity (wurtzite) of the films improved at
lower doping concentrations due to the easy fitting of Cu dopants in the Zn host lattice sites and
preferred highly textured growth along the (0 0 2) plane. Higher doping concentration deteriorated the
crystallinity and the optical transmission. EDX measurements confirmed the incorporation of Cu in
the doped films. Optical energy gap red-shifted with the addition of Cu contents due to the exchange
interactions and difference in iconicity of Zn and Cu. Cu doped films exhibited strong PL visible
emission due to the modulation of the band structure and subsequently new levels acting as emission
centers were formed in the forbidden bandgap of ZnO films. The addition of Cu ions increases the
concentration of zinc interstitials, as well as zinc and oxygen vacancies which cause more intense
emission in the visible region. ZnO:Cu thin films exhibited very good photocatalytic activity due to the
efficient trapping of photo-generated electrons thereby suppressing the electron-hole recombination
and higher doping level slightly decreased the degradation efficiency because excess dopants may act
as recombination centers.

The effect of fluorine and boron co-doped ZnO thin films on the structural and luminescence
properties was published in 2018 [136]. Fluorine and boron co-doped zinc oxide (ZnO:B:F) thin films
were deposited on the corning glass substrates at 400 = 5 °C: The spraying solution was prepared by
mixing zinc acetate, boric acid, and ammonium fluoride, dissolved in methanol and deionized water
with a ratio of 3:1. After characterization it was found that ZnO:B:F films had high average optical
transmittance; XRD patterns indicated that the obtained ZnO:B:F films had a hexagonal wurtzite type
structure with (0 0 2) preferential orientation. The crystallite sizes were in the 18-40 nm range. Green
emission and UV emission band are observed in PL spectra of ZnO and ZnO:B:F. Undoped ZnO films
exhibited only one peak around 390 nm associated with near band ultra violet emission. It is well
known that the UV emission peak usually originates from the near band-edge emission from the
recombination of free exciton. Also, it was considered that the intensity ratio of UV to visible emission
is commonly considered as a sign of perfect crystal quality and low defect concentration. A green
emission peak was observed for ZnO:B:F films; the intensity of this peak centered at 520 nm increased
while the B-F concentrations increased. The observed green emission is also due to the impurity
levels related the oxygen vacancy (Vo) in ZnO:B:F films. The electrical resistivity, carrier concentration
and Hall mobility also were measured. The highest Hall mobility of 13.22 cm? v~!.s, and the lowest
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electrical resistivity of 3.13 x 10~* Q)-cm, were obtained at the optimal boron-fluorine co-doping
concentration of 5 at.%. All of the results were appreciated in point of view of optoelectronic industry
and photovoltaic solar cell applications and it was concluded that B-F co-doping has a positively effect
on electrical properties.

4.6. ZnS

A research on the luminescence of ZnS, ZnS:TbC13 and ZnS:SmC1; films, deposited by the
Pneumatic SP technique, was first reported in 1988 [137]. The ZnS films were deposited using a
spraying solution obtained by mixing in equal proportions solutions of 0.1 M of Zn acetate and 0.1 M
of dimetylthiourea (C3HgN,S), both dissolved in three parts of isopropyl alcohol and one part of
deionized water. The doped films were prepared by adding TbClI3; or SmClI3, to the spraying solution
at a 10 at.% concentration; the substrate temperature, during the deposition, was either 300, 330, 360,
or 375 °C. The solution flow rate was 14 cm®/minute and the nozzle substrate distance was 30 cm in
all cases. The doped films exhibited strong PL emission with a blue dominant peak at about 460 nm.
This peak is characteristic of chlorine-doped ZnS phosphors. The films had poor crystallinity with
a cubic crystalline structure. The optical transmission (T about 80%) characteristics of these films
showed an absorption edge shifted to shorter wavelengths compared with those of the undoped films.
Photoluminescent characteristics of In-, Al-, and Cu-doped ZnS films were reported in 1989 [138].
These films were deposited from a spraying solution formed by 0.1 M (CH3COO); + 0.1 M C3HgN»S
dissolved in a mixture of three parts of isopropyl alcohol plus one part of deionized water. Doping was
reached adding InC13, A1C13, or CuCl to the starting solution. The substrate temperatures were either
270, 300 or 330 °C. The substrates were pyrex glass slides, pyrex glass coated with In,O3 and silicon
oxide. All films showed polycrystalline features which could be associated to a wurtzite structure
of ZnS. Also, the presence of chlorine was detected into the films in quantities that depended on the
deposition parameters. The PL spectra measured at room temperature displayed different emission
peaks for each one of the impurities. The PL spectra from the Al-doped ZnS films showed a peak
centered at 470 nm. The In-doped ZnS films showed a peak about 545 nm and the PL spectrum from
the Cu-doped films exhibited a peak at 570 nm. The shape and intensity of the PL spectra do not
depend strongly on the type of substrate.

The luminescent properties of ZnS:Mn films deposited by the pyrolysis spray technique on
glass substrates at atmospheric pressure using air as a carrier gas were reported, for the first time,
in 1992 [139]. The spraying solution in this case consisted of 0.1 M of Zn acetate and 0.1 M of
dimethylthiourea in a mixture of three parts of isopropyl alcohol and one part of deionized water.
The Mn doping was achieved by mixing MnCl, (0-20 at.%) in the spraying solutions; the deposition
temperature was varied between 340 and 500 °C in steps of 20 °C. All films resulted polycrystalline
with a wurtzite (hexagonal) structure. The PL spectra show, besides the characteristic light emission
associated with Mn (yellow at 590 nm) in a ZnS host lattice, a peak associated with the self-activated
emission (blue at 490 nm) observable at low substrate temperatures and/or long deposition times.
The presence of chlorine impurities in the films was suggested to be associated with this emission.
The Mn related luminescence showed a quenching effect with the Mn concentration (at concentrations
higher than 3 at.% Mn in the spraying solution). The light emission at this center had an activation
energy of 0.71 £ 0.05 eV with the deposition temperature. This energy was proposed to be related with
the energy required for the Mn atoms to find a proper site during the growth process to form a Mn?*
center. These films were incorporated in a Metal-Insulator-active layer- Insulator-Metal (M-I-S-I-M)
structure and their electroluminescent features were reported in 1995 [14]. These alternating current
electroluminescent thin film structures were prepared using, for the first time, high-quality SiO,
insulating thin films and spray pyrolyzed ZnS:Mn?* as the active layer. The structures prepared
with 60 nm thick insulating films showed threshold voltages of 30 V (rms) and saturation voltages
of about 56 V (rms). The electroluminescent emission spectra presented a peak centered at 590 nm
(yellow emission) associated with the Mn?* center. The brightness-voltage characteristics were typical
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for a structure of the M-I-5-I-M type. The external efficiency calculated from the charge-voltage
characteristics had a value of 1.8 Lumen/Watt.

Spray pyrolysis synthesis of ZnS nanoparticles (sub-10 nm) from a single-source precursor was
published in 2009 [140]. Here, it was reported the synthesis of cubic ZnS nanoparticles from a
low-cost single-source precursor in a continuous spray pyrolysis reactor. In this study, a single-source
precursor: Diethyldithiocarbamate, [(C,Hs),NCS;],Zn, dissolved in toluene was used to synthesize
ZnS nanoparticles. The furnace setpoint temperature was typically 600-800 °C. In this method,
the evaporation and decomposition of precursor and nucleation of particles occur sequentially.
XRD indicated a Cubic ZnS (zinc blende) for the synthesized particles. High Resolution Transmission
Electron Microscopy (HRTEM) images showed ZnS particles with diameters ranging from 2 to 7 nm
were. As-synthesized ZnS nanoparticles (excited at 350 nm) exhibited blue photoluminescence near to
440 nm had quantum yields up to 15% after HF treatment. This demonstrated a potentially general
approach for continuous low-cost synthesis of semiconductor quantum dots, and applications in solar
cells, lasers and displays. Also, ZnS nanoparticles can be applied as phosphors, probes for bio-imaging,
emitters in light emitting diodes and photocatalysts.

5. Conclusions

This review describes some of the very extensive research work about the spray pyrolysis
technique, which without doubt, is an extraordinarily flexible and practical materials synthesis method.
It is a low-cost, non-vacuum required, way to synthesize materials in the form of powders and films
deposited over a wide variety of substrates, and can be easily adapted for large area deposition and
industrial production processes. The present work has been limited to review several luminescent
materials and those with high-K dielectric properties, most of them metal oxides, synthesized by this
process. Concerning the dielectric materials, it has been focused on the work carried out in high-K
dielectric films of aluminum oxide, yttrium oxide, and zirconium oxide, developed for application
on MOSFET technology devices. Through the works reviewed, the spray pyrolysis technique has
been proved to be a technique capable of producing films as thin as 30 nm on silicon wafers with an
outstanding dielectric and optical qualities, which could also be considered for design and development
of sensors and other multilayered microdevices—such as planar waveguides and resonant optical
structures. In the case of luminescent materials (PL, CL, TL, Up-conversion), the information reviewed
shows that metal oxides (ZrO,, HfO,, Al,03, Y203, ZnO) and ZnS doped with rare earth and transition
metal ions with specific luminescent characteristics could be tailored according to light emitting
devices, and to many other applications requirements.
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Abstract: Solar cells are electrical devices that can directly convert sunlight into electricity. While solar
cells are a mature technology, their efficiencies are still far below the theoretical limit. The major
losses in a typical semiconductor solar cell are due to the thermalization of electrons in the UV and
visible range of the solar spectrum, the inability of a solar cell to absorb photons with energies below
the electronic band gap, and losses due to the recombination of electrons and holes, which mainly
occur at the contacts. These prevent the realization of the theoretical efficiency limit of 85% for a
generic photovoltaic device. A promising strategy to harness light with minimum thermal losses
outside the typical frequency range of a single junction solar cell could be frequency conversion
using rare earth ions, as suggested by Trupke. In this work, we discuss the modelling of generic
frequency conversion processes in the context of solar cell device simulations, which can be used to
supplement experimental studies. In the spirit of a proof-of-concept study, we limit the discussion
to up-conversion and restrict ourselves to a simple rare earth model system, together with a basic
diode model for a crystalline silicon solar cell. The results of this show that these simulations are very
useful for the development of new types of highly efficient solar cells.

Keywords: photovoltaics; frequency conversion; device simulations

1. Introduction

The conversion efficiencies of silicon-based solar cells are getting closer and closer to the theoretical
limit of 34% for single-junction silicon-based solar cells, as estimated by Shockley and Queisser in
1961 [1]. These impressive numbers must, however, be compared to the theoretical efficiency limit of
85% for a generic photovoltaic device [2], which shows that there is plenty of room for improvements.
The main losses in a typical semiconductor solar cell are due to the thermalization of electrons in
the UV and visible range of the solar spectrum, the inability of such devices to absorb photons with
energies below the electronic band gap, and losses due to the recombination of electrons and holes,
which occur particularly at the contacts. A recent survey of novel design strategies to overcome these
problems has been given by Polman and Atwater [3], but their main focus was on multi-junction solar
cells. Another promising strategy for single junction solar cells to harness light outside their typical
frequency ranges is frequency conversion using rare earth ions, as suggested by Trupke [4]. From a
technical point of view, the most common way to introduce frequency conversion into a standard solar
cell is through additional functional glass layers containing rare-earth ions. In device simulations of
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solar cells, we may cater for the new light management features through calculating the additional
photon fluxes that result from the frequency conversion processes in these additional functional layers.

In this work, we want to demonstrate this approach for a model solar cell. In this proof-of-concept
approach, a standard solar cell model is augmented by adding the effects of an additional
up-conversion (UC) glass layer. After describing some of the technical background related to
up-conversion, we also highlight some of the relevant processes involved in typical UC applications
for solar cells by using a rate equation model. We also explain in some detail how a typical device
simulation is carried out, and we emphasize the crucial role of the size of the model glass layer for the
performance of a model c-Si solar cell device.

2. Up-Conversion in Solar Cells

In the context of solar cells, up-conversion is used to absorb sub-band-gap photons from the solar
spectrum and convert them into higher-energy photons in the normal absorption range of the solar cell.
The up-converted photons can be utilized by the solar cell to produce electron-hole pairs, which drive
the corresponding photocurrents [2]. Note that about 20% of the solar energy reaching the surface of
the Earth is not utilized by conventional silicon solar cells, as these photons have energies smaller than
the band gap of the semiconductors in the solar cell [5]. Therefore, UC provides an attractive method
to harness these lower-energy photons, reducing spectral losses. This increases the photocurrent and
improves the overall efficiency of the solar cell. A simplified diagram illustrating the UC process is
given in Figure 1.

sunlight

Solar cell

uc pnmonT

‘ UC glass layer

Figure 1. Schematic for up-conversion using glass layers in solar cell applications.

In general, the UC process requires a luminescent material with multiple energy levels that have
an appropriate energy spacing. This allows for the emission of photons with frequencies close to the
band gap of the solar cell. It is well-known that lanthanide ions, such as Er’*, have these properties,
which can easily be embedded into glass layers for the purpose of UC [6,7]. One of the approaches
that are currently being studied in Reference [8] is the systematic doping of optical materials with one
or more of these so-called activator ions, with the possible inclusion of sensitizer ions, such as Yb3t,
as co-dopants.

3. Current Densities and Generation Rate of Cell with Frequency Conversion

In the following, we briefly describe the main contributions to the current density generated by a
solar cell. These can be divided into an electronic contribution from the P-N junction, the standard
photocurrent, and an additional current from the up-converted photons.
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3.1. Dark Current Density

If an external voltage is applied to a P-N junction, a net current density ], will be obtained.
This current density is generated under dark conditions and yields an important reference value.
This current is given by Reference [9]:

Jaark = (]diff,() + Jser, 0 + Jraq, o) (e% - 1) 1

where 7,0 is the diffusion current density, Jscr0 is the recombination current density, and J;44, is the
irradiative recombination current density. k is the Boltzmann's constant, T is the temperature of the
device in Kelvin, and 4 is the electronic charge. The dark current is completely described by electronic
semiconductor physics.

3.2. Photo-Current Density

The photo current density J, stems from the free charge carriers generated through photon
absorption and is given by [9,10]:

Jo= e (1= RO)a(3) expl-a(2) X251 ®

where 7. is the charge carrier generation quantum efficiency which is equal to 1, a(A) is the absorption
coefficient, R(A) is the reflectivity, X is thickness of the absorbing layer, and ®,(A) is the incident
spectral photon flux at wavelength A. In this work, we shall restrict ourselves to the standard AM1.5
spectrum as found in Reference [9]. Reflections and other losses are not included in this model.

3.3. Additional Current Density from UC

In the case of solar cells with UC, an extra current density must be added to the standard
photocurrent density in Equation (2). To this end, we estimate the additional photon flux (P.(d)) due
to frequency conversion, using:

q)ex, z(d) = Md (3)
Ti
where N; denotes the population density of state i from which electrons decay to release upconverted
photons. T; is the lifetime of this state, and d is the thickness of the frequency conversion layer.
Equation (2) needs to be used with caution, as it does not consider extra losses which might be
introduced by a thick conversion layer, e.g., extra reflection. It also assumes N; to be position
independent, which also only holds for thin conversion layers.

The generation rate G, ; accounts for the creation of electron-hole pairs in the solar cell from the

extra photon flux ®,, ;. It can be estimated from:

Gex,i = 0‘(/\0) q>ex,i (AO) “4)

where a(Ag) is the absorption coefficient of the solar cell at the up-converted wavelength. The extra
current density produced by a single emission line from the up-conversion is then given by:

]ex,i =4 Gex,iLD (5)

where Lp is the size of the depletion layer in the solar cell.
The total current can then be estimated from the summation of the above current densities, and is
given by:
Jiot = Jaark + ]p + ]ex,i (6)
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if more than one UC channel exists, the last term in Equation (5) becomes a sum over the corresponding
current density contributions.
The power conversion efficiency of a solar cell is defined by:

Vin X Jm
Ui P @)
here, P, is the input solar power intensity, and V,;, and J;; are the voltage and the current densities
at the maximum power point of the solar cell. V;,; and ], can be easily determined from the
current-voltage curve.

It should be noted that the above model is, of course, highly idealised, and many interactions
between the UC layer and the rest of the solar cell are not treated. However, it is a strength of this
model to treat the reference cell and the UC layer as separate systems, as this allows us to compute
a qualitative estimate of the potential benefit of a UC layer to the solar cell efficiency without the
necessity for a more cumbersome simulation.

In the following, we want to focus our discussion of UC on a simple-term scheme for trivalent
Erbium (Er®*) and a rate equations-based approach.

4. Er®* Up-Conversion Term Scheme

To describe up-conversion properly, four physical processes need to be considered, which are:
ground state absorption (GSA), excited state absorption (ESA), spontaneous emission (SPE), stimulated
emission (STE), and energy transfer (ET) [11]. Many lanthanides are suitable for up-conversion
applications. Of those, the trivalent Erbium (Er**) features a rather simple term scheme, which makes
Er** a good study case without adding unnecessary complexity.

A Er®* term scheme is shown in Figure 2, which only considers the processes and states relevant
for UC. The processes of GSA and ESA are assumed to be resonant. Three metastable states are shown,
from which some further electronic transitions (accompanied by the emission of photons) originate
with branching ratios .Bij~ Here, i denotes the initial state of such a transition, whereas j denotes the
final state [12].

Ba

1
w ‘

. R

Figure 2. Energy level diagram for Er>* with all the important processes for up-conversion, as described
in Reference [12].

The rate equations for this basic system are given by [12]:

dN3 OESA N3
A% TESA N, B 8
dt Ugsatocsa T T ®)
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dN, 0GsA N UESA N3
— =~ W,Ng— —— ——W,N, + — 9
dt UEsA +0Gsa P T OESA +0GsA P2 Paz 3 ©)
le N3 NZ Nl
_ N3 A 10
ar B31 o + B o o (10)
Niot = No+ N1+ N+ N3 (11)

W, is the pump rate used to populate the excited states. In the case of solar cells, W, = op®,, is given
by the incoming photon flux ®,, ~ 1.2 x 1017 cm~2s~! around the up-conversion wavelength, as well
as the absorption cross-section 0, ~ 1.0 x 10 cm? [13]. The exact line position and line width depend
on the host material of the UC layer, meaning this approximation shall suffice here. Nj; is the total
population density of the active erbium ions within the up-conversion glass layer. ¢; and 7; are the
cross sections and lifetimes for state 7, respectively. B;; denotes the branching ratio from state i to state
j. No, N1, Na, and Nj are the population densities for various states of the Er** ion

Equations (8)—(10) describe the population changes of the meta-stabile excited states,
while Equation (11) guarantees conservation of electrons. An extra equation for the ground state
population Nj is not needed, as the system of equations is later solved in the steady-state case,
for which the system is already complete. Equation (8) includes the change in N3 through pumping
from N, as well the emission. The population of Nj is fed by pumping from the ground state Ny
and emission from N3, and loses population through pumping to N3 and emission. Nj is populated
through emissions from N, and N3, and emits itself back to the ground state.

5. Results and Discussions

A reference 1-D crystalline silicon (c-Si) solar cell is modelled using Equations (1) and (2) [9,10].
For the calculation of ], in Equation (1), the sum of the different current densities was specified as
Jaiffo + Jsero+ Jragp = 1.95 x 1077 A/m?. The operating temperature of the device was chosen to be
300 K. ], is estimated by computing Equation (2), where the absorber thickness X was chosen to be
510 x 107% m. The resulting I-V curve for this model solar cell is given by the solid curve in Figure 3.
Alternatively, a reference solar cell which can be modelled by various device simulation packages such
as GPVDM [12] can be used. In this approach, the resulting photon fluxes from the UC layer are used
to augment the photon flux values on the actual spectrum file in the program codes. We stick to using
our reference solar cell model for this work.

In the steady state, the population densities Ny, N1, N», and N3 do not change over time, and can
be calculated as a function of the pump power W), provided Nj,; and all necessary constants in
Equations (8)—(11) are known. The important parameters needed to solve for the population densities
are given in Table 1.

Table 1. Parameters for solving the rate equations. (* obtained from Reference [13]).

Parameter Symbol Value
*Lifetime T 10 ms
*Lifetime (53 4.3 ms
*Lifetime T3 0.37 ms
*GSA cross section 0GSA 0.25 x 10720 cm?
*ESA cross section OEsa 1.7 x 10720 ¢m?
*Branching ratio B2 0.85
*Branching ratio B 0.15
*Branching ratio B3o 0.67
*Branching ratio Ba1 0.27
*Branching ratio B3 0.02
Pump wavelength Ap 974 nm
Conversion material length d 0.3 mm
*Total Er®* concentration Niot 1x 10 em™3
Depletion layer width Lp 1x107°m
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In the Er¥* term scheme, N3 leads to photoemission with 550 nm wavelength, which is the
relevant transition for up-conversion applications. The corresponding lifetime 3 for N3 is 0.37 ms [13].
The values in Table 1 are used to estimate the additional current density from the UC material layer.
All the parameters for crystalline silicon used in the subsequent calculations are taken from [9].

The generation rate Gy 3 from the up-converted photons is calculated using an absorption
coefficient of & ~ 106% for c-Si at 550 nm. With this, the photon flux calculated from Equation (3)
is @, 3 &~ 5.35 x 10! —L,. Using Equation (8), the corresponding generation rate is obtained as

s x m2’
Gex3 ~ 5.35 x 102 —L_. This should be compared to the generation rate Gg; ~ 4.48 x 107 L of
4 s X m” s X m”
a c-Si solar cell without UC.
It is important to note that the estimated photon flux strongly depends on the size of the glass
layer. A very thick glass layer, like the present one, may strongly exaggerate the additional photon

flux due to UC. Also, for very thick glass layer attenuation (Beer’s law), the additional photon flux

needs to be considered. Therefore, our guideline is to use glass layers of a size that leads to measurable
increases in overall efficiency (i.e., in the range of %), but with the final aim of identifying optimum
UC systems, where these glass layers may be kept very small.

A certain increase in photon flux does not imply a proportional increase in solar cell efficiency,
because the solar cell is a nonlinear device. It is necessary to calculate the corresponding current
densities. Using Equation (5), we may determine the additional photocurrent density derived from the
UC process. The total current density can then be determined by using Equation (6). The resulting J-V
curves are shown in Figure 3, for a c-Si solar cell with (solid black curve) and without (dashed red
curve) the UC current density contribution.
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Figure 3. Simulated J-V curve for an ideal ¢-Si solar cell with and without up-conversion (UC).

Without the frequency conversion layer, the efficiency of the model c-Si solar cell is 21.4%, with a
short circuit current of J;. = 400 % and an open circuit voltage of V. = 0.56 V. Using Equation (5),
the additional current density that is derived from the UC glass layer is J.,3 = 8 %. This results in a
total short-circuit current of Jsc1er = 408 %. The open circuit voltage is not affected.

The efficiency of the model c-Si solar cell, including contributions from UC, is 22.7%. The overall
increase in efficiency for the c-Si solar cell by adding our Er®*-based luminescent glass layer model
is 1.3%. The increase in efficiency in this proof-of-concept example is, of course, small. It stems from
one specific up-conversion channel only, and the example did not include any sensitizer co-dopants.
More importantly though, this modelling approach can be applied to more complex and realistic
up-conversion set-ups to find good up-conversion configurations.

Some experimental work has been done studying the impact of frequency conversion, such as UC,
on solar cell device performance. In their recent publication, Kumar et al. [14] found a UC improvement
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of about 0.4% for a dye-sensitized solar cell that uses Er** and Yb>* co-doped ZnO up-conversion (UC)
nanoparticles-based phosphors. Grigoroscuta et al. [15] have also studied the effect of a phosphor
film of Yb>* /Er**-co-doped CeO, on the performance of a silicon-based solar cell and have noticed
a significant increase in the cells’” performance because of the thin UC film. A simplified modelling
approach such as this can be useful in aiding the development of more advanced solar cells.

6. Conclusions

In this paper we presented a simple model approach to estimate the impact of frequency
conversion on the overall efficiency of solar cell devices. A rate equation model was used to estimate
the population densities for a typical UC process in Er®* yielding an extra photon flux in the visible
range. The total photocurrent is enhanced by the addition of an up-conversion layer. As the solar cell
is a non-linear device, already relatively small increases in the current density can lead to considerable
improvements in the overall device efficiency.

Systems other than Er®* can be studied using the same method with Tm3* being a good example,
provided the basic parameters for the rate equation model are known. As an alternative to the present
approach, the additional photon flux due to UC can also be used as a direct input parameter for
existing device simulation codes [16], which seems to compare quite well to the presented approach.
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Abstract: Hybrid organic-inorganic materials are of great interest for various applications.
Here, we report on the synthesis and optical characterization of silica-PMMA samples with different
Eu®* molar concentrations. The optical properties of this material make it suitable for photonic
applications. The samples were prepared using the sol-gel method, mixing tetraethyl orthosilicate
(TEOS) as a silica glass precursor and methyl methacrylate (PMMA) as a polymer component.
Europium nitrate pentahydrate was then added in six different molar concentrations (0.0, 0.1, 0.25,
0.5,0.75, and 1%) to obtain as many different samples of the material. The absorption spectra were
obtained applying the Kubelka-Munk formula to the diffuse reflectance spectra of the samples, all in
the wavelength range between 240 and 2500 nm. The emission and excitation measurements were
made in the visible range. Five bands could be identified in the emission spectra, related to electronic
transitions of the ion Eu®* (!Dy—"F;, i from 0 to 4). In the excitation spectra, the following bands were
detected: "Fy—>G3 (379 nm), "Fy—>G, (380 nm), "Fy—°Lg (392 nm), "Fy—°D3 (407 nm), "Fy—°D,
(462 nm), and "Fy—°D; (530 nm). The emission decay times were measured for the different samples
and showed an inverse dependence with the Eu®* concentration.

Keywords: europium; luminescence; hybrid materials; microdevices

1. Introduction

The study and development of hybrid materials has taken off since the end of 20th century
and the beginning of the 21st. This is in spite of the fact that hybrid materials were developed
for thousands of years when the production of paints was the driving force to try novel mixtures
of dyes and/or inorganic pigments. This takeoff has happened due to the availability of novel
physico-chemical characterization methods, as well as new perspectives of material creation made
possible by nanoscience. Since then, bottom-up strategies going from the molecular level up to material
design have led to the creation of materials with very different and applicable physico-chemical
properties. Despite all these changes, when the synthetization of hybrid materials is considered,
the sol-gel method has continued to be widely used, as it is cost effective and allows for the synthesis
of materials of high purity and homogeneity. On the other hand, the search for a better and better
matrix able to host a dopant has been a key objective of research for years. An example of this are
SiO, matrixes, which incorporate lanthanides, are homogenous and transparent, and have controlled
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porosity; they can be useful in many photonic applications, including the development of doped
fiber amplifiers (DFA) for continuous and pulsed lasers, single-mode silica optical fibers that have
the ability to provide high bandwidth and long distance communications, or, finally, materials for
thermoluminescent applications [1,2].

Methyl methacrylate (PMMA) is an organic polymer, which is transparent, malleable and flexible.
This material has recently been employed to make polymeric optical fibers (POFs) [3], as well as highly
tunable Bragg gratings [4]. Kuriki and Koike [5] synthesized lanthanide (La)-doped POFs and showed
that the fibers were capable of incorporating the inorganic host in high concentrations. They also
found that the lanthanides in these systems were pumped more effectively than in conventional
crystal systems. This happened because of energy transfer processes in the chelate complexes [5].
Basu and Vasantharajan doped polystyrene, polymethylmethacrylate, and polyurethane matrices
with europium for the fabrication of temperature-sensitive coatings (TSP) [6]. The undoped hybrid
PMMA-SiO; presents other characteristics that its components do not present; for example, it has a
higher glass transition temperature, a higher optical transparency, a better thermal stability [7], a better
adhesion strength than the pure PMMA that allows it to be employed as anticorrosive coating [8],
and size-controlled silica particles, which allow it to effectively reduce the gas permeability of the
polymer membrane [9].

On the other hand, the Eu** ion has played an important role in the development of many optical
devices, such as lasers, phosphor materials, coatings, luminescent probes, POFs, displays, and so on.
This great interest is based on the intense luminescence it emits in the red range, which is generated by
the large energy gap between the ground and the first excited state of this element. Moreover, Eu**
is widely used because the ground energy state (“F) and the most important emitting excited state
(°Dy) are nondegenerate and do not split because of the crystal-field effect. This allows us to easily
understand the absorption and emission spectra and their dependence on the environment in which the
Eu’* is located. Based on this fact, Eu>* has been widely used as a luminescent probe for host structures
and defect studies [10]. The most important transitions in the luminescence spectra of Eu®* are those
from the °Dy excited state to 7F/ levels, (with a low | value equal to 0, 1, or 2). The interpretation
of the spectra turns out to be easy because of the small number of possible crystal-field transitions.
Other interesting characteristics refer to the facts that, because the different 5DOH7F] lines are well
separated, overlapping between the crystal-field levels is difficult [11] and that the luminescence
intensity ratio of the magnetic (®Dy—"F;) and electric bands (°*Dy—"F,), both in the red range of the
spectrum, shows a larger symmetry factor with a larger symmetry of local crystal fields [12].

In this study, six hybrid samples, made of inorganic silica and organic PMMA, were synthetized
using the sol-gel method. Five samples were doped with different molar concentrations of Eu®*,
and one was left undoped. The goal of the study was to characterize the optical properties of these
materials because of their potential applications. Due to their transparency, the ease of their fastening
to silica and to substrates—because of their vitreous part, increased flexibility conferred by the
polymer component, increased mechanical properties, and the fluorescence properties conferred by the
dopant—and their capacity to change the refractive index by changing the ratio between the precursors,
these materials can be used in the near future as a coating for optical fibers for the development of
optical devices, such as sensors, which can act under the excitation of the dopant as a coating layer
for scratch resistance or corrosion protection and as an optical filter device. In addition, because
the material is made through the sol-gel method, the manufacturing of fibers at room temperature
is allowed.

2. Materials and Methods

Material Preparation: Six different SiO,-PMMA samples were prepared with the sol-gel
method. During this process, tetraethyl orthosilicate (TEOS), PMMA, and ethanol were mixed.
After that, trimethoxysilyl propyl methacrylate (TMSPM) was added and used as a bonding
agent between the polymer and the SiO, molecules. The molar ratios were 1:1:0.22:4.75:4.75
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(TEOS/PMMA /TMSPM /H,0/Ethanol). Sodium hydroxide (NaOH) was added as a catalyst for the
hydrolysis to increase the pH of the solution up to a value of 9. Benzoyl peroxide (BPO) was used as a
catalyst for the methyl methacrylate (MMA) polymerization in a 1 mass % ratio with respect to the
amount of PMMA used [3]. After these steps were completed, europium nitrate pentahydrate was
added in molar concentrations of 0, 0.1, 0.25, 0.5, 0.75, and 1 mol %. All this to form one undoped
sample and five Eu-doped samples of the hybrid material studied in this work. The gel formation
process lasted for a period of 25 days, finishing when the samples were completely dry.
Spectra Characterization: Absorption spectra were obtained applying the Kubelka-Munk equation
as follows:
(1 — Reo)?/2 X Reo = F(R) (1)

where F(R) is the Kubelka-Munk function and R is the reflectance of a layer so thick as to completely
hide the substrate. For this investigation, the diffuse reflectance spectra of the samples were recorded
in the range between 240 and 2500 nm using a CARY 5000 spectrophotometer (Agilent Technologies,
Santa Clara, CA, USA). The band gap energy (Eg) was calculated by the interpolation of a line
in the graph of (F(R)hv)" versus hv (Tauc plot); “n” takes the values of 0.5 or 2 (depending on
whether the allowed transition is direct or indirect, respectively) and v is the corresponding photon
energy [13]. Emission and excitation sample spectra were always recorded at room temperature (RT).
For the emission spectra, the setup array was in frontal face mode in a Nanolog Spectrofluorometer
(Jobin-Yvon Horiba, Horiba, Ltd., Kyoto, Japan) equipped with double grating in both the excitation
and emission monochromators and with a Xenon lamp of 450 W. For the emission spectra, a range of
wavelengths greater than the ones used for excitation were used.

Decay time calculations: Because the decay time of Eu®* is in the order of milliseconds,
the measurements of the fluorescent decay time were carried out at RT, using a time-correlated
single photon-counting (TCSPC) Fluorolog3-TCSPC (Jobin-Yvon Horiba, Horiba, Ltd.). This was
a hybrid steady-state (continuous wave (CW)) system with time-correlated fluorescence dynamics.
It was equipped with double grating in both the excitation and emission monochromators, a 450 W
Xenon lamp for CW measurements, and a Xenon pulsed lamp (3 ms pulse duration). The excitation
wavelength used to carry out the experiments was 393 nm, which corresponded to the stronger
wavelength that could excite the electronic state Dy (614 nm). Finally, a natural logarithm function
was applied to the spectra, and a linear fit was calculated; the slope of this line gave us the fluorescence
decay time of each sample.

3. Results

In Figure 1, the absorption spectra of the six SiO,-PMMA samples under investigation are
presented. The wavelengths varied in the 240-2500 nm range. In the inset image of Figure 1, an enlargement
of the wavelength region between 300 and 750 nm is presented. It can be observed that the absorption
edge for all the samples was approximately 350 nm. All the samples presented the same bands with
different amplitudes. In the inset image, due to the Eu3* ion presence, three bands were identified that
were associated with the electronic transitions 7Fy—>Lg (392 nm), “Fy—>D> (460 nm), and “Fy—°D;
(538 nm). The first band represented the most intense absorption and was observable for all the doped
samples. It appeared due to the direct excitation into the 4£6 levels of the Eu®* ions [11]. The band
associated with 7Fy—>D, was an electric dipole transition and was used to determine the position
of the °D; level; it was observable for dopant concentrations higher than 0.1 mol %. The magnetic
dipole transition ("Fg—°D;) presented small intensities and was observed only for the samples doped
at 0.75 and 1 mol %.
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Figure 1. Absorption spectra of the six SiO,- methyl methacrylate (PMMA) samples. The absorption
spectra for the undoped and doped hybrid samples are shown in the wavelength range between
240 and 2500 nm. In the inset, a zoom of the range 300-750 nm is presented, where the electronic
transitions of the Eu* ion are identified. The line color of each sample is the same in both graphs.

Figure 2 was obtained drawing the Tauc plot [(F(R)hv)" vs hv] for the absorption spectra. The main

graph corresponds to an 7 value of 2 and the inset to n = 0.5. It can be observed that for n = 2 in the
absorption edge (3.75—4.25 eV), the samples presented a linear behavior, while in contrast with 7 = 0.5, they
presented a polynomial behavior. This property is typical of a direct band gap material. The results reported
in the Table 1 show the direct gap value for each dopant concentration; the data were calculated from
the extrapolated crossing of the linear segment of the absorption edge with the energy-axis. These values

showed that there were no significant changes in the band gap due to dopant presence.
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Figure 2. (F(R)hv)" vs photon energy (Tauc plot) in the absorption edge range for the SiO,-PMMA:Eu®*
samples. In the inset, the (F(R)hv)!2 vs photon energy relation is plotted for 1 = 0.5, while in the main
graphn =2.
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Table 1. Dopant concentration (mol %) vs direct gap energy (eV) for the six samples.

Concentration of Eu3* (mol %) Direct Gap (eV)
0 3.97 +0.20
0.1 4.01 £0.10
0.25 3.97 £0.12
0.5 3.98 £0.22
0.75 3.96 £0.12
1 4.01 £0.22

Figure 3 presents the emission spectra using 325 and 393 nm as excitation wavelengths and the
excitation spectrum detected at 616 nm of a Si0,-PMMA:Eu’* sample with 1 mol % Eu®*. The excitation
wavelength of 325 nm was used to observe the complete emission band due to the SiO,-PMMA matrix,
which is in the range of 340-500 nm. In contrast, the excitation wavelength of 393 nm was used to
excite the Eu®* ions and to induce photoluminescence due to the direct population of the 4f levels.
In the same figure, the excitation spectrum recorded at 616 nm displays a set of bands associated
with the 4f electronic transitions: “Fy—°G3 (377 nm), "Fy—5G, (380 nm), “Fg—°Lg (392 nm), "Fy—>Ds
(413 nm), “Fg—°D, (462 nm), and “Fy—>D; (530nm) [11,14]. Because the emission spectrum of the
Si0,-PMMA matrix (340—500 nm) presents a decrement at around 392 nm and the excitation spectrum
at 616 nm has the most intense band associated with the electronic transition “Fy—°Lg (392 nm) in
the same wavelength position, it can be argued that the decrement is caused by the radiative energy
transfer from the matrix to the Eu®*.

Emission an excitation spectra for
- Si0,-PMMA:Eu™ 1 mol %

Intensity(a.u )

1, =393 nm

%= 616 nm

300 l 3%0 ' 4(I)0 I 4%0 l 560 ' 5;’:0 ' G(IJO ' 6%0 I 7(|)0 l 7é0
Wavelength (nm)

Figure 3. Emission and excitation spectra of a SiO;-PMMA:Eu®* sample doped at 1 mol % using
different excitation wavelengths. The red line corresponds to the excitation at 325 nm and the black line
to the excitation at 393 nm. The excitation spectrum was obtained by detection at 616 nm (blue line).
Electronic transitions associated with higher energies were identified in the excitation spectrum. In the
inset, an image of the emission of the sample using an excitation wavelength of 393 nm can be observed.
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Figure 4 presents the emission spectra for all the samples using excitation wavelengths of 325 and
393 nm. The excitation wavelength of 325 nm was used to observe the matrix luminescence, which is
composed by a broad band from 350 nm to 430 nm. The optimum excitation wavelength of 393 nm
was used to observe the electronic transitions of Eu?*. For this ion, five bands related to the electronic
transitions °Dy—’F; (i from 0 to 4) with maxima in 578, 590, 615, 649, and 693 nm could be identified.
It should be noted that for the dopant concentrations used, fluorescence quenching was never observed;
also, due to the fact that the dopant concentrations used were small, radiative energy transfer was not
observed for the samples with dopant concentration smaller than 1 mol %.
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Figure 4. Emission spectra after excitation at 325 nm (purple line) and 393 nm (blue line) for the
different hybrid material samples. The intensities of the two emission spectra are not at the same scale;
they have been normalized to fit into the same plot frame.

The presence of a single band associated with the >Dy—7Fy transition, which could not be split by
the crystal field, indicated that the Eu3* ion occupied a single site with Cyy, Cp, or Cs symmetries [11].
The intensity of the 5D0—>7F1 transition, which is related to the magnetic dipole nature, grew as did
the molar concentration of Eu®*. Even though this electronic transition is observed in all the doped
samples, for the slightly doped samples (0.1 and 0.25 mol %) a blue-pink emission was observed due to
the fact that the emission of the matrix has a strong component in the blue region. The 5Dy—"F, band
has an electric dipole nature, and the increase on the intensity of this band, which was associated with
low symmetries of the Eu3*, grew faster than that of the Dy—”Fj. This fact could be confirmed trough
the measurement of the ratio I(°Dy—"F,)/I(*Dy—"F;). The following values were obtained: 1.185
(0.1 mol %), 1.212 (0.25 mol %), 1.574 (0.5 mol %), 1.907 (0.75 mol %), and 1.957 (1 mol %). These results
meant that the samples tended to have a lower symmetry as the dopant increased and confirmed the
red shift of the luminescence observed in the samples due to the fast growth in intensity of this band
compared with the others. This fact is also observable in the International Commission on Illumination
(CIE) chromaticity diagram shown in Figure 5. In this diagram, the shift from the blue region to the
pale red region can be observed as the dopant concentration increases.

222



Micromachines 2018, 9, 441

os Emission spectra A,= 393 nm
N/AK/N/ACRI/ 780 R9 /00508 Duy - -
] 0,5 % mol : 0,1 %mol
-0,25 % mol & ]
. - 1%mol
. 0,25 % mol
—_ 0,5 % mol
3
s
)
v i
2
3
£

0,75 % mol

1 %imol

400 450 500 550 600 650 700 750 800
Wavelength (nm)

Figure 5. CIE 1931 2° chromaticity diagram. Color chromaticity of the emission in the range of
410-760 nm of the five doped samples under the excitation wavelength at 393 nm. The inset in the
diagram represents an amplification of the blue-pale red zone. The red shift in the emission was
observed as an increase of the molar relation of Eu®*.

The red shift behaviour had been previously reported and observed in (Y;.xEuy)>0,S,
(Y1-xEux)203, and (Y1-xEuyx)2 VO, materials and was associated with the favoring of the 5Dy level [15].
The transition °Dy—"F3 was very weak for all the molar concentrations of the dopants. The intensity
ratio between this band and that associated with the *Dy—’F; band decreased as the molar
concentration grew.

The observation of a weak emission associated with the °Dy—’Fy transition for all the samples
confirmed the low symmetry of the material and supported the idea that the chemical composition of
the host matrix influenced the intensity of this band. In other words, when SiOj is present in the matrix,
the "Dy —7F, transition is the most important in the emission spectrum, while when SiO; is absent,
the main role is played by the 5 D0—>7F4 transition. This was first observed by Bortoluzzi et al. [16]
for Eu(Tp)s in PMMA polymer matrix and Eu(Tp)s (Tp = hydrotris (pyrazol-1-yl) borate). A similar
behavior was observed by Blasse and Bril for GdOCIL:Eu®*, in which the transition >Dy—’F; dominated
the spectrum, while for GdOBr:Eu®* it was the °Dy—’F, transition that was dominant [17].

The decay time curves for all the doped samples first were fitted to a single exponential function
with the following expression I = Iy exp(—t/t), which indicates that the Eu3* ions are located in similar
sites suffering the same crystal field [4]. Subsequently, applying the natural logarithm function to these
results, we obtain what is presented graphically in Figure 6, where it can be observed that the Dy
lifetime shortens with the increase of the concentration of the Eu* ions due to the cross-relaxation
process among Eu®* ions. The lifetimes obtained are 275 + 10 us (1 mol %), 285 =+ 6 s (0.75 mol %),
308 4 5 us (0.5 mol %), 446 + 20 us (0.25 mol %), and 617 =+ 30 us (0.1 mol %). The cross-relaxation
process leads to fluorescence quenching (i.e., to the decrease of fluorescence intensity when the rare
earth concentration is increased). One has to consider, in fact, that, with the increasing concentration
of rare earth ions, the ion spacing decreases and may be small enough to allow them to interact and
transfer energy [18].
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Figure 6. Decay curves and lifetimes of SiOy-PMMA:Eu®* samples with concentration 0.1 mol %
(red points), 0.25 mol % (blue points), 0.5 mol % (cyan points), 0.75 mol % (pink points), and 1 mol %
(dark yellow points).

Another aspect that contributes to the lifetime shortening is the existence of hydroxyl groups
in all the samples due to the fact that they were made at room temperature and were not submitted
to a thermal treatment. Those groups have been observed to reduce the lifetime emission in silica
matrix doped with Eu’* when it has not been submitted to a thermal treatment [19]. For this matrix,
the reported lifetimes are between 230 and 776 us and are temperature dependent. To sum up, because
the ionic radius of Eu®* (1.07 A) is larger than that of Si** (0.4 A), the amount of Eu®* in the matrix is
restricted, and it can give place to the formation of clusters of the ion in the matrix that contributes to
the cross relaxations [20].

One can also note that in a work by Basu and Vasantharajan [6], the decay lifetimes of Eu* in three
different host matrices of polystyrene, polymethylmethacrylate, and polyurethane were compared.
They observed that the luminescence intensity and the lifetime were strongly dependent on the matrix
type, the temperature, and the amount of oxygen present. In particular, they found that the fastest
time decay occurred in the PMMA matrixes, and it is around 364.2 us.

4. Conclusions

Hybrid materials with optical properties are attracting more and more attention, especially in the
application areas of sensing, imaging, and energy. Rare-earth-doped hybrid materials, in particular,
may be optimized by playing with the interactions between the organic and the inorganic parts.
Here, using the sol-gel method, a series of PMMA-silica hybrid materials, namely one undoped and
five Eu**-doped samples, were synthetized and optically characterized. The transparency of the
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undoped sample as a result of its low absorption in the visible range guarantees that it can have
applications in photonic devices, for example, in the fabrication of organic light emitting diodes
(OLEDs), microstructured polymer optical fibres (MPOFs), or polymer light emitting diodes (PLEDs).
Also, the undoped and doped samples, as a hybrid coating, can work as a chemical detector through
the change in the spectral signature, for example, to detect solvents, humidity, or proteins.

An energy transfer from the matrix of SiO,-PMMA to the Eu’*, doped at 1 mol %, could be
observed in the emission spectra of the sample. This energy was absorbed at 393 nm and used to move
the electrons from the “Fy to the 5Ly level, which then relaxed using nonradiative transitions to the
5Dy level and finally emitted at 616 nm. The emission spectra were dopant concentration dependent.
No quenching was found for the emission at the dopant concentrations used, but a decrease in the
decay lifetime associated with the increment of dopant concentration was observable. It was attributed
to a drop in the distance between the ions of Eu®* and associated with the increment of cross relaxations
and non-radiative transitions. The possibility of playing with the organic-inorganic structure (even at
a nanoscale) on one side and with the rare earth concentration on another side, opens good prospects
for the development of efficient luminescent devices in these hybrid materials.
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Abstract: Light has found applications in data transmission, such as optical fibers and waveguides
and in optoelectronics. It consists of a series of electromagnetic waves, with particle behavior.
Photonics involves the proper use of light as a tool for the benefit of humans. It is derived from
the root word “photon”, which connotes the tiniest entity of light analogous to an electron in
electricity. Photonics have a broad range of scientific and technological applications that are practically
limitless and include medical diagnostics, organic synthesis, communications, as well as fusion
energy. This will enhance the quality of life in many areas such as communications and information
technology, advanced manufacturing, defense, health, medicine, and energy. The signal transmission
methods used in wireless photonic systems are digital baseband and RoF (Radio-over-Fiber) optical
communication. Microwave photonics is considered to be one of the emerging research fields.
The mid infrared (mid-IR) spectroscopy offers a principal means for biological structure analysis as
well as nonintrusive measurements. There is a lower loss in the propagations involving waveguides.
Waveguides have simple structures and are cost-efficient in comparison with optical fibers. These are
important components due to their compactness, low profile, and many advantages over conventional
metallic waveguides. Among the waveguides, optofluidic waveguides have been found to provide
a very powerful foundation for building optofluidic sensors. These can be used to fabricate the
biosensors based on fluorescence. In an optical fiber, the evanescent field excitation is employed
to sense the environmental refractive index changes. Optical fibers as waveguides can be used as
sensors to measure strain, temperature, pressure, displacements, vibrations, and other quantities
by modifying a fiber. For some application areas, however, fiber-optic sensors are increasingly
recognized as a technology with very interesting possibilities. In this review, we present the most
common and recent applications of the optical fiber-based sensors. These kinds of sensors can be
fabricated by a modification of the waveguide structures to enhance the evanescent field; therefore,
direct interactions of the measurand with electromagnetic waves can be performed. In this research,
the most recent applications of photonics components are studied and discussed.
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1. Introduction

The role of light is significant in our lives today. The importance of light cannot be taken for
granted because it is vital to most aspects of our contemporary society. It is used everywhere whether
it be building, telecommunication, transportation, entertainment, or clothing. Light has applications
in data transmission, such as optical fibers and in optoelectronics. It is used in compact disc players
where a laser reflecting off of a CD transforms the returning signal into music. It is also used in
laser printing and digital photography. Connections between computers and telephone lines are
possible with the help of light (fiber-optic cables). It is used in optical fiber lasers, optical fiber
interferometers, optical fiber modulators, and sensors. Light is used in the medical field for image
production used in hospitals and in lasers that are used for optometric surgery [1]. Light consists of a
series of electromagnetic waves, with particle behavior under certain circumstances. Light is the range
of wavelengths in the electromagnetic spectrum (Figure 1).
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Figure 1. The electromagnetic spectrum.

Photonics is essentially the science that involves generation of a photon (light), its detection, as well
as manipulation via transmission, emission, signal processing, modulation, switching, amplification,
and sensing. Most importantly, photonics involves the proper use of light as a tool for the benefit of
humans [2,3]. Most photonics applications, even though they cover all technical applications over the
entire electromagnetic spectrum, range from near-infrared light to visible region. The term “photonics”
was derived from the root word “photon”, which connotes the tiniest entity of light analogous to an
electron in electricity. Just as the electronics revolutionized the 20th century, photonics is doing the
same in the 21st century. Photonics is made up of many different technologies including optical fibers,
lasers, detectors, quantum electronics, fibers, and materials [4].

The term photonics was first used to designate a field of research area responsible for utilizing
light to perform tasks that are conventionally related to the traditional sphere of electronics, like
telecommunications, information processing, and so on. Studies in the field of potonics began in
1960 after the discovery of lasers. Other progress followed including optical fibers for transmitting
information, the laser diode in the 1970s, as well as erbium fiber amplifiers. These developments made
the foundation for the industrial revolution in the telecommunications sector during the late 20th
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century and supplied the internet infrastructure. Although created before the 1980s, the word photonics
was used commonly for the first time in the 1980s as network operators of telecommunications
embraced fiber-optic data transmission. Photonics came into being when the “IEEE Lasers and
Electro-Optics Society” came up with a journal called “Photonics Technology Letters” towards the
end of the 18th century. Through the years, until 2001 with the dot-com crash, research was primarily
focused on optical fiber telecommunication. Nevertheless, the field of photonics has a broad range
of scientific and technological applications. These include chemical and biological sensors, laser
manufacturing, medical therapy and medical diagnosis, optical computing and displaying technology.
Advancement of photonics is possible due to the current success recorded concerning the development
of silicon photonics. Photonics is related to opto-mechanics, electro-optics, quantum electronics and
quantum optics. Nevertheless, these fields mean different things to both the scientific as well as the
business community. Quantum optics is often concerned with fundamental theoretical research areas.
Photonics, on the other hand, deals with applied research and progress. Optoelectronics is used to refer
to the circuits or devices consisting of both electrical and optical components. The word “electro-optics”
was utilized in the past to specifically relate to nonlinear interactions between electrical and optical
devices. These devices include bulk crystal modulators and later include advanced imaging sensors
that are typically employed by both government and private individuals in surveillance activities [5,6].

Photonics is said to be an “All-Pervasive” technology because it allows unlimited light to
travel faster than the electrons that are used in electronic computer chips, which means that optical
computers will compute thousands of times faster than any electronic computers because of the
physical limitations of electronic conduction. More wavelengths can be packed into an optical fiber to
allow an increase in the transmission bandwidth that can be in conventional copper wires. There is no
electromagnetic interference in light compared to electrons in copper wires [7,8].

2. Applications of Photonics

Photonics have uses in almost every aspect of our life, ranging from daily life to highly innovative
science. For instance, information processing, telecommunications, light detection, metrology, lighting,
spectroscopy, photonic computing, holography, medical field (surgery, vision correction, health
monitoring and endoscopy), fighting machinery, visual art, agriculture, laser material processing,
robotics, and biophotonics. Similar to the way electronics have been used extensively since the creation
of earlier transistors of 1948, the exceptional use of photonics continuously increases. Economically
significant uses of photonic devices include fiber optic telecommunications, optical data storage,
displays, optical pumping of high-power lasers and laser printing. Prospective applications of
photonics are practically limitless and include medical diagnostics, organic synthesis, information,
and communication, as well as fusion energy [9,10]:

o  Telecommunication: optical down-converter to microwave, and optical fiber communications.

e Medical applications: laser surgery, poor eyesight correction, tattoo removal and surgical endoscopy.

e Manufacturing processes in industries: involves the use of laser in welding, cutting, drilling, and
many surface modification techniques.

e  Building and construction: smart structures, laser range finding, and laser leveling.

e  Space exploration and aviation: including astronomical telescopes.

e  Military operations: command and control, IR sensors, navigation, mine laying, hunt and salvage,
and discovery.

e Metrology: range finding, frequency and time measurements.

e  Photonic computing: printed circuit boards, and quantum computing.

e Micro-photonics and nanophotonics.

These typically include solid-state devices and photonic crystals [11]. In simple terms, photonics
is currently solving and addressing the challenges of a modern world. Photonics enhances the quality
of life; it safeguards our health, security, and safety, it drives our economic growth, and it creates jobs
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as well as global effectiveness. Photonics technology enhances the quality of life in many areas. Specific
areas are communications and information technology, advanced manufacturing, defense, health and
medicine, and energy [12,13]. Photodetectors are used to detect light. They can be very slow, as in
the case of solar cells that are used in harvesting sunlight energy, or very fast like photodiodes that
are very fast and are employed in communications in conjunction with digital cameras. Numerous
others centered on quantum, thermal, photoelectric and chemical areas also exist. Photonics likewise
involves research on photonic systems. The term photonics system has found its application in optical
communication systems [14].

3. Advances in Photonics

There has been an exponential growth in the research activities in the field of photonics and optics
over the years, as illustrated by the publication and citation trends from the Thomson Reuters web of
science database (Figure 2).
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Figure 2. Publications and citation trends in Photonics (Source: Thomson Reuters Web of Science).

Photonic networks are the backbone of data dissemination, specifically in the modern and
upcoming wireless communication systems. Photonic networks continue to gain interest for
distribution of data from, say, central location to a remote antenna unit at base stations. While
the demand for wireless photonic systems continues to rise, there is a need for implementation of
low-cost systems [15]. Two of the most popular data transmission methods in wireless photonic
systems are digital baseband and RoF (Radio-over-Fiber) optical communication. In addition, further
emerging fields are opto-atomics, in which there is an integration of both atomic and photonic
devices. Opto-atomics applications include precise time-keeping. Opto-mechanics, metrology, and
navigation, as well as polaritonics, are different from photonics due to the presence of polarization as
the primary carrier of information. Microwave photonics is considered to be an emerging research field.
Microwave photonics is an enabling technology for the generation, control, distribution, measurement,
and detection of microwave signals. It also deals with the operation of new systems and devices [16-19].
Part of the various functionalities facilitated by photonics, microwave measurements centered on
photonics can offer greater performance regarding broad frequency coverage, significant direct
bandwidth, high immunity to electromagnetic interference (EMI) and low frequency-dependent loss.
Photonic microwave measurements therefore have been widely investigated in recent times. Moreover,
several new methodologies have been offered to address the challenges confronting electronic
solutions [20]. Plasmon lasers are among the categories of optical frequency amplifiers that send strong,
penetrating, and guiding superficial plasmons underneath the diffraction walls. The interactions
between light energy and matter can be intensely improved by the tightly held electric fields in plasmon
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lasers. This will also bring substantial innovative possibilities to data storage, bio-sensing, optical
communications and photolithography [21]. Because they can generate high-intensity nano-scale
electromagnetic radiation in a fraction of a second, the modern development of plasmon lasers today
has sparked the investigation of nanoscience and technology. This would enable more feature sizes
than the conventional lasers [22,23]. They could also be used to package additional information
onto storage media such as hard disks or DVDs [24,25]. The mid-IR spectroscopy offers a principal
means for biological structure analysis as well as nonintrusive measurements. For instance, the broad
cross-section for absorption allows for the detection of traces of vapors at the order of parts-per-trillion
(ppt) as well as parts per- billion (ppb).

4. Structure, Types, and Applications of Optical Fibers

Optical fibers are flexible filaments made of very clear glass and can carry information in the
form of light from one point to another. They are hair-thin structures formed through the formation of
preforms, which are glass rods made into fine threads of glass and secured by plastic coatings. Various
vapor deposition processes are employed by fiber manufacturers to draw the preform. The thread
drawn from this preform is then usually wrapped into a cable configuration, which is then placed into
an operative situation for years of dependable performance [26].

The two most important components of optical fibers are the core and the cladding. The “core”,
which is the axial part of the optical fiber, is made up of silica glass. The optical fiber core is that
area of the fiber where light is transmitted. Sometimes, doping elements are used to modify the fiber
refractive index, thereby changing the light velocity through the fiber. The “cladding”, on the other
hand, is the layer that surrounds the core completely. The cladding refractive index is less than that
of the core. This enables the light inside the core to strike the core-cladding interface at a “bouncing
angle”, is confined inside the core by the total internal reflection, and keeps moving in the appropriate
direction along the fiber length to a certain point. The cladding is usually surrounded by another
layer known as “coating,” which normally is comprised of protective polymer films coated during
the process of fiber drawing, before being in contact with any surface. Additional protective layers of
“Buffers” are further applied on top of the polymer coatings as shown in Figure 3 [27].
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Figure 3. Structure of optical fiber.

The mechanism of the modifications on the fiber surface can be characterized through the
transmission spectrum measurement of the fibers. There are so many different possible configurations
of fibers corresponding to different application purposes. The most important classification considers
fibers as either single-mode fibers and multimode fibers. The concept of application-specific fibers
was invented at Bell Laboratories in the mid-1990s, and this is followed by an introduction of fibers
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designed for network applications. These next designs that are used mainly for signal transmission
in communications consist of 10-Gbps laser-optimized multimode fibers (OM3), Zero Water Peak
Fiber (ZWPF), Non-Zero Dispersion Fibers (NZDF), and fibers that are specially designed for the
marine application. Specially designed fibers, like erbium-doped fibers, and dispersion compensating
fibers perform tasks that supplement the transmission fibers. The differences between the different
transmission fibers are responsible for variations in the number and range of different wavelengths or
pathways via which the light is received or transmitted; this is the distance at which a signal can travel
without being amplified or regenerated, and the speed at which this signal can travel.

The silica fibers are the common type of fibers that can transmit light with wavelengths below
the mid-infrared range [28]. The silica as an optical waveguide is a strongly absorbing material for
wavelengths above 2 um [29]. This is due to multiphoton absorption that causes vibrational resonance;
however, there are different glass materials that can be used to fabricate the optical fibers in which
these materials can transmit light at a longer wavelength [30]. The crystalline materials and hollow
fiber waveguides are good candidates to perform these kinds of transmissions [31]. For instance,
glasses such as the chalcogenides, which may have different compositions of sulfides, selenides or
tellurides, have substantially lower vibration frequencies and therefore lower photon energy compared
to silica [32]. This is due to the higher mass of chalcogenide ions compared to oxygen ions. Examples
of these materials can be such as arsenic (As) or germanium (Ge), where the infrared absorption
of the materials starts at longer wavelengths. Hollow waveguide fibers, however, can be used for
single-mode transmission, although fibers transmitting light of wavelengths larger than 2 pym can be
manufactured using either glass or crystalline materials [33]. The mid-infrared optical fibers have
disadvantages of high fabrication cost, less mechanical robustness, and higher propagation loss in the
optical communication wavelength range at 1.5 um compared to silica fibers [34]. These are available
as bare fibers and fiber patch cable and are presenting additional protection and fiber connectors at
the end of their length. These fibers are mostly multimode waveguides and can be used for particular
applications; however, there are many challenges in the fabrication of mid-infrared optical fibers in
single-mode construction [35]. Recently, scientists are facing many technical challenges with fabricating
the kind of fibers with air holes. For instance, omniguide fibers [36], hollow IR transmitting fibers [37]
and holely fibers [38] can provide additional functionalities that are not available in other conventional
fibers such as solid core fibers. These have unusual guiding structures and can support new light
propagation features applicable to novel photonic devices such as lasers and transmitters. Infrared
fibers such as Chalcogenide (CIR) [39] and Polycrystalline (PIR) [40] can be made of two different core
materials. In CIR fibers, a high transmittance can be achieved in the wavelength range between 2
to 6 um, where these fibers exhibit very low optical loss and high flexibility. The PIR fibers show a
high transmittance in the range between 4 to 18 pm. In these two types of fibers, the light leakage is
eliminated by implementing a special design of the core and cladding, which allows for a high damage
tolerance to withstand damages from other even more intense sources such as continuous-wave CO,
lasers. Infrared fibers have many applications in imaging devices, thermal imaging, evanescent wave
sensors and chemical species analyzers [41,42].

Some critical parameters affect the performance of optical fibers transmission systems. These
parameters and their specifications vary by fiber type and depend upon the intended use. Two of the
more significant parameters of fibers are fiber dispersion and attenuation. Attenuation is the decrease
in optical power when it propagates from one place to another. High attenuations affect the distance at
which signals can be transmitted. Figure 4 shows the variation in attenuation with wavelengths for a
wide range of fiber optic cables.
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Figure 4. Attenuation against wavelength transmission windows.

Dispersion, on the other hand, is inversely related to the bandwidth and refers to the fiber to
carry information. Single-mode fibers are associated with a chromatic dispersion that causes pulse
spreading due to the various colors of light passing through the fiber at different speeds. Similarly,
multimode fibers are related to the modal dispersion that causes pulse spreading due to the geometry
of a multimode fiber core, which allows for the multiple modes lasers to simultaneously separate and
propagate at the fiber interface.

Multimode fibers are the first fibers to be produced on a commercial scale. They are called
multimode fibers just because they allow several modes or rays of light to propagate through the
waveguide simultaneously. These types of fibers have a much wider core diameter, when compared
to the single-mode fibers, and allow for the higher number of modes. Multimode fibers are easier to
couple than single-mode fibers. Multimode fibers can be classified into graded-index and step-index
fibers. Graded-index multimode fibers make use of the differences in compositions of the glass inside
the fiber core and recompense the different path lengths of the modes. They offer more bandwidth than
step index fibers. Step-index multimode fibers were the first cords designed but are too slow regarding
most applications because of the dispersion caused by the different path lengths of the various modes.
Step-index fibers are barely used in modern telecommunications. Multimode fibers that are employed
in communications possess the core size of 50 or 62.5 microns. The big core sizes allow the fibers to
support many diagonal electromagnetic modes for a given polarization and frequency.

Single-mode fibers enjoy lower fiber attenuation than multimode fibers and retain better reliability
of each light pulse because they have no dispersion associated with multiple mode fibers. Hence, data
can be transferred over a longer distance. Similar to multimode fibers, the earlier single-mode fibers
were commonly characterized as step-index fibers (shown in Figure 5), which means the refractive
index of the fiber cladding is a step below that of the core rather than graduated as in the case of
graded-index fibers. Current single-mode fibers have grown into a more sophisticated design like
depressed clad, matched clad, or other mysterious structures.
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Figure 5. Multimode and single-mode fibers.

The core size of single-mode fibers usually is nine microns. Because only one mode can propagate
down the fiber length, the total internal reflection process does not occur; hence, the concept of
numerical aperture becomes similar to those of multimode fibers. The numerical aperture of multimode
fibers is usually larger than those of single-mode fibers. The most common lasers appropriate
for applications over single-mode fiber include distributed feedback (DFB) and Fabry—Perot lasers.
The attenuation of single-mode fibers is about 0.2 dB per km [43]. Optical fibers operate based on
the principle of total internal reflection. Imagine rays of light striking a distinct boundary separating
an optically less dense medium. A less dense medium is the one with a lower reflection index.
At an appropriate incidence angle, these rays rather than passing through will be reflected fully.
This phenomenon is referred to as the total internal reflection [44,45]. Prisms in binoculars and camera
viewfinders make use of total internal reflection. If the incidence angle is represented by the symbol
(«), and the angle of refraction as p (see Figure 6 at this boundary to the less-dense medium, (ng > 114)
assuming air and glass are being considered), the condition & < 8 holds. However, the angle p cannot
be greater than 90°. This is evident considering the Snell’s law of refraction (Equation (1)):

sin @ ny
=4 1
sin B ng )

Bearing in mind that (sin ) cannot be greater than one,

. np
sin &gpiticar = —— <1 ()
ng
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Figure 6. Total internal reflection phenomena

For even greater angles of incidence, the rays of light are entirely reflected back into the denser
medium almost without encountering any loss. It is the same principle that guides light around bends
as well as inside optical fibers [46].

Optical fibers have applications for assisting us in various aspects of our lives—for example,
in amplifiers [47], in telecommunications [48,49], in medicine [50], in aerospace and aviation
technology [51,52], in engineering [53,54], nanotechnology [55,56], and in sensing applications. Optical
fiber sensors have been studied for over 40 years. Several concepts have been suggested, and many
methods have been established for various parameters as well as for various uses. Commercialization
of optical fiber sensors has been carried out successfully. However, out of the many methods
investigated, only a small amount of applications and methodologies have been commercialized
successfully [57]. The optical fiber-based sensors possess many advantages over copper cables
for their high sensitivity, small size, large bandwidth, lightweight quality, as well as immunity
towards electromagnetic interferences [58-60]. Pressure, temperature, and strain are the extensively
investigated parameters, and, for the optical fiber sensors, the Bragg fiber grating sensors are the
most widely studied technologies. However, in various applications, optical fiber-based sensors are
expected to compete with other existing technologies like electronic-based systems. To get attention,
since customers are already familiar with the current technologies, there is a need to demonstrate the
superior qualities of optical fiber-based sensors over other contemporary methods. Usually, customers
are not interested in the procedures involved in the detection. However, these clients only desire
sensors with excellent performance at reasonable costs. Therefore, optical fiber-based sensors should
be obtainable in the form of a system that includes signal detection and signal processing.

5. Classification of Optical Fiber Sensors

There have been some approaches to the classification of optical fiber sensors. The increasing
complexity of several types of optical fiber sensors is what prompted the development of adequate
and appropriate classification systems. Factors such as physical quantity transduced by the sensors,
detection systems, as well as sensor type have been considered in so many classifications. To develop
the most suitable classification scheme for optical fiber sensors, an emphasis is given to the most
important aspects and, hence, a classification method is adopted. Previous work that attempted
to offer classification methods that cover the majority of the essential optical fiber sensors is cited
in [61]. With the continuous increase in the development of optical fiber sensors, so many classification
systems that were adopted previously became unsuitable. Other classification systems were given
based on the modulation type chosen [62,63]. Hence, factors like wavelength, intensity, phase,
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and polarization were regarded as the primary classification standards. The disadvantage of this type
of classification, however, is that the technique used is given emphasis rather than the sensor itself.
This may be insignificant in applications where the most suitable technology is targeted for measuring
a parameter of interest like pressure or temperature. This second method that considered variables
like temperature, pressure, magnetic field, electric field vibration and flows in classifying sensors has
also been adopted [64]. However, this approach is also associated with some disadvantages when
applied in a similar way to the other methods of measuring various parameters like displacement.
Other factors such as novelty and geographical location were also considered in the classification of
sensors [65]. In the most extensively used system of classification, optical fiber sensors are classified
as intrinsic or extrinsic sensors [66,67]. Extrinsic sensors are those in which the fiber guides the light
wave, and the interaction between the magnitude of the parameter measured and light occurs outside
the fiber. These types of sensors have been used successfully for some applications. For intrinsic
sensors, on the other hand, interactions between light and the measured parameter occur inside the
fiber. Figure 7 shows a comparison between the intrinsic and the extrinsic optical fiber sensors [61].
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Figure 7. Schematic comparison between (a) extrinsic and (b) intrinsic sensors

An important parameter to be considered in intrinsic sensors is the nature of the optical guidance
of the fiber—that is, whether it is multimode, single, or otherwise. Another important sub-class of the
intrinsic sensors is interferometric sensors [61].

5.1. Intrinsic Optical Fiber Sensors

Optical fibers can be applied as sensors in measuring temperature, strain, pressure or other
parameters through fiber modification in such a way that the parameter of interest controls the
polarization, intensity, wavelength, phase, and the time in light passes through the cord. The simplest
sensors are those that vary the light intensity because they require only a simple detector and source of
light. Intrinsic sensors can offer distributed detection for comprehensive coverage. This broad sensing
ability associated with intrinsic sensors is very useful [68]. An optical fiber that has a temporary
loss, which depends on temperature, can be used to measure temperature. This measurement can
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be possible by analyzing the Raman scattering of the optical fiber. Nonlinear optical effects that
can change the light polarization, which depends on electric field or voltage, can be used in sensing
electrical voltage. Other types of fibers are specially designed for special applications such as direction
recognition [69-71]. Other optical fibers have applications in sonar and seismic detection. Examples
of these types of fibers are hydrophones. Oil industries, as well as the navy in some countries, make
use of the hydrophones systems. Microphone systems that involve the use of optical fibers have
been developed by Sennheiser (Germany). In applications where high electric or magnetic fields are
required, optical fiber based headphones and microphones are very useful. These applications include
team communication among medics working on a patient in an MRI (Magnetic resonance imaging)
system during surgeries that are MRI-guided [72]. In oil industries, optical fibers are used to measure
temperature and pressure in oil wells [73,74]. These types of applications very much require optical
fiber sensors since they can withstand very high temperatures compared to the semiconductor sensors.
Optical fiber sensors can be used for interferometric sensings such as fiber optic gyroscopes, which are
utilized for navigation in some cars and the Boeing 767 aircraft (USA). Optical fibers are used in making
hydrogen sensors. Some optical fiber sensors have been designed for simultaneous measurement of
collocated temperature and strain with high precision using Fiber Bragg gratings [75]. This approach is
predominantly beneficial when obtaining data related to complex or small configurations [76]. Sensors
based on Fiber Bragg grating are also very suitable for remote sensing. Detection of temperature and strain
over considerable distances of up to 120 kilometers is also possible using “Brillouin scattering effects” [77].

Fiber-optic sensors have also found applications in electrical changeover gear for transmission of
light between an electrical arc-flash to a digitally protecting relay in order to allow fast falling off a
breaker to decrease the arc blast energy [78]. Fiber optic sensors that are based on Fiber Bragg grating
improve performance, productivity, and protection in some manufacturing processes. Integration of
Fiber Bragg grating technology enables sensors to offer full investigation and complete information
on insights with precise resolution. These types of sensors are normally used in various industries
such as aerospace, automotive, telecommunication, and energy. Fiber Bragg gratings are sensitive
to mechanical tension, static pressure, and compression and changes in fiber temperatures. Central
wavelength adjustment of light emitting source provides the effectiveness of Fiber Bragg grating optical
fiber sensors [79,80]. The structure of the side-polished fibers (SPFs) has a cladding section that is partially
removed on one side; therefore, by modification of the cladding, the evanescent field of the propagating
light within the core can interact with surrounding materials that present different refractive indices.

Researchers have investigated many applications of the SPFs, especially in nonlinear optics
photonics technologies [81,82]. We can illustrate the setup of the fiber modification as shown in
Figure 3. In this case, a single mode fiber type that is known as SMF-28 is used for the fabrication,
where it should be tightly suspended above the polishing wheel when the polishing process starts.
The polishing section is only a few centimeters. Therefore, the SMF-28, which is striped, is suspended
over the polishing wheel as illustrated in Figure 8. The SMF-28 should be adjusted in such a way that
the center of the stripping section should be placed at Ly/2.

Fiber holder

TLS l

Polisher
DC Motor

Power meter

Lo
Optical Alignment

SMF-28 Fiber Stages Laptop

Figure 8. Polisher design setup.
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The double-sided scotch tape is wrapped around a shaft of the DC motor. Therefore, the silicon
carbide paper sticks to the double-sided scotch tape to create the uniform polishing wheel in such a
way that it is perpendicular to the suspended SMF-28 (Figure 9). The position of the polisher should
be adjusted to create the contact between the fiber and the wheel. Figure 9 shows the experimental
fabrication of the SPE.

Figure 9. Polisher design setup; (a) the stage used to hold the fiber; and (b) the polishing process,
where the light is figuring out from the fiber due to a removal of the cladding.

5.2. Extrinsic Optical Fiber Sensors

This type of fiber optic sensor makes use of optical fiber cables, usually the multimode type,
to pass controlled light from either an electronic sensor linked to an optical transmitter or a non-fiber
optical sensor. The advantage of extrinsic sensors is that they extend to places that cannot be otherwise
accessible—for example, measuring the inside of aircraft engines using fibers to pass radiation to a
radiation pyrometer that is situated on the exterior part of the machines. Similarly, extrinsic fiber optic
sensors can be utilized in measuring the internal temperature of electrical transformers, in which the
presence of a high electromagnetic field makes it impossible to measure using other measurement
techniques. Extrinsic fiber optic sensors offer an outstanding shield of the frequency signal from being
corrupted by noise. Regrettably, several traditional sensors release electrical outputs that must be
changed to optical signals for fiber use. Extrinsic sensors found application in measuring temperature,
rotation, acceleration, vibration, velocity, as well as displacement [83].
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6. Fiber Bragg Grating and Applications

Even though the development of fiber gratings has been reported on since 1978 [84], it was only
in 1989 that serious research on fiber gratings begun. This serious research activity followed the
discovery of the regulated and operational methodology for their fabrication [85]. Fiber gratings
have been widely used in amplifier gain flattening filters, fiber laser, and dispersion compensators for
optical communication purposes. Rigorous studies have also been carried out on fiber grating sensors,
and thus many have been commercialized. Different types of fiber gratings are shown in Figure 10.
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Figure 10. Types of fiber gratings. (a) Fiber Bragg grating; (b) long-period fiber grating; (c) chirped
fiber grating; (d) tilted fiber grating; (e) sampled fiber grating

A Fiber Bragg Grating (FBG) is a periodic perturbation of the refractive index alongside some
meters on the fiber length. In the design of FBG, the core is exposed to ultraviolet light [86].
The perturbation index inside the single-mode fiber core serves as a filter that reflects incident optical
fields. The reflection of the incident optical field is maximally achieved when the perturbation index
and the wavelengths of the incident fields match by [57]:

/\B = Z”eﬁ A (3)

where A is the grating period and n.¢ is the effective index of refraction of the fiber (see Figure 11). If the
grating period changes, or if the effective index of refraction changes, due to changes in temperature or
applied strain, the grating period and the effective refractive index will also change, thereby shifting
the wavelength of the mean reflectance. These characteristics can be utilized for the purpose of
sensors [86].
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Figure 11. Schematic representation of the principle of Fiber Bragg grating.

There has been an increasing demand for sensors in almost all spheres of modern technology.
The use of sensors that are based on Fiber Bragg grating technology has the potential to provide a
lasting solution [87]. The strengths of distributed sensors can be further harnessed either through
changing the sensitivity parameters of the FBG sensors or through coupling of both pressure and
temperature sensors on one fiber. These types of sensing principles that are multi-parameter-based
have been illustrated in [88,89]. Moreover, a remarkable range of operational temperature between
37 and 573 K has been demonstrated in [90]. The oil and gas industries processes in severe situations
or space are potential marketplaces that nowadays assent to and value the sensors that are based on
Fiber Bragg grating technologies. Individual markets try to use these technologies in diverse ways
and most are very successful. An example of current advances in the oil and gas industries is Fiber
Bragg gratings-based flowmeters that can be utilized in the downhole and harsh surface conditions,
where temperatures can be above 573 K and have pressure of 99 atmospheres [89,90]. A substantial
additional market where Fiber Bragg grating technologies have been widely recognized over the years
is in structural health monitoring. In building constructions, bridges and many other types of large
structures, Fiber Bragg grating sensors are employed to monitor continuously and verify the structural
quality of these structures [91]. Optical fiber sensors like Fiber Bragg grating sensors are appropriate
for composite material process monitoring because of their low invasiveness. The advantage of Fiber
Bragg grating over other sensors is that they allow access to some physical parameters in the material.
Hence, they can be used to examine the thick laminates and provide access to the manifestation of
exothermic phenomena or residual strains [92].

7. Waveguides and Applications

A waveguide consists of a hollow, metal tube that is a unique form of transmission line. The
technology of applying hollow pipes to streamline the movement of electromagnetic waves first
appeared in 1897. The 1930s, following the development of the first microwave-producing equipment,
necessitated the creation of a hollow waveguide for them. The success of these hollow waveguides
motivated scientists to invent waveguides in the infrared region of the electromagnetic spectrum.
These waveguides were initially used for medical purposes, but other areas of applications followed
(Figure 12). [93].
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Figure 12. Rectangular and circular waveguides.

It directs the waves in a similar way river banks head a tidal wave [93]. Nevertheless,
since waveguides are regarded as single-conductor materials, there is a difference in the way electrical
energy is propagated down a waveguide as compared to the way in which it is propagated through
a two-conductor transmission system. Figure 13 shows the propagation of the TEM mode in
the waveguide.
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Figure 13. Transverse electromagnetic (TEM) mode propagation of a waveguide.

From Table 1, it could be concluded that a major improvement in waveguides is the decrease
in propagation losses. The waveguide dimensions become impossibly large for lower frequencies,
while, when the rate is higher, the dimensions become impracticably smaller. Waveguides present
numerous advantages when compared to their optical fiber counterparts. Waveguides can transmit
wavelengths above 20 um. Their air core enables them to deliver high power lasers. Waveguides have
relatively simple structures and they are cheap compared to the existing optical fibers. These qualities
allow their use in applications where transmission of electromagnetic radiation requires a material
of high mechanical, optical and thermal properties. Even though waveguides are associated with
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some setbacks such as losses upon bending as well as small numerical aperture, they appear to be the
best option for use in sensors. Waveguides can be classified into two classes based on the principles
on which they operate. These are attenuated total internal reflection and leaky-type waveguides.
In attenuated total internal reflection-based waveguides, hollow core substances are present, which are
enclosed by a wall that has a refractive index lower than that of the wavelength of the transmitted
light. In the design of metallic waveguides, the inner wall is formed using a smooth metallic surface
by depositing a metal film on the inner surface of plastic or a glass tube. Dielectric waveguides, on the
other hand, are achieved by the formation of alternating high-low refractive index structure formed by
the addition of multiple dielectric layers onto the metal surface. There has been a dramatic increase in
the use of substrate integrated waveguides over the last decade due to their compact, low profile, and
many other advantages over the conventional metallic waveguides. They resemble the conventional
waveguides in their performances and can be made with printed circuit boards [94].

Table 1. Rectangular waveguide sizes (source: https://www.everythingrf.com/tech-resources/
waveguides-sizes).

) Cutoff Cutoff Inner Dimen.sions
Waveguide Name Recommended g quency Frequency of Waveguide
Fr::gl[l{er;cy Lowest Order Next Mode Opening
EIA RCSC  IEC “ Mode (GHz) (GHz) Alnch  BlInch
- WG9 - 2.20 to 3.30 1.686 3.372 3.5 1.75
WR340 WG9A R26 2.20 to 3.30 1.736 3471 34 1.7
WR284 WG10 R32 2.60 to 3.95 2.078 4.156 2.84 1.34
- WG11 - 3.30 to 4.90 2.488 4.976 2.372 1.122
WR229 WGI11A R40 3.30 to 4.90 2.577 5.154 2.29 1.145
WR187 WGI12 R48 3.95 to 5.85 3.153 6.305 1.872 0.872
WR159 WG13 R58 4.90 to 7.05 3.712 7.423 1.59 0.795
WR137 WG14 R70 5.85 to 8.20 4.301 8.603 1.372 0.622
WR112 WG15 R84 7.05 to 10 5.26 10.52 1.122 0.497
WR102 - - 7.00 to 11 5.786 11.571 1.02 0.51
WR90 WG16 R100 8.20 to 12.40 6.557 13.114 0.9 0.4
WR?75 WG17 R120 10.00 to 15 7.869 15.737 0.75 0.375
WR62 WG18 R140 1240 to 18 9.488 18.976 0.622 0.311
WR51 WG19 R180 15.00 to 22 11.572 23.143 0.51 0.255
WR42 WG20 R220 18.00 to 26.50 14.051 28.102 0.42 0.17
WR34 WG21 R260 22.00 to 33 17.357 34.715 0.34 0.17
WR28 WG22 R320 26.50 to 40 21.077 42.154 0.28 0.14
WR22 WG23 R400 33.00 to 50 26.346 52.692 0.224 0.112
WR19 WG24 R500 40.00 to 60 31.391 62.782 0.188 0.094
WR15 WG25 R620 50.00 to 75 39.875 79.75 0.148 0.074
WR12 WG26 R740 60 to 90 48.373 96.746 0.122 0.061
WR10 WG27 R900 75 to 110 59.015 118.03 0.1 0.05
WRS8 WG28 R1200 90 to 140 73.768 147.536 0.08 0.04
WR6 WG29 R1400 110 170 90.791 181.583 0.065 0.0325
WR7 WG29 R1400 110 to 170 90.791 181.583 0.065 0.0325
WR5 WG30 R1800 140 to 220 115.714 231.429 0.051 0.0255
WR4 WG32 R2200 172 to 260 137.243 274.485 0.043 0.0215
WR3 WG32 R2600 220 to 330 173.571 347.143 0.034 0.017

The need to explore waves at a millimeter scale for the subsequent generation of mobile
communications has contributed significantly to the advancement of modern telecommunications
components based on microwaves [95]. Substrate-integrated waveguides have found many potential
applications outside the telecommunication industry. They are widely used in the automotive industry,
as well as in biomedical devices for sensing applications. In terms of their dispersion and propagation
characteristics, substrate integrated waveguides are similar to rectangular waveguides.

Another important emerging area is opted fluidics, which combines the benefits of optics
and microfluidics in order to achieve highly compact and highly functional materials. Specifically,
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fluidic elements are integrated into the photonics structure [96,97]. A lot of optofluidic sensors are
produced for healthcare and pharmaceutical researchers. Moreover, sensors are also available for
biochemical analyses, environmental monitoring as well as biomedical researchers [98]. Integration
of optical and fluidic structures can simply be achieved via optofluidic waveguides. Optofluidic
waveguides are found to provide a very powerful foundation for building optofluidic sensors.
The liquid core serves as the medium through which the light is guided with the help of highly
reflective mirrors that are achieved by the sidewalls of the core. High sensitivity is usually achieved by
taking advantage of flow or guidance of the light and the fluid through the same medium or channel.
This direct interaction provides high sensitivity due to the small volume of the liquid as well as strong
optical connections. Sensitivity can be achieved as low as the molecular level and this is the ultimate
desire for any given analytical procedure. Just like other waveguide systems such as slot waveguides
and photonic crystals, they have a high attractive capacity for optofluidic integrations with planar
systems [99,100]. These types of waveguides allow simultaneous confinement and propagation of
light because of the interference of light that occurs at the claddings that are made up of alternating
thin layers of low- and high-refractive index. The operating principle of these types of waveguides can
be understood easier when one considers the 1D structure as presented below in Figure 14. Assuming
that two layers of the cladding are considered, and their refractive indexes are respectively 1y and 7,
(with 17 > 1), propagation of light through the core is achieved by Fresnel reflections at the cladding
interfaces. Repeated reflections at the interfaces cause the entrapped light to interfere. Interference
cladding is designed to certify certain conditions to strengthen the intensity of the reflected light [101].

Figure 14. 1D structure of narrow waveguide.

Presently, optical biosensors have emerged as the favorite choice to replace bulky laboratory
instruments for such applications where a bulky quantity of samples is required to be simultaneously
analyzed, like microplate array systems. Optical biosensors possess some desirable characteristics like
small size, low-cost and being easier to use. These pleasant characteristics allow them to be used in
online monitoring and sensing for the analysis of samples that are complex, and for real-time or online
monitoring of experimental procedures [102]. Therefore, optical bio-sensing is now an active research
field and commercialization of a number of platforms has already been realized. The application areas
include environmental monitoring, clinical application, and food safety and control [103]. The most
powerful and reliable biosensors are undoubtedly those based on fluorescence. Fluorescence intensity,
decay time, and emission anisotropy are among the parameters that could be measured and used for
sensing [104]. There is, therefore, a variety of options towards improving the performance of biosensors.
Optical waveguides are dielectric configurations having two extreme wavelengths in the infrared
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and the ultraviolet regions of the electromagnetic spectrum and can be used to transport energy
between these two extreme wavelengths. Based on their geometrical shape, they can be categorized
into two main classes: planar and cylindrical. Optical waveguides are contained within the first group
and are comprised of a cylindrical central dielectric core-cladding by an element characterized by
a low refractive index (by z 1%). The planar waveguides are prepared from a dielectric slab core
enclosed between two layers of the cladding with slightly lower refractive indices [105]. In both layers,
propagation of light and streamlining along the direction of core depend on the famous total internal
reflection phenomenon. When light is propagated within a planar or cylindrical waveguide, the light
is reflected totally at the interface between two mediums in which one is optically denser provided
that the angle of refraction is greater than the critical angle. In fluorescent biosensors that are based on
evanescent field excitation, the geometry of the sensing region must be properly designed in order to
optimize the excitation ability along the probe length, and also to prevent the coupling of the emitted
fluorescence into guided modes that do not propagate in the cladding. This is known as “V-number
mismatch” [106,107].

Many industrial operations such as welding and cutting are achieved using carbon dioxide lasers.
However, bringing the laser beam from the source of flame to the desired area is a challenge because
other equipment may block the path. The only method to successfully deliver the beam is using
articulated arms; however, these colossal systems also require large spaces and mirrors requiring
regular maintenance and alignment. Attempts have been made to use solid core waveguides to deliver
high power carbon dioxide beams, but, due to thermal damage, particularly at the high interface,
they have not been successful. Short lifespan associated with some of the promising solid core is also a
disadvantage. Transmission of up to 3000 Watts of laser power is required at the initial attempt using
circular and rectangular metal-coated waveguides. However, large core radii are needed to achieve the
needed power levels and, when subjected to bends and other movements, these large radii waveguides
exhibit poor outputs. Moreover, most of the industrial operations require low order outputs to achieve
sharp and clean cuts. Therefore, to attain this type of quality with hollow waveguides, smaller size
core is needed to filter and transmit the higher order mode in the desired fashion. It is a known fact
that, as the size of the core decreases, the loss of the waveguide increases and this, in turn, decreases
the power capacity. These setbacks reduce the use of hollow waveguides to industrial uses such as
marking cutting of plastic or paper, which requires lower power [108].

Controlling and streamlining the movement of light has been one of the main focus areas of
research in the last few decades. Materials such as optical fibers, which operate based on the principle of
total internal reflection, have significantly transformed the communication industry [109]. The concept
of photonic crystals was proposed independently by John [110] and Yablonovitch [111] in 1987.
They use the electronic band concept analogous to semiconductor crystals. Photonic crystals are
dielectric materials that are periodic in 1D, 2D or 3D orthogonal directions. They can be fabricated
in a simple way and have unusual optical properties. Two-dimensional photonic crystals are the
most interesting and can be categorized into two: dielectric materials in air, or air in the dielectric
material. The former is fabricated easily via periodic inscription of holes in materials of high dielectric
properties such as GaAs, Si, and Ge. Photonic bandgaps are characterized by photonic crystals because
of the intermittent disparity in the refractive index. Photonic band gaps have a range of frequencies
that cannot allow propagating inside the crystal. Because of this peculiar property, waveguides are
formed through inducing of line imperfections in photonic crystal structures [112,113]. These line
faults are used to guide light from one place to another. The defects are guided inside the photonic
band gap through the streamline via the total internal reflection principle. Because of the asymmetrical
boundary, this streamlining creates backscattering, which causes slow light phenomena. Slow light
causes optical signals to compress in space, and this enables interaction between light and matter and
allows miniaturization. Presentation of photonic crystal waveguides is given in Figure 15a. A variety
of dielectric slab materials of the high refractive index can be used to produce photonic crystal slabs.
A typical example of these photonic crystals is based on polymethyl methacrylate (PMMA) prepared
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by [114]. A photonic crystal slab based on SizNy has been demonstrated to work in the visible region
of the electromagnetic spectrum. Moreover, photonic crystals based on InP/InGaAsP structure have
been prepared with a slight loss [115].

(a)
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Figure 15. (a) Photonic crystal waveguide slab; (b) photonic band diagram

Several types of research are on-going for the potential applications of photonic crystals.
Most frequent among them are related to the photonic integrated circuits. The introduction of defects
can be achieved through the photonic band gap. Instead of guiding light through total internal
reflection, it could be conducted using line defects in photonic crystals. The use of a photonic bandgap
to guide light allows for small bending loss even when the bending angles are large. In the area
of sensors, photonic crystals have been widely used in the field of sensors. A photonic crystal slab
provides sensitivity to the photonic band gap. Some of these sensors can be designed to detect pressure
using a GaAs/AlGaAs slab [116].

8. Conclusions

Waveguides and optical fibers have applications for assisting us in various aspects of our lives.
As anticipated, optical fiber-based sensors can be appropriate instruments for monitoring physical
parameters such as strain and temperature. A review of some of the recent advances related to the
design and application of optical fiber sensors has been given. It has been established that optical
fiber grating sensors and side-polished fibers continue to play a significant role in the development
of various sensors with the combination of new fiber materials and structures. These new classes of
Fiber Bragg grating sensors have the potential for many industrial uses. Each market and application
has its separate advantages derived from Fiber Bragg grating based sensor applications. Nevertheless,
optimization of the sensor systems is not restricted to the sensors only, but the entire system must be
considered. To obtain an optimal Fiber Bragg grating sensors system for application, optimization of
the interrogator with regard to wavelengths, resolutions, sweep frequencies as well as costs, among
other factors, must be considered.

Fiber optics sensors have been developing for many years but have not achieved great commercial
success yet due to the difficulties of introducing modern technologies that could replace current

245



Micromachines 2018, 9, 452

well-established technologies. However, for applications such as sensing in high-voltage and
high-power machinery, or in microwave ovens, the fiber optics sensors are well recognized for
presenting many advantages. Fiber Bragg grating sensors have developed significantly, and these
can now be used to monitor conditions within the wings of airplanes, in wind turbines, bridges,
large dams, oil wells and pipelines. In smart structures, which are the main drivers for the further
development of fiber-optic sensors, the fiber sensors can monitor and obtain essential information
about the strain, vibrations, and other phenomena. Since the year 2000, fiber optics has provided
a significant contribution in applications such as optical communications, transmission fibers used
underwater, in terrestrial areas, metro and local area networks (LAN). Other special fibers have been
used in amplifiers, lasers, sensors and photonics devices. Further improvements of the fiber optics can
be done by providing higher bandwidth, transmissions capacities for longer distances, and introducing
devices with at a lower cost. For instance, in the LAN fiber world, the use of new wideband multimode
fibers is recommended to improve the overall system efficiency. The wideband multimode fibers can
be used in wider frequency ranges from visible to infrared such as the short wavelength-division
multiplexing ranges 850 to 950 nm. Another rapidly growing technology is free-space communication,
where the optical signals can be used for satellite-satellite communications. Recently, optical fibers
have been used for transmission from light emitting sources such as high-power lasers, where the
sudden changes in wavelength can be controlled easily in these devices.
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Abstract: We demonstrate a three-port, light guiding and routing T-shaped configuration based on
the combination of whispering gallery modes (WGMs) and micro-structured optical fibers (MOFs).
This system includes a single mode optical fiber taper (SOFT), a slightly tapered MOF and a BaTiO3
microsphere for efficient light coupling and routing between these two optical fibers. The BaTiO3
glass microsphere is semi-immersed into one of the hollow capillaries of the MOF taper, while
the single mode optical fiber taper is placed perpendicularly to the latter and in contact with the
equatorial region of the microsphere. Experimental results are presented for different excitation
and reading conditions through the WGM microspherical resonator, namely, through single mode
optical fiber taper or the MOF. The experimental results indicate that light coupling between the MOF
and the single mode optical fiber taper is facilitated at specific wavelengths, supported by the light
localization characteristics of the BaTiO3 glass microsphere, with spectral Q-factors varying between
45 % 10%and 6.1 x 103, depending on the port and parity excitation.

Keywords: microstructured optical fibers; whispering gallery modes; light localization

1. Introduction

High quality light trapping in dielectric, microspherical cavities can be readily achieved using
whispering gallery modes (WGMs) resonation; attracting constant academic and potential industrial
interest [1,2]. In the WGM resonation process light is confined at the inner interface of a high refractive
index dielectric microcavity, illustrated as closed-loop trajectory where rays circulate through total
internal reflection (TIR). Several types of optical geometries and corresponding materials have been
employed for demonstrating and implementing WGM resonation in photonic devices. The confinement
of light propagation within a closed, spherical symmetry dielectric cavity, leads to a three-fold modal
quantization of the permitted localization states of light within the cavity volume [3], denoted
with three complementary quantum numbers, per k-vector, being directly dependent upon the
optogeometric characteristics of the cavity. The interface mechanism of TIR on the boundary of
a curved surface is inherently a low loss light dispersion process, leading to high quality factors Q
denoting light localization up to x 108, upon materials, excitation protocols and resonator geometries
used [4]. A great number of photonic devices based on WGM resonation have been presented including
chemical and biological sensors [2,5], lasers [6], wavelength routers and metrological devices [7].

The efficiency of WGMs excitation and related Q-factors of the supported resonances critically
depends upon the material properties of the resonator (surface roughness, Rayleigh scattering etc.),
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its geometry, real and imaginary refractive index, launching conditions and far field or near field signal
collection method [8]. Prisms [9], gratings [10], angle cleaved [11], and tapered optical fibers [12] were
used for the WGM evanescent field, light coupling into microspheres, leading to different Q-factors
and practical consideration including stability of coupling, simplicity of implementation, integration,
and interaction with the ambient environment [13].

In addition to the above, MOFs have also been used for reading or exciting WGM resonation inside
microspherical cavities, starting with the work of Francois, et al., where a microsphere was wedged
onto the end face of a collapsed core MOF [14]; others have used hollow core optical fibers [15,16].
An alternative and high integration WGM excitation approach was presented by Kosma et al. by
placing a microspherical resonator inside the air capillary of a MOF taper, for providing a compact
and robust operation [17]; similar implementations were also presented by other groups [18,19].
Generally, the use of the end face of standard, tapered and MOFs has been evolved into an efficient
configuration for exciting WGMs in microspheres, offering advantages such as single port operation,
good yield in fluorescing signal collection, robustness, and versatility in functionalizing and trapping
the micro-spherical cavity.

Herein, we present light coupling and routing between the MOF taper and a standard optical
fiber taper (SOFT), through a BaTiO3 microsphere semi-immersed inside the capillary of the end
face of the MOF taper; where the SOFT is placed perpendicularly to the MOF. This T-shaped light
coupling system provides interesting WGMs excitation and collection with all three created fiber
ports along with light paths parities. We anticipate that the proposed T-shaped excitation system can
lead to numerous devices and applications of WGM resonators for sensing, filtering and frequency
stabilization, and can be used in integrated optical devices as an efficient add-drop filter. The use of
BaTiO3 microspheres constitutes a base for straightforwardly attaining permanent and/or transient
photorefractive tuning of the spectral characteristics of the WGMs using pulsed or continuous wave
(CW) laser beams at low pump powers. This type of spectral trimming has already been demonstrated
for a variety of materials and WGM resonating geometries [20—22]. Potentially, the photorefractive
tuning of the WGM spectral characteristics can also happen for light excitation (for example using
405 nm or 532 nm CW lasers) through an all silica MOF, where the photorefractivity of the MOF itself
will be minimum. An additional reason for using BaTiO3 microspheres is the possibility of permanent
encapsulation and fixation of the system MOF-BaTiO3-SOFT using standard ultraviolet (UV) glues
(see Norland UV adhesives, Norland Products, Inc., Cranbury, NJ, USA) with a refractive index lower
than silica, without great compromising of the Q-factors of the excited WGMs [23]. Our investigations
include the steps followed for realizing the device presented, and its spectral characterization and
discussion for different portal excitations and read-outs.

2. Experimental Section

A grapefruit shaped MOF (drawn by ACREQ, Stockholm, Sweden), consisting of two concentric
cores, a 3.5% germanium doped silica inner core with diameter 8.5 pm and an outer silica core
of diameter 16.1 um, 20.8 um diameter 5-air capillaries and 125 um cladding diameter was used
(see Figure 1a). For facilitating efficient wedging of the microspheres available, as well as increasing
the evanescence field tail extending outside the microstructured core, this MOF was adiabatically
tapered down to ~55% of its initial size and cleaved at the transition region, resulting in a tip diameter
of ~68 um and air capillaries scaling down to a ~11 pm diameter (see Figure 1b,c). For these tapering
conditions the fundamental guiding mode is still confined at the Ge doped core of the grapefruit MOF,
however, with a more extended modal profile covering the microstructured area. In Figure 2, we show
the fundamental guiding mode confinement by using a commercial modal solver.
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Figure 1. (a) Scanning electron microscope (SEM) picture of the un-tapered, grapefruit shaped
micro-structured optical fiber (MOF) used, with five air capillaries and germanium doped core, (b) SEM
image of the attached BaTiOj3, microsphere with 25 um diameter, top fitting in one of the capillaries
(diameter: 11.2 um) of the tapered MOF. The other empty capillaries can be seen in the background,
(c) optical microscope picture of a side view on the T-shaped light coupling system (single mode optical
fiber taper (SOFT) placed perpendicular to MOF in a contact with the microsphere).

Additionally, since the adiabaticity criterion was followed, coupling from the central mode to
modes supported at the extended microstructured core area is rather limited; the last is confirmed by
the absence of significant beating features in the transmission spectra of the tapered MOF.
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Figure 2. (a) Fundamental mode for the MOF in a 2D cross-section image by adopting COMSOL
(Multiphysics 3.5, COMSOL Inc., Stockholm, Sweden) simulation. (b) Fundamental mode in a 2D
cross-section image for a smaller cladding size after the tapering process (68 um diameter), and
accordingly smaller core and air capillaries. Increased spreading of the mode is observed due to
reduced spatial confinement.

Barium titanate (BaTiO3) glass microspheres of poly-disperse sizes and typical eccentricities of
the order of 10% (Mo-Sci Corporation) were used. The refractive index of these microspheres varies
between 1.9 and 2.1, depending on the stoichiometric ratio between Ba and Ti. A BaTiO3 microsphere
with a diameter 25 um was attached to the end face of the MOF taper tip while being semi-immersed
inside one of its air capillaries (Figure 1b). Air suction was used to ensure stable positioning and
attachment of the microsphere. Figure 1 presents scanning electron microscopy (SEM) images of
the employed MOF and the BaTiO3 microsphere. Additionally, a single mode optical fiber (SMF-28,
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Corning Inc., Corning, NY, USA) was tapered adiabatically down to 0.9 um final waist diameter to
achieve a broad evanescent field. All optical fibers used were thermally tapered with the use of a
Vytran GPX-3000 (Thorlabs, Inc., Newton, NY, USA) optical fiber processing equipment.

The MOF taper with the attached microsphere was aligned perpendicular to the waist of the
tapered fiber, so that the SOFT waist was in a contact with the equatorial region of the BaTiO3
microsphere (Figure 3). In this way a three channel device was implemented, with routing point at the
BaTiO3 microsphere semi-immersed into the end face of the MOF; namely CH1 and CH2 represent
the two portal ends of the SOFT and CH3 the MOF port. Moreover, this three-port optical fiber
configuration was characterized with respect to the orientation of the line defined by the MOF core and
the BaTiO3; microsphere with the axis of the SOFT (Figure 3). In the parallel orientation (State A) the
MOF central core and the center of the BaTiO3 microsphere are in line with the axis of the SOFT, and
the k-vectors of light propagating into the MOF core and the circumference of the BaTiO3 along the
plane of the SOFT excitation rest along the same axis of propagation. In the perpendicular orientation
(State B) the SOFT excites the BaTiO3 microsphere, however the axis between the MOF central core
and the BaTiO3 microsphere is positioned at 90° with respect to the axis of the SOFT, thus the k-vectors
of the circumferential WGMs without polar components excited do not lay on the same axis with
the MOF core. In the B State orientation, the position of the MOF taper core was below and far
from the SOFT horizontal plane, eliminating any potential coupling due to lensing and total internal
reflection cancellation. Transmission spectra were obtained for both State A and B of this three port,
optical Tjunction.

State A State B

Transmission Transmission

e <=

y - —
CH1 CH2

Scattering

CH1 CH2

Figure 3. Schematic representation of the experimental setup showing the T-shape excitation system.
CH1, CH2 and CH3 represent ports used to excite and measure WGMs. Two possible WGMs excitation
configurations are demonstrated in the cross section of MOF taper tip (yellow and red arrows).
The yellow arrows are referred to the transmission spectrum (CH1 to CH2 and vice versa) whereas the
red arrows are chosen for the scattering spectrum (CH1/CH2 to CH3 and vice versa). Two different
states, in terms of orientation between the axis of the SOFT with the axis formed by the MOF taper core
and the semi-immersed microsphere, were studied and are presented as State A and State B. In State A
the aforementioned two axes are parallel to each other whereas in the State B they are perpendicular.
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All spectral measurements were made using the amplified spontaneous emission (ASE) of an
erbium doped fiber amplifier with a spectral range 1518-1580 nm, whereas an optical spectrum
analyzer (OSA) with a maximum spectral resolution of 0.01 nm was used as a detector. Polarization
resolved measurements were obtained using a 5 m length of polarizing optical fiber (providing a
polarization resolving ration of ~30 dB) attached to the end of the corresponding reading port (only
CH1 or CH2) and connected directly to the OSA, while being supported in a rotating v-groove for
being aligned with the coordination system of the microsphere.

3. Results and Discussion

Transmission spectra of the T-junction for different polarization states, port excitation and reading,
for State A and State B are presented in Figure 4.

No polarization - State A

T e
{ umeipient State A
—cHztocHs
Tsecn Transmission
. 25| © iz 8iz o E
g 52 5 s - iy .,
: S cEF 2 e ) =
= o= - > > > =
T 30 w o H = - < g
5 L T g misly iy cH1 CH2
@ =oiE =
o
S
s S /\u/’h\ﬂ\f\ 1 Scattering
& el \ ]
sr \ 1 —‘h—»
70 h ] —)- B
(a) 75 by L . | CH1 CH2
1520 1430 1540 1550 1560 1570 1580
Wayelength; (nm):
No polarization - Staite{B State B
T T T T ——CHzrocHl Transmission
sf {=snees
T\ 4m \ —cwwcn
20 | }‘ﬁ '1\\4 g = “-
o =3 =
S o) 1 CcH1 CH2
e F$R=19,50m
=d <
w FSR=20}9 T 4
o L Scattering
=
©
[
14
S -
=> -
(b) o o2

85
1520 1530 1540 1550 1560 1570 1580
Wavelength (nm)

Figure 4. Both states A and B for transmission and scattering are measured and plotted at first with an
SMEF28 without using polarizing optical fiber. The coupling between the SOFT and the core of the MOF
taper in State A (a) is obvious by observing the elimination of clear and sharp resonances whereas the
geometry of State B (b) allows us to obtain more significant resonances in the scattering spectra.

The transmission spectra of the SOFT in contact with the BaTiO3 microsphere show WGMs
behaviour (Figure 4, CH1 to CH2 and vice versa) and are typically obtained for microspherical cavities.
The azimuthal I and radial 4 modal orders (TE, TM(g, [)) have been estimated assuming a nominal
BaTiO3; microsphere diameter 25 pm (as measured using SEM scans) and a refractive index of 1.9 [3].
A particular feature of the WGM spectra of the State A is a modal distortion by means of broadening
observed for particular WGM orders; this is related to the perturbation resulted from the wedging of
the BaTiO3 miscosphere into the MOF capillary end face. Typical Q-factors for the spectra of State A of
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Figure 4 are ~700, well below values reported for BaTiO3 microspheres of similar diameter and optical
fiber taper excitation [23]; this is related to the great mismatch between the effective indices of the
WGMs and both the MOF and SOFT [24]. Accordingly, the resonant wavelengths of WGMs excited
with the SOFT and scattered from the microsphere were collected and measured with the MOF (CH2
to CH3, State A), proving the possibility of using the T-shaped system for the light routing. Yet, this
spectra (CH3 to CH2 and vice versa-State A) are characterized by a strong background continuous
signal emerging from the light coupling from the BaTiO3 microsphere to the two waveguide systems,
however not through the WGM resonation, but from a standard total internal reflection cancellation
and a standard lensing process. This strong and broad background can also shadow WGM mediated
coupling from the MOF to the SOFT.

The spectral data for State B excitation presented in Figure 4 exhibit specific similarities with
those corresponding to State A. Several of the WGM notches for both polarizations spectrally coincide
with those of State A, with relative spectral shifts between the two States that are mostly attributed
to possible eccentricity of the capillary wedged BaTiO3; microsphere. A point of particular interest
is related to the Q-factor of the WGM excited for State B, which appears much greater compared to
the one obtained for the same microsphere, while being positioned and excited at State A. For State
B the Q factor was calculated to be 1.63 x 10° for the scattering spectra whereas for State A it was
calculated to be ~500 [4,15]. This may be attributed to the fact that for State B the positioning of the
wedged microsphere with respect to the MOF symmetry is different, with the MOF core not being
aligned with the SOFT axis. This affects the excitation conditions of the systems both through the
SOFT and the MOF [25,26]. The WGM peaks measured for light routing between the MOF and the
SOFT (CH2 to CH3 and vice versa), exhibit a higher signal to noise ratio with respect to those of State
A, since the background signal is lowered by almost 30 dB (at wavelength 1530 nm). This significant
reduction of the background, broadband signal denotes that light coupling is minimized through
lensing effects and total internal reflection cancellation, but rather takes place through the WGMs
resonation facilitated at the BaTiO3 microsphere.

An interesting point for the State B light routing scheme is that while the MOF core and the
SOFT axis do not coincide/align in space, light coupling between the two vertically placed waveguide
structures still exist through WGM resonations with polar modal numbers |1 # I, where I refers
to the azimuthal WGM order [27]. In Figure 4 we denote resonances for the two first radial orders
along with the azimuthal number for TE and TM modes [4,10]. The free spectral range (FSR) measured
in the graphs is in good agreement with the theoretically expected values based on the FSR formula
and the corresponding resonant wavelength [1]. In such a light coupling scheme WGMs with [m |
# I will be delocalized from the azimuthal circumference of the BaTiO3 microsphere defined by the
excitation plane of the SOFT [28], possibly allowing modal crossing between modes of high difference
between m and | modal order, facilitated by the microsphere wedging perturbation and eccentricity of
the microsphere.

In another set of measurements, we used the polarization maintaining optical fiber for both States
A and B for resolving the two polarization states. In State A because of the position of the sphere
with respect to the SOFT, the fiber s-polarization excites mostly TM modes for the microspherical
resonator, whereas in State B the fiber s-polarization corresponds mostly to TE modes for the resonator
(‘slapping’ and ‘piercing’ polarization). The majority of polarization resolved data obtained appeared
quite noisy, hindering WGM resonation features especially in the SOFT to MOF coupling. In general,
due to the geometry of the specific WGM resonation scheme, we expect polarization cross-coupling to
take place [29], decrementing polarization resolved modal measurements as shown in Figure 5.
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Figure 5. State B: Transmission and corresponding scattering spectra of the T-shape system obtained
with the polarizing optical fiber.

4. Conclusions

We communicate results on the investigation of light coupling and routing via a microspherical
resonator integrated in a T-shaped optical fiber configuration system, constituted of a BaTiO3
microsphere wedged in the capillary of a grapefruit shaped optical fiber while being excited for
different orientations using a single mode optical fiber taper. The specific optical configuration was
spectrally characterized in a multi-portal arrangement and the light routing results were discussed
in conjunction with basic WGMs formulation, showing the possibility to rout the light in a 90° angle
system from the SOFT to the MOF and vice versa. We intend to continue our investigations of the
specific light coupling and routing system for potential use in self-feedback systems for active glass
microspherical cavities, where the MOF end will be spliced to one end of the SOFT. Another possible
application refers to optical routers and microspherical lasers arranged in three dimensions [6], while
being pumped through a single optical fiber taper with specific spectral signatures per MOF port [30].
Preliminary results in tuning the coupling between the SOFT and the MOF through the WGM spectral
comb by exploiting the photorefractivity of BaTiO3 microsphere, have resulted in typical spectral shifts
of the WGMs by ~0.3 nm for a exposure dose of 10.8 ], using a 405 nm CW solid state laser.
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Abstract: In recent years, there has been significant research on integrated microfluidic devices.
Microfluidics offer an advantageous platform for the parallel laminar flow of adjacent solvents of
potential use in modern chemistry and biology. To reach that aim, we worked towards the realization
of a buried microfluidic Lab-on-a-Chip which enables the separation of the two components
by exploiting the non-mixing properties of laminar flow. To fabricate the aforementioned chip,
we employed a femtosecond laser irradiation technique followed by chemical etching. To optimize
the configuration of the chip, several geometrical and structural parameters were taken into account.
The diffusive mass transfer between the two fluids was estimated and the optimal chip configuration
for low diffusion rate of the components was defined.

Keywords: optofluidics; lab-on-a-chip; femtosecond laser; laser micromachining; diffusion

1. Introduction

The recent introduction of microfluidics in chemistry and biology has led to a paradigm shift
in both fields. Lab-on-a-Chip is now a commonly known concept and significant efforts have been
made for the realization of multifunctional integrated systems for chemical analysis [1], cell culture,
and biochemical systems investigation [2], but most importantly for multiphase chemical reactions
even for miscible solutions. Microfluidic reactors have already been proven valuable due to their
high surface-to-volume ratio, the scale-out capabilities for industrial applications, the higher yield
over batch reactors, and the versatility of the microfluidic chip set-ups [3]. By manufacturing a
microfluidic chip with a suitable geometry, it is possible to manage simultaneously two or more fluids
and create dynamic interfaces between them while avoiding active mixing due to laminar flow [4,5].
The present approach exploits (mimics) liquid-liquid interfaces which could not be accessed in batch
situations. Diffusive mixing between two interfacing laminar flows is a theoretically, and in some cases
experimentally, well-defined process [6,7]. It depends mainly on the area of interaction, the laminarity
of the flow, the time of interaction, and the concentration gradient between two or more streams.

A wide variety of materials and techniques have been employed for the fabrication of
microfluidic systems [8]. The most popular process is the soft lithographic fabrication of 2D chips on

Micromachines 2019, 10, 23; doi:10.3390/mi10010023 261 www.mdpi.com/journal /micromachines



Micromachines 2019, 10, 23

polydimethylsiloxane (PDMS) [9] and other elastomers. The technique is easy, fast, and has a low cost,
but although PDMS’ porosity is a virtue for long-term cell cultures, it becomes a drawback when it
comes to chemical analysis or organic synthesis because it cannot be defined as chemically inert. PDMS
can undergo swelling due to solvent adsorption in the pores, creating deformations on the microfluidic
channels [10]. Extensive deformation can create leakages, thus compromising the chip. Combined
with the incompatibility with many organic solvents, PDMS has a limited range of applications in
synthetic chemistry.

Even though a plethora of water-based biological applications have been demonstrated for PDMS
microfluidic chips, the use of other solvents is prohibited due to the incompatibility of PDMS. It has
been demonstrated that water-based chemical reactions [4] are able to be performed on the interface of
two interacting laminar flows in a PDMS microfluidic chip. This high yield and recyclable approach
could also be applied in organic chemistry, especially for reactions that involve toxic or expensive
reagents. Lee et al. [10] performed an extensive study on the compatibility of PDMS with a variety of
organic solvents, and it is evident that, for a broader application of microfluidics in organic chemistry,
PDMS is not the optimal material. One of the most promising materials that can overcome the above
mentioned challenges is fused silica.

Fused silica microfluidic devices have been well established, but the exploitation of a liquid-liquid
interface that is present in a Y-shaped fluidic system requires an extensive study on the behavior of
pressure-driven flows. Glass chips differ from PDMS as they are rigid, and they do not exhibit
deformation upon high-pressure-driven flow [11]. Fused silica is compatible with a wide variety
of organic solvents as well as water, and since it is not gas-permeable, it can be used as a material
for the fabrication of microreactors for a wide variety of reactions, including water splitting for
hydrogen production.

In this paper, we report the fabrication and characterization of a double Y-branch fused silica
microfluidic device for the introduction, interaction, and separation of two miscible solutions
characterized by laminar flow, taking advantage of the femtosecond laser irradiation followed
by the chemical etching (FLICE) method [12-16]. There are many advantages attributed to this
microfabrication technique in comparison with traditional photolithography, including the ability to
quickly realize 3D monolithic structures completely buried in the substrate without the requirement
of masks or a clean room. With FLICE, there is no need to create complex microfluidic chips in two
halves to be subsequently welded as it is a process which often leads to sealing problems. As a
preliminary investigation, the laser-fabricated, fused silica microfluidic device was used for the study
of the diffusion of Rhodamine 6G (R6G) in the ethanol-ethanol interface. The angle between the two
inlets and the height of the chamber were varied, and the diffusion was qualitatively determined for
different flow rates. R6G was used as a colorant for one of the two streams due to its optical properties
and its well-established diffusivity in ethanol.

2. Materials and Methods

2.1. Methods

Fused silica glass is ideally suited for this application as it possesses several important
characteristics: it is chemically inert to a variety of solvents, hydrophilic, thermally and mechanically
stable, and optically transparent in a wide range of wavelengths [12,17]. To fabricate the optofluidic
device in the bulk of glass, we exploit the FLICE method [12,13], which requires two steps: (1) tightly
focused, femtosecond, laser pulses drive a permanent and localized periodic redistribution of material
density, which defines the desired structure on the surface or in the bulk of fused silica [18]; (2) chemical
etching of the laser-modified volume by a strong acid or a strong base (typically HF or KOH,
respectively) to remove the irradiated zone, producing the hollowed-out, microfluidic device [15].

The femtosecond laser used for device fabrication in fused silica was a generatively amplified
Yb:KGW system (Pharos, Light Conversion, Vilnius, Lithuania) with 230-fs pulse duration, 515-nm
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wavelength (frequency doubled), and 500-kHz repetition rate focused with a 0.42-NA microscope
objective (M Plan Apo SL50X Ultra-Long Working Distance Plan-Apochromat, Mitutoyo, Kawasaki,
Japan). Computer-controlled, 3-axis motion stages (ABL-1000, Aerotech, Pittsburgh, PA, USA)
interfaced by CAD-based software (ScaBase, Altechna, Vilnius, Lithuania) with an integrated
acousto-optic modulator were used to translate the sample relative to the laser irradiation desiderate
patch. An average power (pulse energy) of 200 mW (400 nJ) and a scan speed of 5 mm/s were used to
laser-pattern the microfluidic device shown in Figure 1a. A multiscan writing procedure with 7 um
spacing between transverse scans was adopted to form the microfluidic device. The thickness of the
fused silica windows was 1 mm, and the buried microfluidic chips were laser-inscribed at a depth of
0.5 mm. The overall fabrication time of a single chip varied between 57 min and 69 min for chamber
heights between 100 pm and 500 pm. The sample was etched in a sonication bath of HF (20% vol in
water), with a feedback-controlled temperature of 37 °C. The etching rate of the laser-exposed area of
the fused silica was 500 um/h, whereas for the non-exposed area, the etching rate was 20 um/h. The
resulting rectangular chamber’s internal dimensions were 2 mm x 200 um (length x width) with a
height & that varied from 100 um to 500 um (Figure 1c).

Figure 1. Microfluidic chip geometry; image from optical microscope of the chip after (a) femtosecond

(fs) laser irradiation and subsequent; (b) chemical etching; (c) schematic of chip design, where h is the
chamber height and 0 is the separation angle.

The suitable structure for the diffusion study in a microfluidic chip is the double Y configuration as
shown in Figure 1, showing optical microscopic images of the device after femtosecond laser irradiation
(Figure 1a) and then after chemical etching (Figure 1b). The final microfluidic device consists of two
inlets and two outlets at both ends of a long chamber in which the interface interaction occurs.

To complete the characterization of the chip, the behavior of diffusive mass transfer was studied
by varying the separation angle between the inlet/outlet channels, §, and the pumping pressure of the
fluids, p. To avoid turbulence, the inlet tubes and the interaction chamber were designed considering
the continuity of the fabrication process and the equality in resistance for both the inlets and outlets
of the chip. A microfluidic pump (OB1, Elveflow, Paris, France) was connected to the reservoirs of
the solutions. Polytetrafluoroethylene (PTFE) tubing was inserted into the reservoirs and drove the
fluids into the chips by Polyether ether ketone (PEEK) tubing with an outer (inner) diameter of 360 pm
(150 um) by using an appropriate adapter. The latter tubing was connected to the glass chip using
ultraviolet (UV) glue. The materials for both tubings as well as the reservoirs and the glue were
selected due to their extraordinary chemical inertness to organic solvents.

2.2. Materials

To visualize the interaction zone between the two parallel flows, an optical technique was used.
Using a coloured (1 mM Rhodamine 6G in ethanol) and a transparent solution (pure ethanol) it was
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possible to understand how the geometric and microfluidic parameters influence the diffusive mass
transfer between two interfacing laminar flows.

The dye solution was prepared starting from R6G powder (Sigma-Aldrich) dissolved in filtered
ethanol. The solution was filtered once more to prevent undissolved dye particles and impurities from
entering the chip and creating turbulence. The Rhodamine solution was stored in glass vials in a dry,
cool, and dark environment to prevent degradation.

3. Results

3.1. Data Analysis

Starting from the work of Werts et al. [7], we developed a simple and useful method to extract and
analyze data using a conventional optical microscope. We obtained an empty channel image to use
as a reference (Figure 2a), and subsequently we imaged the flowing colorants, varying the pumping
pressure (Figure 2b). Using a custom image management algorithm (developed in MATLAB), the two
aforementioned data images can be subtracted to indicate the difference i.e., the dye solution flow, and
to eliminate electronic noise caused by the intrinsic roughness of the device. The visible roughness of
the chip, as well as the discontinuation between the chamber and the outlets, in Figure 2a,b is caused
by the laser writing pattern of the device, and even though it can be improved by post-fabrication
annealing, there was no visible turbulence in the chip due to this effect. As it has been reported in the
past, the roughness of microchannels formed by this technique have sub-micrometer roughness [19].

«

Figure 2. Visual analysis technique of laser-fabricated microfluidic chip: (a) reference image, (b) colored
image with the flowing dye solution; (c) negative image obtained by subtracting (a) from (b). The red
dashed line indicates the output of the chip position chosen to extract the intensity profile. Scale bar
corresponds to 200 pm.

In this way, we obtained a clear negative image (Figure 2c) from which the cross-section intensity
profile is extracted at the fixed position near the outlet of the channel (red dashed line in Figure 2c).
The typical intensity profile of the bi-colour image (Figure 2c) is shown in Figure 3a. The signal is then
processed with a low-pass filter (Figure 3b) and normalized (Figure 3c) to be comparable with other
intensity profiles.
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Figure 3. Intensity profile of the flow behavior processed with MATLAB algorithm. The x-axis
represents the position in the image [pixels], while the y-axis is the fluorescence intensity in arbitrary
units (a.u.). The red region indicates the diffusion zone between the two liquids. (a) original,
(b) processed by a low-pass filter, and (c) normalized intensity profile. The slope of the red line
represents the diffusion behavior.

At this point, in order to qualitatively define the conditions for the lowest diffusion of R6G inside
the channel, we calculated the slope of the cross-section intensity profile with linear interpolation.
The left region of high intensity in the normalized profile in Figure 3c indicates the presence of the
dye, while the region of low intensity on the right indicates the absence of it. The transitional region
highlighted in red between the high and low intensity regions represents the diffusion zone. It is
important to note that the value of the slope in the diffusion region is inversely proportional to the
amount of diffused dye between the liquids (ideally infinite slope indicates zero diffusion).

3.2. Preliminary Considerations

Reynolds number (Re) and Peclet number (Pe) are two dimensionless values that define fluidic
and diffusive mixing characteristics of a microfluidic system, respectively. They are described as [20,21]

_

. 5 1)

where, p is the density, U is the mean flow velocity, y is the dynamic viscosity of the fluid, ¢ is the
characteristic length of the microfluidic channel, and D is the diffusivity. A flow with Re lower than
2300 is considered laminar, while a high Pe number defines the number of channel widths required to
completely mix two fluids by diffusion.

For ethanol, p = 789 kg/m3 and y = 1.2 mPa-s. For Rhodamine 6G, D =3 x 10719 m?/s [22]. The
characteristic length of the rectangular channel was calculated to be 1.33 x 10~* m for & = 100 um and
2.85 x 10~* m for h = 500 um.

In a microfluidic device, we can assume the Hagen—Poiseuille equation to describe the relationship
between the pressure drop (AP = Pi, — Pout) and the flow rate (Q) of pressure-driven flow [23]:

APyotal = RiotalQ = RiotalUS (2)

where R is the hydrodynamic resistance of the microfluidic system and S is the cross-sectional area
of the microfluidic chamber. For a single microfluidic chip, we can consider R and S as constants,
meaning that the fluid velocity increases with the pumping pressure.

Starting from Stokes equations, it is possible to calculate the fluidic resistance for a fluid with
viscosity p flowing inside a [23]:

e  cylindrical channel (tubings) with length L and internal radius r,

s
it

®G)

Rtubing =

265



Micromachines 2019, 10, 23

e rectangular channel (glass chip) with length L, height , and width w,

ul 1
Rapip =~ @
T 1-o0es(L) e

In the present work, since all the elements are connected in series, we can consider
Riotal = Riubing + Renip- Considering that Riyping > Renip due to the tubing’s comparable radius
to the chip but a comparatively much greater L, we can neglect the resistance of the glass chip and
calculate from Equation (3) that Ryog; = 1.11 x 10! mbar-s/m? for r = 75 um and L = 11.5 cm. Assuming
that the pressure given by the pump is equal to APyy,, we can calculate the flow rate and subsequently,
the flow velocity of the chips with different / and varying pumping pressures, as reported in Table 1.

Table 1. Calculated flow rates, velocities, Reynolds number (Re), and Peclet number (Pe) for different
pumping pressures. U1 and U, correspond to the flow velocity of glass chips with heights of 100 um
and 500 pum, respectively.

AP (mbar) Q (uL/min) {,1 (mm/s) 1—,2 (mm/s) Re Pe
25 13.5 22.5 45 2 7507.5
50 27.0 45.0 9.0 3 15,015.0
100 54.1 90.0 18.0 6 30,030.0
200 108.1 180.0 36.0 12 60,060.0

3.3. The Effect of Pumping Pressure

The flow velocity is directly dependent on the pumping pressure according to the
Hagen-Poiseuille equation in Equation (2), and it is the only parameter other than the geometrical
characteristics of the chip that can affect the diffusion of R6G in ethanol. Diffusion is a time-dependent
process, and it is obvious that a slowly flowing solution (i.e., in the case of AP = 25 mbar) exhibits
greater diffusion, as seen in Figure 4.

(a)

e

Figure 4. Diffusion behavior inside a microfluidic chip with 30° incident angle and / = 500 um, at
increasing pumping pressure (a) AP = 25 mbar; (b) AP = 75 mbar; (c) AP = 200 mbar. Scale bars
correspond to 500 pm. Arrow indicates the flow direction.
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3.4. The Effect of Angle Between Inlets

We studied the effect of the angle between the two inlets. All the microfluidic chips were fabricated
with a constant chamber height (& = 500 pm). Three different angles 6 = 30°, 60°, and 80° were chosen
and the results are reported in Figure 5. Angles greater than 80° exhibited significant diffusion due to
the trajectory of the fluids, so we excluded them for the purposes of this work.
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Figure 5. Slope of the linear interpolation of the intensity profile of the visual diffusion analysis
(see Figure 3c¢) in the chip as a function of the pair inlet pressure at the different separation angles
6 =30°,60°, and 80°.

For each angle value, the slope of the intensity profile in the diffusion region increases
monotonously with the (identical) pumping pressure at the two inlets: the greater the pressure,
the greater the velocity of the fluids, leading to an increased value of the Pe coefficient and reduced
diffusive mixing. It is clear that for a given pumping pressure, a smaller separation angle results in
reduced mixing between the two parallel flowing fluids.

Increasing the separation angle of the inlets, the fluids undergo active mixing in the first part
of the chamber due to a greater change in trajectory upon entering the main chamber. In the case of
60° and 80°, a saturation of the slope value is observed. However, in the case of smaller angles, the
parallel flows enter into the chamber with minimum turbulence. For this reason, we determined that a
separation angle of 8 = 30° is the most suitable for minimum diffusion flow.

3.5. The Effect of Chamber Height

In Figure 6, we report the slope of the diffusion zone for channel heights of # = 100 pm and 500 um
for chips with a length of 2 mm and an angle of 30° between inlets. It is evident that the channel height
has a significant impact on the diffusion process in this microfluidic platform, with the slope in the
diffusion region for the 100 um tall chamber being twice that of the 500 pm tall channel in any pressure
measured. In other words, the diffusion is less pronounced in the shorter chamber, irrespective of the
pumping pressure. A reasonable explanation for this observation is that by decreasing the height of
the chamber, the interaction area of the two fluids decreases as well. Considering the length of the
chamber is 2 mm, the interaction area of the fluids is 0.2 mm? for the 100 um high chamber and 1 mm?
for the 500 pm.
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Figure 6. Theoretical and experimental slope of the intensity profile in the diffusion region versus the
pumping pressure for two different chamber heights: 100 um and 500 pm.

Another parameter that justifies this drastic change in the slope is the fluid velocity, which in the
case of h = 500 um is much lower than that of 1 = 100 um (Table 1) at constant pressure. As mentioned
before, the diffusion is proportional to the residence time of the interacting fluids in the chamber and
consequently inversely proportional to the flow velocity.

The parametric study of the effect of the height the diffusion was simulated by COMSOL, as well
as the theoretical data, are also presented in Figure 6. For the purposes of this study, we assumed
the same mean velocities as in Table 1. Considering the diffusion coefficient of R6G in ethanol, we
were able to extract the slope of the concentration gradient, following the same procedure as for the
experimental data.

Although the same general trends are observed in the theoretical simulations, there is a
discrepancy in the absolute values of slopes. The resistance of the chip and the roughness of the
walls were neglected for the purposes of the theoretical study, which can explain the lower diffusive
mixing that is predicted by the simulations compared to the experimental data in Figure 6.

4. Conclusions

In this work, we performed a parametric study of the geometry of a double Y-shaped microfluidic
chip in order to minimize the diffusive mass transfer between two laminar flows. This first approach
on the characterization of such chips examines the behavior of two ethanolic solutions, but the results
can be translated in any kind of application of multifunctional complex microfluidic systems with
a similar configuration. The optical technique that was developed for the purposes of this study is
simple, straightforward, and can be replicated using widely used and easily accessible equipment such
as an optical microscope with a CCD camera and image processing software.

The FLICE manufacturing technique has enabled the fabrication of complex 3D geometries of
buried microfluidic chips in glass while avoiding the problematic process of sealing two substrates
together by welding. Being able to use glass as a substrate for microfluidics removes the limitations
that are created by the incompatibility of the majority of elastomers, such as PDMS, and allows for a
wider variety of applications in flow chemistry.

For the visualization of the diffusion, a R6G solution and a transparent solution were used,
enabling the detection of mixing by a simple optical microscopy image analysis. As a result, we
determined that an angle of 30° or lower between the two inlet streams is optimal for non-mixing flow.
Also, we found that the height of the interaction chamber has a major impact on the diffusion, with the
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smaller height of 100 um being preferable. In future work, we will perform chemical reactions at the
interface of the parallel laminar flows in the laser-inscribed buried branching network.
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