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Preface

Special Issue on Microlenses

Hongrui Jiang

Reprinted from Micromachines. Cite as: Jiang, H. Special Issue on Microlenses. Micromachines 2014,
5, 1342-1343.

The study and application of microscale lenses and lens arrays have been actively researched in recent
years; new approaches in the fabrication of microlenses and microlens arrays have emerged. Also, novel
applications of these microlenses and microlens arrays have been demonstrated. In an effort to
disseminate the current advances in this specialized field of microlenses and microlens arrays, and to
encourage discussion on the future research directions while stimulating research interests in this area, a
Special Issue of Micromachines has been dedicated to “Microlenses”.

This Special Issue presents a total of ten papers covering most of the active areas of research in
microlenses and microlens arrays. Specifically, eight papers are on the fabrication and characterization of
microlenses and microlens arrays, one focuses on integration of microlenses into complex micro-optical
modules, and the last one deals with the super-hydrophobic surface that is often important to realize
droplet-based microlenses.

The fabrication and realization of microlenses and microlens arrays reported in these papers, cover a
wide range of mechanisms, technologies, materials, and optical designs. Xu et al. [1] provide a thorough
review of how to improve the response time of liquid crystal (LC) based tunable-focus microlenses. The
basic operating principles and recent progress are introduced and reviewed for two types of fast-response
microlenses based on LC/polymer composites: polymer dispersed/stabilized nematic LC and
polymer-stabilized blue phase LC. Chen et al. [2] propose a polarization independent LC microlens
arrays based on controlling the spatial distribution of the Kerr constants of blue phase LC; the concept is
supported by simulation. Two papers are on adaptive liquid lenses actuated via electrowetting. Liu et al. [3]
report a design in which the liquid lens is tuned by electrowetting-driven movement of a droplet.
Li et al. the authors of [4] describe a variable-focus liquid microlens that is actuated by electrowetting on
dielectric (EWOD). The microlens is fabricated on a flexible and curved polydimethylsiloxane (PDMS)
substrate. Mohammed et al. [5] utilize CO, laser to manufacture miniaturized plano-convex lenses by an
engraving process in poly(methyl methacrylate) (PMMA) substrates. Such lenses can be integrated into
lab-on-chip systems. Gulari et al. [6] demonstrate a microfluidic-based oil-immersion lenses (nOIL)
chip as an add-on chip-based optical module to provide high-resolution and large field of view to a stereo
microscope. Aldalali et al. [7] report an approach to fabricating PDMS microlenses and mirolens arrays
through a single molding step. The mold is formed by photo-polymerization, and the resultant shrinkage,
of polyacrylamide (PAAm) hydrogel. Finally, Huang et al. [8] present a wide-angle, broad-spectrum
cylindrical lens based on reflections from a micro-mirror array, rather than refraction. This intriguing
mechanism is inspired by the reflecting superposition compound eyes of some decapods.

There are two papers in this Special Issue covering different aspects of research related to microlenses
and microlens arrays. Dannberg et al. [9] discuss wafer-level hybrid integration of complex




micro-optical modules. Microlenses play a critical role in the formation of these modules. Gentile et al. [10]
provide a review of super-hydrophobic surfaces (SHSs)—bio-inspired, artificial microfabricated
interfaces consisting of nanoengineered micropillars. Such SHSs could benefit many optical components
and modules, including microlenses.

I wish to thank all authors who submitted their papers for publication in this Special Issue. |1 would also
like to thank all the reviewers for their tremendous efforts in completing the tasks on time.

v L

Hongrui Jiang

Guest Editor

Department of Electrical and Computer Engineering, University of Wisconsin-Madison,
Madison, WI 53706, USA.

18 December 2014
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Fast-Response Liquid Crystal Microlens
Su Xu, Yan Li, Yifan Liu, Jie Sun, Hongwen Ren and Shin-Tson Wu

Abstract: Electrically tunable liquid crystal microlenses have attracted strong research attention due to
their advantages of tunable focusing, voltage actuation, low power consumption, simple fabrication,
compact structure, and good stability. They are expected to be essential optical devices with widespread
applications. However, the slow response time of nematic liquid crystal (LC) microlenses has been a
significant technical barrier to practical applications and commercialization. LC/polymer composites,
consisting of LC and monomer, are an important extension of pure LC systems, which offer more
flexibility and much richer functionality than LC alone. Due to the anchoring effect of a polymer
network, microlenses, based on LC/polymer composites, have relatively fast response time in comparison
with pure nematic LC microlenses. In addition, polymer-stabilized blue phase liquid crystal (PS-BPLC)
based on Kerr effect is emerging as a promising candidate for new photonics application. The major
attractions of PS-BPLC are submillisecond response time and no need for surface alignment layer. In
this paper, we review two types of fast-response microlenses based on LC/polymer composites: polymer
dispersed/stabilized nematic LC and polymer-stabilized blue phase LC. Their basic operating principles
are introduced and recent progress is reviewed by examples from recent literature. Finally, the major
challenges and future perspectives are discussed.

Reprinted from Micromachines. Cite as: Xu, S.; Li, Y.; Liu, Y.; Sun, J.; Ren, H.; Wu, S.-T. Fast-Response
Liquid Crystal Microlens. Micromachines 2014, 5, 300-324.

1. Introduction

Liquid crystals (LCs) exhibit unique material properties ranging between those of conventional
isotropic liquids and solid-state crystals. The operation mechanisms of an LC device can be roughly
grouped into two categories: molecular reorientation under the influence of an electric field [1] and
field-induced mechanical deformation of the droplet shape [2]. The former was pioneered by Schadt and
Helfrich, enabling today’s liquid crystal displays (LCDs), phase modulators, adaptive lenses, optical
switches, and other photonic devices [1].

Since the first concept was demonstrated in 1977 by Bricot [3], adaptive LC lenses have attracted
strong research attention due to their advantages of tunable focusing, voltage actuation, low power
consumption, simple fabrication, compact structure, and good stability. They are expected to be essential
optical devices with widespread applications. Generally speaking, LC lenses can be divided into two
categories according to their aperture size: those with a large aperture size (>1 mm) are suitable for
portable devices, such as pico projectors, imaging system for cell phones, endoscopic system, and
ophthalmic lenses [4—8], while those with a small aperture size (<1 mm) are suitable for microlens arrays
and their applications include image processing [9-19], optical communication [20,21], lab on a chip,
switchable 2D/3D displays [22,23], etc. The progresses of LC lenses with a large aperture size have been
reviewed by Fowler ef al. in 1990 [24] and more recently by Lin et al. in 2011 [25]. In the present review
article, we focus on LC microlenses, especially those with fast response times.




Most LC lenses/microlenses developed thus far employ nematic LCs (NLCs), which offer a large
birefringence to achieve a short focal length. Two major technical challenges have severely limited
their practical applications and commercialization: polarization dependency and slow response time
(several seconds or hundreds of milliseconds). The former can be solved by using residual phase
modulations [26,27], and optical isotropic materials, such as blue phase LC [28-34], double-layered
structure [35-37], or axially symmetric photoalignment [38]. Due to the intrinsic speed of NLCs, the
response time of a LC microlens is usually in the order of 100 ms, which is obviously not fast enough
for image processing, optical communication, efc. Several approaches have been proposed to improve
the response time. Dual frequency LCs (DFLCs), which exhibit a positive dielectric anisotropy (Ag) at
low frequencies and negative Ag at high frequencies, have been adopted to speed up both rise and decay
times of an LC device by controlling the applied frequency [36,39,40]. However, the driving scheme is
relatively complicated, and dielectric heating may shift the crossover frequency and lead to performance
instability at high frequency operation [41]. Surface-stabilized ferroelectric LCs (SSFLCs) can be
switched in 100 ps and the response time of SSFLC microlenses is approximately 1000 times faster than
that of nematic devices, however, they are only good for binary optical modulation because of the
hysteresis characteristics [42,43]. Microlenses based on chiral sematic A (SmA*) LCs could tune the
focal length in several microseconds, which is 10x to 1000x faster than that using SSFLCs or NLCs,
respectively [44], but the alignment of LC molecules is not stable. In comparison to the abovementioned
approaches, microlenses based on LC/polymer composites provide a relatively fast response time,
continuous variable optical power, simple fabrication, and driving scheme, as well as good mechanical
stability. These attractive features make them more promising for practical applications. In addition,
polymer-stabilized blue phase liquid crystal (BPLC) based on the Kerr effect [45-50] is emerging as a
promising candidate for new photonics applications. The major attractions of BPLC are twofold:
(1) submillisecond response time due to its self-assembled nanostructure [33,48,51], which is ~10x faster
than that of NLCs and (2) free of a molecular alignment layer, which means a simpler fabrication process.

In this review article, we first explain the basic principles of LC microlenses. Then, we illustrate the
recent progress on the development of fast-response LC microlenses based on LC/polymer composites
by the examples from recent literature, covering topics of polymer-dispersed/stabilized nematic LC
microlenses and BPLC microlenses. For each type of microlens, the cell structure, lens performance,
focal length tunability, and dynamic response are described, as well as their advantages and disadvantages.
Challenges and future perspectives are also discussed.

2. Polymer-Dispersed/Stabilized Nematic Liquid Crystal Microlens
2.1. Principles

Nematic LCs are rod-like molecules, which exhibit optical and dielectric anisotropies due to their
anisotropic molecular structures. When properly aligned in an LC cell, their long axes are approximately
parallel to each other, and this averaged alignment direction is called LC director, as shown in Figure 1a [52].
Light polarized along the LC director (e-ray, polarization direction is represented by blue arrow) sees
extraordinary refractive index ne, while that polarized perpendicular (o-ray, polarization direction is
represented by pink arrow) to the LC director sees ordinary refractive index no. Then, if the light is



polarized at a 6 angle with respect to the director (represented by red arrow), it sees an effective refractive
index nefr, expressed as:

n _ neng
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The birefringence (optical anisotropy) of the LC is defined as:
An=n,-n, (2)
and the dielectric anisotropy is defined as:
Ae=¢/-¢ 3)

where ¢7and €, are the dielectric constant ( or relative permittivity) along and perpendicular to the LC
director, respectively.

In a typical cell, LC material is sandwiched between two substrates coated with electrodes (e.g.,
indium tin oxide, ITO) and surface alignment layers (e.g., polyimide, PI) [53]. Buffed PI introduces the
alignment of LC directors while spacers control the cell gap. Figure 1b shows the schematic structure of
a homogeneous LC cell, where the top and bottom substrates are rubbed in anti-parallel directions and
LC directors are aligned along the substrates in the static state. Let us assume the normally incident light
is polarized along the rubbing direction. It will experience an optical path of L = dne after passing the
cell, where d is the cell gap. When a sufficiently high voltage is applied to the ITO electrodes, the LC
directors will be reoriented in vertical direction and the optical path becomes L = dno (Figure 1b). If the
voltage is not high enough and the LC directors are only reoriented by a 0 angle (Figure 1c), the
corresponding optical path is L = fod nee(0) dz, where nes(0) is the effective refractive index expressed

by Equation (1). If the LC molecules, located at different positions, could be controlled to have various
reorientation angles, then the light will experience various refractive indices accordingly, as shown in
Figure 1d. Here, the light incident on the center and border experience nef(0) and ne, respectively, the
optical path difference (OPD) between the center and border can be expressed as:

OPD = d(n.4(0) - n,) 4)

At a given wavelength (1), the corresponding phase difference AQD is:
9on
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Such an effect is equivalent to an isotropic medium with different thickness. It is well known that if
the surface of the isotropic medium is polished with a spherical shape, then it functions as a lens.
Similarly, if the LC layer exhibits a lens-like gradient refractive index distribution or phase profile, then
it has a lens characteristic. For example, in Figure 1e, the normally incident e-ray experiences a gradually
increased refractive index distribution from the border to center, and the LC layer functions as a positive
lens. Vice versa, the LC layer would function as a negative lens if the refractive index gradually decreases
from the border to center, as shown in Figure 1f. Gradient refractive index distribution or phase profile
within the LC layer forms the foundation of an LC lens. Various approaches for fabricating LC microlens



array have been proposed. The common is to create a gradient refractive index distribution among LC
directors either by an inhomogeneous electric field [9,10,15-17,20,22,23,54] or by an inhomogeneous
LC morphology [11-14,18,19,21,55,56].

Focal length (or optical power) and response time are two very important factors. The focal length is
related to the lens radius (), refractive index difference between center and boarder of the lens (An), and
thickness of LC layer (d) as [53]:
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The response time (decay and rise) of a nematic LC lens is determined by the visco-elastic coefficient
(v/K), LC layer thickness of (d), applied voltage (V), and threshold voltage (V) as [52]:
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Although the rise time can be greatly shortened by applying an overdrive voltage, the decay time is
still determined by the restoring elastic torque. This problem gets even worse as the wavelength
increases, e.g., infrared region, since a thicker cell gap is required to compensate the longer wavelength
and lower birefringence. To obtain a short focal length, we could increase dAn or reduce the lens
aperture. Most of high birefringence LCs have An ~0.4 [57]. Some ultra-high An (>0.6) LCs have been
developed, but their large viscosity leads to a slow response time [58]. Similarly, increasing the LC layer

thickness also causes a sluggish response time, as Equation (7) indicates.

Figure 1. Operation principle of a nematic LC lens: (a) LC molecular and polarization
dependent refractive index; (b) schematic structure of a homogeneous LC cell, the incident
light sees ne; (¢) LC directors are reoriented along the electric field and the incident light
sees no; (d) LC directors are reoriented by a 0 angle and the incident light sees ne(0);

(e) positive LC lens, and (f) negative LC lens.
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LC/polymer composites, consisting of LC and polymer, are an important extension of pure LC
systems, which offer more flexibility and much richer functionality than LC alone. Depending on the
monomer concentration, LC/polymer composites can be divided into three major categories:
polymer-dispersed LCs (PDLCs) [59], polymer-stabilized LCs (PSLCs) [60], and polymer-network LCs
(PNLCs) [61]. PDLC consists of a higher percentage of monomer (>20 wt %), while PSLC consists of
a lower percentage of monomer (<10 wt %), PNLC consists of a medium percentage of monomer
(10 wt % ~ 20 wt %). Due to the anchoring effect of polymer network, microlenses, based on
PDLC/PSLC/PNLC, offer a relatively fast response time in comparison with pure nematic LC
microlenses. Nevertheless, the domain size needs to be carefully controlled to avoid scattering.

2.2. Microlens Using Nanosized Polymer-Dispersed Liquid Crystal Droplets

In 2005, Ren et al. demonstrated a fast-response microlens array using nanosized PDLC droplets [54],
as Figure 2 shows. UV-curable monomer NOAG65 is first molded to form plano-concave microlens arrays
on the bottom ITO substrate. The plano-concave cavities are filled with nano-PDLC material, which
consists of 35 wt % NOAG65 (np = 1.524) and 65 wt % Merck nematic LC E48 (no = 1.523, An = 0.23).
The ordinary refractive index of the LC material matches well with that of the polymer matrix. After UV
curing at 15 mW-cm 2 and 50 °C for 30 min, a saturated phase separation between NOA65 and E48 is
obtained, and LC droplets are uniformly dispersed in polymer matrix. In the voltage-off state, the LC
droplets are randomly oriented, and the average refractive index of the nano-PDLC is larger than that of
the NOAG6S5 (np = 1.524), and the incident light can be focused (Figure 2a). At the voltage-on state, the LC
directors are reoriented along the electric field direction, and effective refractive index in the plane
perpendicular to the electric field is decreased. According to Equation (6), the focal length increases.
When the voltage is high enough, the focusing effect will disappear since all the LC directors have been
reoriented along the electric field (Figure 2b). For the LC microlens with a 450 um aperture and 45 pm
cell gap, its focal length was continuously tunable from 3.3 cm to 3.5 cm (A = 633 nm) when the voltage
increased to 200 Vims. The Trise (from focusing to less-focusing) and tran (from less-focusing to focusing)
were measured to be ~0.25 ms and ~0.15 ms, under 200 Vms square pulses. Due to the randomly oriented
LC droplets in the polymer matrix, such microlenses are polarization independent. Moreover, the LC
droplet size is smaller than a visible wavelength, thus it doesn’t scatter light. However, the operating
voltage is quite high and it is difficult to further tune the focal length to infinity even the voltage keeps
increasing. Besides, in PDLC microlens the refractive index difference between the microlens center
and border is relatively small, i.e., An = cAn/3, where An is the LC birefringence and ¢ is the LC
concentration. In this microlens array, the theoretical on is only ~0.027, which is much smaller than the
LC birefringence (An = 0.23). As a result, the dynamic range is rather limited.



Figure 2. Side view of the nano-PDLC lens in the: (a) voltage-off state; and
(b) voltage-on state.
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2.3. Polymer-Stabilized Liquid Crystal (PSLC) Microlens
2.3.1. PSLC Microlens Using a Patterned Photomask

To lower the operating voltage, increase the phase shift and improve the dynamic response time
during focus change, PSLC is a feasible approach [60]. Different from nano-PDLC, monomers used in
PSLC usually have a rod-like structure with a reactive double bond at both sides, similar to the structure
of nematic LC molecules. In addition, the monomer concentration in PSLC is 10 wt % or less. When an
LC/monomer mixture is filled into the cell, both LC molecules and monomers will exhibit the same
alignment property, if the inner surface of the substrate is properly rubbed. Under UV exposure, the
double bonds of the monomer are opened and the molecules are linked together, forming a stable
polymer network [53].

A PSLC microlens array is usually prepared through a spatially inhomogeneous UV exposure, which
can be generated by two methods: (1) UV laser beam with a Gaussian-shaped profile [55]; (2) a uniform
UV laser beam passing through an optical density filter, e.g., hole-array patterned photomask [56,61,62].
The latter is much simpler and more suitable for making microlens array.

Figure 3. (a) Fabrication setup of PSLC microlens array; (b) recorded UV intensity profile
after passing through @25 pm hole and (¢) formed polymer network after UV exposure.
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Figure 3a depicts the fabrication setup of PSLC microlens array using a hole-array patterned
photomask [56]. The LC/monomer mixture consists of 3 wt % BAB6 monomer and 97 wt % E48 nematic
LC (An=0.231 at A =589 nm and 7 = 20 °C), as well as a small amount of photoinitiators. The cell gap
and substrate thickness are 15 um and 1.1 mm, respectively. The substrates are rubbed in anti-parallel
directions. A chromium photomask having hole-array apertures is placed on the top a substrate. The
diameter of each hole is 25 pm. When the UV beam (A = 365 nm) passes through the holes, diffraction
appears. Figure 3b shows the measured UV intensity profile after the beam passing through the single
hole. The formed diffraction pattern consists of a series of rings, but most of light energy concentrates
on the Oth order ring, which presents a parabolic-like profile. When the LC/monomer mixture is exposed
to such a UV intensity distribution, the stronger intensity in the central region will accelerate the
polymerization rate and form a denser polymer network (i.e., the polymer-rich region). On the contrary,
the weaker intensity at the borders will have a slower polymerization rate and form a looser polymer
network (i.e., LC-rich region). Therefore, a centro-symmetric inhomogeneous polymer network is
formed, as shown in Figure 3c. The polymer-rich region exhibits a higher threshold voltage than that of
the border LC-rich region. Therefore, the LC molecules on the border are reoriented first under a uniform
electric field. This gradient refractive index distribution makes the PSLC function like a positive
microlens. At V=0, the PSLC exhibits a homogeneous alignment and no focusing effect occurs. As the
voltage increases, the focal length first decreases to ~2 cm at ~5 Vims, and then increases again. Because
at a higher voltage, the LC molecules in the polymer-rich and LC-rich regions are all reoriented towards
the electric field, the gradient refractive index profile is gradually flattened. The focal length was
measured to be ~3.3 cm at 20 Vims and response time <20 ms. Theoretically, a sufficiently high voltage
could reorient all the LC molecules along the electric field, leading to an infinity focal length. However,
LC molecules at the border of the microlens experience the weakest stabilization; thus, the microlens
aperture has a tendency to shrink at high voltage. On the other hand, LC molecules in the center may be
strongly anchored by the polymer network and cannot contribute to the phase change. In this PSLC
microlens array, the focal length gradually saturates as the voltage exceeds 10 Vims and cannot be further
tuned. Besides, the refractive index difference between center and boarder of the lens (An) is usually
much smaller than the LC birefringence since a large gradient distribution of LC domains is not preferred
in the PSLC [11,13,21]. Otherwise, large LC domains would cause light scattering, nonuniform
response, and mechanical instability.

2.3.2. PNLC Microlens Using Patterned Electrode

To utilize the maximum intrinsic birefringence of the LC material and present the shortest possible
focal length, in 2013, Ren et al. demonstrated a PNLC microlens array using a ring-array-patterned
electrode in a homogeneous cell [63]. Figure 4 shows the cell structure; the top substrate has a planar
ITO electrode, while the bottom substrate has two patterned ITO electrodes (electrode-1 and electrode-2)
for generating fringing field (¥¥) and uniform longitudinal field (¥1) individually. The inner and outer
radii of the ring are 50 um and 70 um, respectively. These two substrates are antiparallel rubbed and the
cell gap is ~15 wm (Figure 4b). The LC/monomer layer consists of 90 wt % Merck BL-009 (no = 1.529,
An=0.281) and ~10 wt % RM257 (containing a small amount of photoinitiators). RM257 has a rod-like
structure and can be easily aligned with LCs. The desired gradient refractive index profile in the
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LC/monomer layer is introduced by the fringing field (7¥), and later stabilized by UV exposure to form
polymer networks (Figure 4c). For the microlens with a 50 um aperture, the shortest focal length is ~378 um
at VF= 6 Vims and A ~550 nm. Then, the LC/monomer mixture was photo-polymerized at V¢ = 6 Vims, under
UV exposure (A ~365 nm, ~10 mW-cm2) for 20 min. Once the PNLC is formed, it is difficult to be
actuated by the fringing field. Instead, a uniform longitudinal electric field is adopted by applying a
voltage (V1) between the top electrode and bottom electrode-2, which in turn changes the focal length
(Figure 4d). As VL increases, the focal length increases gradually. When VL > 115 Vims, the focal length
is too long to be estimated. The response time from focusing to non-focusing and from non-focusing to
focusing was measured to be ~3.6 ms and ~0.9 ms, respectively, under VL = 100 Vims. As no photomask
is employed during the UV polymerization process, the formed PNLC has a uniform morphology. Such
a PNLC microlens array offers several attractive features, such as fast response time, good stability, and
weak light scattering in the visible spectral range.

Figure 4. PNLC microlens structure and fabrication procedures: (a) microlens structure;
(b) LC/monomer mixture present a homogeneous alignment; (¢) central-symmetric gradient
refractive index distribution is introduced by inhomogeneous fringe field along with UV
exposure and (d) the formed PNLC microlens after removing the voltage is actuated by a
uniform longitudinal electric field.
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2.3.3. Reconfigurable Fabrication of PNLC Lens/Microlens

To fabricate the PSLC/PNLC microlens shown in Figures 3,4, a pre-patterned template, such as
patterned photomask or electrode, is commonly used. The current fabrication techniques heavily involve
photolithography procedure, which is expensive, time consuming and environmentally unfriendly (i.e.,
photoresistors and developers are toxic). In 2013, Sun et al. demonstrated a one-step printing technique
to fabricate submillisecond-response and scattering-free PNLC lens [21]. Figure 5a depicts the
experimental setup. A photomask, either an iris diaphragm (for circular lens) or a rectangular mask (for
prism, cylindrical lens, or grating), is placed right above the LC cell and connected to a motion controller.
The duration and amplitude of the applied voltages is controlled by LabVIEW. A UV lamp is used for
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stabilizing the polymer network. The essential part of this method is to control the LC tilt angle (through
controlling voltage applied to the mixture) along with the exposure area (through controlling a movable
shield), while a desired tilt angle at a specific position is fixed by UV exposure [64]. By repeating the
same process at different positions and different voltages, various tilt angle distribution of the LC
molecules can be obtained. Figure 5b,c show the fabrication procedures of a lens using an iris diaphragm.
Here, the LC/monomer layer consists of 90 wt % HTG135200 (y1/Ki1 ~119.6 ms-um 2 at 22 °C) and
10 wt % RM257. By specifically selecting such a high viscosity LC host and performing UV curing at
a low temperature (11 °C) [65], the light scattering in the visible region is negligible at 633 nm (and
~3% at 480 nm). For the PNLC lens with a 2.6 mm aperture and 15 pm cell gaps, its focal length can be
tuned from 15 cm to 32 cm when the voltage increases from 0 to 100 Vims. In comparison with
conventional microfabrication techniques for adaptive LC photonic devices, this approach shows
advantages in: (1) short fabrication time; (2) flexibility for designing and fabricating the desired
refractive index profile of an LC device; (3) low cost and environmentally friendly; (4) large panel
capability and (5) submillisecond device response time. This printing technique enables rapid design
iterations for display and photonic devices.

Figure 5. (a) Schematic drawing of the fabrication setup; (b) dynamic control of the iris
diaphragm and exposure for generating spatial gradient refractive index at V1 and (c) at V.
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2.3.4. Polymeric Lenticular Microlens Array for 2D/3D Switchable Displays

Electrically switchable two-dimensional (2D) and three-dimensional (3D) displays have attracted
great attention lately and various approaches have been proposed [66—72]. Among them, liquid crystal
display (LCD) integrated with a lenticular microlens array provides an autostereoscopic multi-view 3D
display with high brightness [68—71]. In the 2D mode, each LC microlens has no focusing effect and the
microlens array functions as an optical flat. In the 3D mode, each LC microlens exhibits a focusing
effect. By turning on and off the microlens focusing effect, the display can be electrically switched
between 2D and 3D modes. Therefore, LC lenticular microlens array has become a key component in
switchable 2D/3D displays.

The abovementioned PDLC/PSLC/PNLC microlenses could provide a reasonable fast response time,
however, the operating voltage is relatively high. To overcome these issues, Flack et al. proposed to
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indirectly actuate the LC lenticular microlens array through a twisted-nematic (TN) LC cell (also called
a polarization converter) [1] to achieve 2D/3D switchable displays [73], as shown in Figure 6. Each LC
microlens in the array covers two pixels: left and right. An isotropic polymer with a concave shape is
used as the base for the LC microlens array. Let us assume the refractive index (np) of the isotropic
polymer matches the ordinary refractive index (no) of the LC material. The LC in the lens cell presents
homogeneous alignment. The optical axis of the polarizer is parallel to the rubbing direction of the
bottom TN cell. In the voltage-off state, the polarization direction of the incident beam is rotated by 90°
after passing through the TN cell, becoming orthogonal to the LC directors in the microlens. As a result,
this beam will not be focused because 7 ~ no. The images from the left pixel and the right pixel can be
seen by two eyes at the same time, and the display remains the original 2D display (Figure 6a). When a high
voltage is applied to the TN cell, the LC directors are reoriented along the electric field direction and the
polarization rotation effect vanishes. The outgoing beam from the TN cell behaves like an extraordinary
ray to the microlens array. Because of ne > np and the convex shape of the LC microlens, the focusing
effect occurs. For each microlens, the image coming from the right pixel can only be seen by the left eye,
while that from the left pixel can only be detected by the right eye (Figure 6b). By combining these two
images, our eyes will see 3D images out of the 2D panel.

Figure 6. Operation principle of a switchable 2D/3D display with a TN broadband
polarization rotator (middle) and a polymeric microlens array (top): (a) voltage-off and
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(b) voltage-on.

‘:Occ - o) cco P
1 AV l
TNLC S & 8 \8 A8
Polarizer\ |0 0 0 O\O\Q/O/O 0 0 0|
Pixels —»I

(a) 2D mode (b) 3D mode

However, such a system requires a total of four glass substrates (Figure 5), which is too bulky and
heavy. Ren et al. proposed to replace the LC microlens array with a lightweight polymeric microlens
array film without compromising the performance [74]. This film was made of a mixture of rod-like
diacrylate monomer (~80 wt % RM 257) and positive dielectric anisotropy nematic LC (~20 wt % Merck
BL038). RM257 has a rod-like structure with reactive double bonds at both sides. Its nematic phase is
from 70 °C to 130 °C. Compared to RM257 itself, the mixture exhibits two desired features: (1) positive
Ag and (2) increased An. The mixture was filled into an antiparallel-rubbed cell at 75 °C (Figure 7a), and
gradient refractive index profile in one microlens was induced by the fringing fields generated from a
planar top electrode and striped bottom electrodes (Figure 7b). After UV stabilization, the polymerized
film can be easily peeled from the substrate. Due to the crossed linking of the monomers, the nano-sized
LC domains are tightly sealed in the film bulk and the film is optically anisotropic. Integrating with a
90° TN cell, the polymeric film exhibits focusing effect only to the extraordinary ray top sub-figure in
(Figure 7c), and five focusing lines could be observed by the CCD camera, bottom sub-figure in Figure 7c.
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Turning off the TN cell, the polymeric film presents uniform refractive index to the ordinary ray, top
sub-figure in Figure 7d, and no residual focusing effect is observed on the CCD camera, bottom
sub-figure in Figure 7d. Under a 10 V pulse, the time from non-focusing (focusing) to focusing
(non-focusing) was measured to be ~12 (~40) ms. In comparison to previous switchable LC lenses,
Ren’s integrated TN/polymeric microlens film exhibits several unique features: (1) compact size; (2)
temperature insensitivity; (3) large size capability; (4) switching with a low operating voltage (~5 V)
and fast response time (<10 ms). The response time can be further reduced by using a low viscosity LC
mixture in the TN cell. Since the film is first formed in a glass cell, and then peeled off from the substrate
after opening the cell, this may cause defects or damages in the film. Meanwhile, the fabrication
procedures are somewhat sophisticated.

Figure 7. Operation principle of a switchable 2D/3D display with a TN broadband polarization
rotator (middle) and a polymeric microlens array (top): (a) voltage-off, (b) voltage-on,
(¢) focusing state and (d) non-focusing state.
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Ren et al. further simplified the fabrication procedures through directly forming the polymeric
microlens array film on a single substrate with interdigitated ITO electrodes (Figure 8a) [75]. The coated
PI layer was buffed along the x-direction, perpendicular to the electrode stripes. A droplet of
LC/monomer mixture (~80 wt % RM 257 and ~20 wt % Merck BL009) was spread to be a thin film by
a blade (Figure 8b). When the voltage is on, the LC molecules experience a dielectric force at the
LC-air interface due to the fringing field, which is expressed as [76]:

_ 1 —_ —>
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where €o represents the permittivity of free space, V' is volume of the droplet, eLc and €air (~1) are the
dielectric constants of LC and air, respectively, and £ is the electric field intensity. Since €Lc is larger
than €air, the dielectric force will pull the LC molecules to the region with higher electric field intensity.
If the film is relatively thin, i.e., within the region where the gradient of the electric field intensity is still
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strong enough to generate a dielectric force comparable with the interfacial tension, it can be effectively
flattened by the dielectric force. As a comparison, the LC molecules inside the film do not experience
any dielectric force because of the same medium; instead, they are reoriented by the electric field, if they
are located within the penetration depth of the electric field (Figure 6¢). The gradient orientations of LC
molecules in each period lead to a periodic gradient refractive index (GRIN) distribution in the film. As
a result, the film exhibits a lens characteristic, which is later stabilized thorough UV polymerization
(Figure 8d). It is found that the GRIN distribution within the film is mainly dependent on the applied
voltage during UV exposure. If the generated fringing field is too weak to reorient the monomers/LCs,
disclination lines and non-uniform GRIN distribution within each stripe appear (Figure 8e,f). When the
voltage is sufficiently high, the generated fringing field is able to reorient the monomers/LCs and the
stripes present a uniform color change (Figure 8g). Figure 8h is a magnified image showing several
stripes. In one period, w is the width of the ITO stripe (8 wum) and 4 is the diameter of the lens aperture
(20 wm). The uniform periodic color stripes imply that the surface of the polymeric film is very flat and
each polymeric stripe has a GRIN distribution within it. Therefore, the film functions as a lenticular
microlens array. When it is integrated with a 90° TN cell in a lens system, its focal length can be switched
by actuating the TN cell.

Figure 8. (a) A glass substrate with interdigitated ITO electrodes; (b) the droplet is spread
to form a thin film with a blade; (¢) voltage is applied to the electrodes and fringing field
induced molecule reorientation is polymerized through UV exposure; (d) GRIN distribution
remains after removing the voltage; (e) film textures observed on the IPS-8/12 substrate at
V=50 Vim; (f) V=65 Vims to the fluidic film; (g) solidified after applying 80 Vs and
(h) magnified image of (f).
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3. Polymer-Stabilized Blue Phase LC Microlens
3.1. Operation Principles

Polymer-stabilized blue phase liquid crystal (PS-BPLC) microlenses [28—34] have been developed
with several attractive features: (1) submillisecond response time, (2) alignment-free, and (3) polarization
insensitive. Blue phase [47—-50] exists over a narrow temperature range (1-2 °C) between chiral nematic
and isotropic phases. It is a self-assembled structure consisting of double-twist cylinders arranged in
cubic lattice, as show in Figure 9. The pitch length of double twist structure measures several hundreds
of nanometers. Due to the short coherent length, BPLC exhibits submillisecond response time [77]. Due
to the symmetric three-dimensional cubic structure, it appears optically isotropic. For years, blue phase
has been found scientifically interesting but has limited applications mainly due to its narrow
temperature range. In 2002, Kikuchi et al. used polymer to successfully stabilize the double-twist
structure and extended the temperature range of blue phase to more than 60 K (including room
temperature) [48], which ushered a new era for blue phase.

Figure 9. (a) Double twist cylinder structure and (b) cubic lattice of a blue phase.
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When no voltage is applied, BPLC appears optically isotropic with refractive indices being the same
in all directions #i. As an electric field is applied, birefringence is induced along the direction of electric
field. The induced birefringence Anind can be described by the Kerr effect in the low field region:

Anypg = ANKE* (10)

where A is the wavelength and K is the Kerr constant. As the electric field increases, the induced
birefringence gradually saturates and can be described by the extended Kerr model [78]:

2
jng = Mg [1 - 557 (11)

where Ansat stands for saturated induced birefringence, and Es represents the saturation field. Along the
direction of the electric field, the refractive index is ne(E) = ni + 2An(E)/3, and in the orthogonal
directions, the refractive indices are no(E) = ni — An(E)/3.
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3.2. PS-BPLC Microlens with Planar Electrode

The first PS-BPLC microlens was demonstrated by Lin et al. in 2010 [16]. The fast response time
and polarization insensitivity were experimentally verified. The structure is shown in Figure 10a. The
PS-BPLC is confined between two glass substrates with a cell gap of 20 um. The top electrode has a
hole pattern (diameter = 250 pm) in the center, while the bottom electrode is continuous. In the voltage-off
state, the effective refractive index of BPLC is spherical. When voltage is applied between top and
bottom electrodes, the effective optical index-ellipsoid of PS-BPLC turns out ellipsoidal due to induced
birefringence. The index is more elongated ellipsoid at the edge than in the center due to the non-uniform
electric field distribution (i.e., £3 > E2 > E1). Since the optic axes are in the direction of light propagation
(z direction), both x and y polarizations experience ordinary refractive index no = ni — An(E)/3. At the
edge of the aperture, the effective refractive index no is lower than that in the center, because of larger
induced birefringence An(E). Such a spatial distribution of refractive indices forms a positive-lens-like
phase profile. To characterize the microlens array, a collimated unpolarized green (A = 532 nm) laser
beam was used for illumination. Figure 10b shows the 2D images captured by a charge-coupled device
(CCD) without voltage, and no obvious focusing is observed. Figure 10c shows the focusing (measured
as 13 cm) at 100 Vims. Moreover, this focusing effect is not affected by the incident polarization,
therefore it is polarization insensitive. Such a BPLC microlens array is simple, fast responding,
polarization insensitive and alignment free. However, such a simple structure has difficulty to generate
ideal phase profile for achieving good image quality.

Figure 10. (a) The cross section of a PS- microlens using a hole-patterned electrode;
(b) measured CCD images of the 2D microlens array at 0 Vims and (¢) 100 Vims.
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3.3. BPLC Microlens with Curved Electrode

In 2011, Li et al. proposed another BPLC lens structure with curved electrode to improve the phase
profile [33]. Figure 11 depicts the cross section (x-z plane) of the microlens array. The top glass substrate
has a plano-concave microlens array profile. Its inner surface is coated with an ITO electrode, and then
flattened by a polymer layer. The inner surface of the bottom substrate is coated with a planar ITO
electrode A BPLC layer is sandwiched between these two substrates. The thickness of the polymer layer
in the center of the lens d1 is much larger than that at the edge d. In Figure 11a, At "= 0, the BPLC is
optically isotropic and does not contribute to the optical power. So the propagation direction of the
traversing light is not changed. In Figure 11b, as the applied voltage increases, vertical electric fields are
generated across the aperture. Because of the curved shape of top ITO electrodes, the electric fields are
much weaker in the center than at the edge, and consequently the induced birefringence is much smaller
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in the center. Therefore, the accumulated phase profile is like a positive lens, and the outgoing light is
converged. Figure 12a—c depicts three microlens structures with different top electrode shapes. The
black, pink and blue curves in Figure 12d are phase profiles of structure depicted in Figure 12a-c,
respectively, and the red dashed line is an ideal parabolic shape. By controlling the shape of the curved
ITO electrode, they can control the phase profile to approach parabolic shape so that the spherical
aberration could be suppressed.

Figure 11. The configuration and working principle of a PS-BPLC microlens using a curved
ITO electrode, (a) voltage-off state and (b) voltage-on state.
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Figure 12. (a), (b) and (¢) Microlens structures with different top ITO electrode shapes, and
(d) the simulated phase profiles: black line for structure (a), pink for structure (b), blue line
for structure (c¢), and red dashed lines for an ideal parabolic shape.
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The focal length of the microlens could be calculated using the following formula:
R2

fLC N 2An(E)dLC

(12)

where An(E) is refractive index difference between the center and edge of the lens, dLc the cell gap, and
R the semi-diameter of the lens. Figure 13 plots the focal lengths at different voltages for a specific
structure (R = 225 mm, d1 = 76 mm, d> = 2 mm, dic = 17 um), employing a blue phase material with a
saturation birefringence An = 0.2 and saturation field Es = 5.6 V-um™'. The blue curve and pink curve
are for TM (x polarization) and TE (y polarization) waves, respectively. As shown in the figure, the two
curves overlap very well and this lens is indeed polarization independent. With parabolic phase profile
and polarization independency, it is an attractive design; however, the fabrication of such curved
electrode is relatively difficult.

Figure 13. Simulated focal lengths of a PS-BPLC microlens at different voltages.
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3.4. PS-PBLC Microlens with Multi-Electrode

To simplify the structure, Lee ef al. proposed a multi-electrode-structure PS-BPLC lens as shown in
Figure 14 [32]. The bottom substrate has a planar electrode while the top glass substrate has multiple
electrodes with different widths and different voltages. Below these electrodes, there is a high dielectric
layer to smoothen the phase profile across the lens without shielding much of voltage. By individually
controlling the voltage of each electrode, an ideally parabolic phase profile can be obtained. The planar
structure of multi-electrode greatly simplifies the fabrication process. This lens remains polarization
independent, fast response and has a parabolic phase shape. However, it requires multiple data
addressing for multiple electrodes.
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Figure 14. The cross section of a PS-BPLC microlens with multiple electrodes.

patterned
electrode
1 T O ]  I— dielectrie
Vi V2 Vi V2 Vi laver
. . BPLC . . I
Vo planar
electrode

To further simplify the lens structure, a PS-BPLC cylindrical lens with a resistive film electrode was
proposed [31]. As depicted in Figure 15, on the inner surface of top substrate, there is a center ITO
electrode stripe at the center of the lens, and two ITO electrode stripes on the two edges, respectively.
The aperture of the lens is further coated with a thin transparent high-resistive film. On the inner surface
of the bottom substrate, a planar ITO electrode is coated. The resistive film has a linearly changing
potential when different voltages are applied on two ends. As a result, the vertical electric field
distribution also linearly varies from center to edge. In the low field region, where the Kerr effect
dominates, the induced birefringence (An = AKE?) distribution is approximately parabolic, and so is the
accumulated phase profile. Therefore, with only two electrodes, a natural parabolic phase profile is
obtained. However, if the electric field further increases, saturation effect takes place, and the phase profile
starts to deviate from parabolic shape gradually. Overall, this is simple design for achieving good lens
performances: fast response, approximately parabolic phase profile, and polarization independency.

Figure 15. The cross section of PS-BPLC microlens using a resistive film electrode.
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3.5. Fresnel PS-PBLC Microlens

For a BPLC lens, usually the focal length is relatively long comparing to its nematic LC counterpart,
and also the required voltage is high. To increase the dynamic range, Fresnel type BPLC lenses have
been developed [28,29]. Figure 16 shows the configuration and working principle of the Fresnel BPLC
lens [29]. An even-zone electrode is formed on one of the substrates, and a planar common electrode is
formed on the other. At voltage-off state, BPLC is optically isotropic, and there is no lensing effect.
When a voltage is applied between even-zone electrode and common electrode, the refractive index in
the even zones is elongated in vertical direction, while the refractive index in the odd zones remains
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isotropic. As a result, phase difference between the odd and even zones is generated, and the BPLC
Fresnel lens is switched on.

Recently, another Fresnel BPLC lens fabricated by holography was demonstrated [28]. Figure 17
depicts the schematic of experimental setup for fabricating such a lens. The interference between a planar
and a spherical wavefronts generated by the plano-convex lens naturally produces a Fresnel pattern. A
polymer/LC Fresnel lens was generated upon exposure, and then the LC was washed out and a BPLC
mixture was refilled into the cell. When a voltage is applied between the planar electrodes, a focusing
effect occurs.

Figure 16. The device configuration and working principle of a Fresnel BPLC lens:
(a) voltage-off state and (b) voltage-on state.
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Figure 17. Schematic of experimental setup for making a Fresnel BPLC lens by holography.
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4. Conclusions and Outlook

This paper gives an overview on the state-of-the-art, fast-response LC microlenses based on
LC/polymer composites. As an important extension of pure LC systems, the LC/polymer composites
offer more flexibility and much richer functionalities than the LC alone. Depending on the monomer
concentration, three types of LC/polymer composites have been proposed for photonic applications:
PDLC, PSLC, and PNLC. Benefiting from the anchoring effect of polymer networks, these microlenses
exhibit much faster response times than pure nematic LC ones. Of particular interest, we reported on
four types of microlenses: nano-PDLC microlens, PSLC microlens based on patterned photomask,
PDLC microlens based on patterned electrode/reconfigurable fabrications, and polymeric lenticular
microlens array for 2D/3D displays, and explained their device structures, operation mechanisms, and
electro-optical performances.

To advance their emerging applications and transfer the laboratory prototypes to commercial
products, several technical challenges still need to be addressed. An important limitation is the relatively
high operating voltage. To suppress the light scattering in visible wavelength range, a small LC
droplet/domain size is preferred, which usually requires a high voltage to actuate. For example, PNLC’s
light scattering in the visible region is negligible at 633 nm (and ~3% at 480 nm) by selecting a high
viscosity LC host and performing UV curing at a low temperature (11 °C), but the operating voltage is
as high as 100 Vims [65]. For nano-PDLC, the operating voltage is even higher, ~200 Vims. Such a high
operating voltage is not favorable for portable devices. Phase loss is a concern for PDLC/PSLC
microlenses, since some LC molecules are strongly anchored by the polymer network and cannot
contribute to the phase change. Therefore, the focal length tunability is rather limited. Another concern
is the long-term stability of the polymer network. During the actuation, the reoriented LC domains may
cause the polymer network to distort, and these distorted polymer networks may not recover to their
original states. As a result, hysteresis occurs. Moreover, the distorted polymer network may lead to light
scattering, which in turn degrades the lens quality. To achieve a good optical performance, the phase
profile of the microlens needs to be optimized. Some PNLC microlenses suffer from astigmatism [63].
It can be reduced by using a thinner LC layer [79] or minimized by selecting a specific lens shape
factor [80]. However, this shape factor is significantly different from that for minimizing its spherical
aberration and coma [80]. To balance all the possible aberration arising in an LC lens, a proper shape
factor should be chosen.

In addition to nematic LC/polymer composites, PS-BPLC, based on the Kerr effect, is an emerging
candidate for new photonic applications. Compared with PDLC/PSLC/PNLC, BPLC microlenses have
submillisecond response time. Additionally, they do not require any alignment layer, which could greatly
simplify the fabrication process and improve the performance of microlenses with curved electrodes [34].
The scattering of PS-BPLC is determined by its Bragg reflection wavelength. By shifting the Bragg
reflection band to UV, the scattering loss of PS-BPLC in the visible/IR band is negligible [81]. However,
several problems remain to be overcome for blue phases. Firstly, due to the existence of polymer
network, it is more difficult for the LC molecules to reorient in accordance to the electric field. Thus, a
relatively high voltage is needed to drive the BPLC devices [16,29]. Secondly, in most tunable LC lenses,
it is the variation of refractive index, rather than induced birefringence of LCs, determines the dynamic
range of the focal length. For BPLC lens, however, the variations of both ordinary and extraordinary
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refractive indices are smaller than the induced birefringence so the dynamic range of the BPLC adaptive
lens is narrower than its nematic counterpart [ 77]. Thirdly, all polymer-stabilized LC materials may have
the long-term stability issue, if the driving voltage is higher than the onset of the electrostriction effect.
Under such a circumstance, after multiple driving loops the bonding between LC molecules and polymer
network might be undermined, and the polymer network itself might also be damaged. Therefore, the
electro-optic properties of the LC devices will vary slowly during its entire lifetime [82]. Due to the
narrow temperature range of the blue phase before stabilization, the temperature of BPLC precursor
inside the LC lens chamber has to be controlled precisely during the UV exposure process, which makes
mass production a challenge and increases the fabrication cost [48]. In order to solve this problem, a
better BPLC material that is more tolerant to temperature variation has to be developed.

In conclusion, several types of fast-response microlenses have been demonstrated by introducing
polymer networks into the pure LC system. They are attractive for practical applications in terms of fast
response time, variable/switchable optical power, rapid prototyping, easy integration, low power
consumption, simple driving, good mechanical stability, as well as reasonable operating voltage. As the
advance of new LC/polymer materials, novel device designs, and fabrication approaches, their optical
performances, as well as the electro-optical properties are expected to be more competitive. In the future,
dielectrophoretically tunable optofluidic devices are foreseen to be low-cost, yet high-quality
alternatives to various conventional solid-state photonic devices, and play a key role in the optical
systems for imaging, information processing, sensing, optical communication, lab-on-a-chip, and
biomedical engineering.
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Simulation Study on Polarization-Independent Microlens Arrays
Utilizing Blue Phase Liquid Crystals with Spatially-Distributed
Kerr Constants

Hung-Shan Chen, Michael Chen, Chia-Ming Chang, Yu-Jen Wang and Yi-Hsin Lin

Abstract: Polarization independent liquid crystal (LC) microlens arrays based on controlling the spatial
distribution of the Kerr constants of blue phase LC are simulated. Each sub-lens with a parabolic
distribution of Kerr constants results in a parabolic phase profile when a homogeneous electric field is
applied. We evaluate the phase distribution under different applied voltages, and the focusing properties
of the microlens arrays are simulated. We also calculate polarization dependency of the microlenses
arrays at oblique incidence of light. The impact of this study is to provide polarizer-free, electrically
tunable focusing microlens arrays with simple electrode design based on the Kerr effect.

Reprinted from Micromachines. Cite as: Chen, H.-S.; Chen, M.; Chang, C.-M.; Wang, Y.-J.; Lin, Y.-H.
Simulation Study on Polarization-Independent Microlens Arrays Utilizing Blue Phase Liquid Crystals
with Spatially-Distributed Kerr Constants. Micromachines 2014, 5, 859-867.

1. Introduction

Liquid crystal (LC) microlens arrays are important in applications of 2D/3D switching, fiber coupling,
and sensors [1-3]. Most of proposed structures of LC microlens arrays require at least one polarizer.
To remove the usage of a polarizer, polarization independent LC phase modulations are developed.
Three types of polarization independent LC phase modulations have been proposed: the type of the
double-layered structure, the type of the residual phase structure, and the mixed type [4—10]. However, the
structures were relatively complicated and the response times were slow. In 2010, we proposed a
polarization independent polymer stabilized blue phase liquid crystal (PSBP-LC) microlens arrays based
on the electric-field-induced Kerr effect, the field-induced birefringence is proportional to the electric
field squared [11]. The Kerr effect exists in many LC materials, such as polymer stabilized isotropic
phase liquid crystals, nematic liquid crystals, blue phase liquid crystals, and even ferroelectric liquid
crystals [12—14]. In this paper, we proposed polarization independent LC microlens arrays based on
controlling the distribution of the Kerr constants of blue phase LC (BPLC). The simulated results
indicate the distribution of the Kerr constants of BPLC results in a parabolic optical phase shift and the
proposed microlens arrays are capable of imaging. The polarization dependency of the LC microlens
arrays is also discussed. The purpose of this study is mainly to provide a way to achieve polarizer-free,
electrically tunable focusing microlens arrays with simple electrode design based on the Kerr effect.

2. Operating Principle and Lens Design

The Kerr medium, such as BPLC and PSBP-LC, is optically isotropic without an external electric
field [11]. Under an external electric field (£), the optical axis of the field-induced birefringence is
parallel to the electric field. The field-induced birefringence ( An ) is written as [15]:

An=n/(E)-n(E)=A-K-E* (1)
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where no is ordinary refractive index, ne is extraordinary refractive index, K is the Kerr constant
of the LC materials, and A is wavelength of the incident light. Regarding the local orientations of LC
molecules of BPLC under external electric field, no(E) and ne(E) can be further expressed in
Equations (2) and (3):

A-K-E?
n() (E) = nave _T (2)
_ 2 2
ne(E)—nave+§.7vK‘E (3)

where nave represents the average refractive index without any applied electric field (i.e.,
n,.=(n,+2n) / 3). As a result, polarization independent phase modulation based on the Kerr effect

of LC materials can be achieved. To generate a corresponding polarization independent phase profile of
a lens, an inhomogeneous electric field is a way to be adopted [11]. However, the patterned electrodes
are required. Instead of patterned electrodes, we proposed a spatially-distributed Kerr constant to achieve
polarization independent microlens arrays. The structure and operating principles are depicted in
Figure la,b. The structure primary consists of LC materials and two glass substrates coated with a layer
of indium-tin-oxide (ITO). Without an applied voltage (V), an incident unpolarized light propagating
along z-direction sees the average refractive index of nave because the effective optical index-ellipsoids
are spherical which means the LC material is optically isotropic due to the cubic symmetry of the lattice
structure, as depicted in Figure 1a [11,16]. With an applied voltage, an incident unpolarized light sees a
spatial optical phase difference originating from a spatial distribution of Kerr constants, as depicted
in Figure 1b. Assume the Kerr constant is spatially distributed in a parabolic form which can be

expressed as:
K —-K
K(r)=K —=——r )

I

where ro is the radius of aperture of a sub-lens, r is position, K. is the Kerr constant at the center of the

aperture, and Kb is the Kerr constant around the peripheral region. Optical phase difference (OPD) under an
applied voltage (§(r))is 2n/A-[n,(E)-d], where d is the cell gap. From Equations (2) and (4), OPD is:

2 -—
6<r)=27"xd{nm—’“§’5 (Kuﬂ )

I

#* term in Equation (4) is related to the focal length (7), inverse of lens power (P) [17,18]. Lens power is
the degree that a lens converges or diverges light. The unit of lens power is diopter (D or m™!). Thereafter,
the lens power is written as:

2XAXAXE*X(K. - K 2xAXdXE*xAK
P(E)=- 2( K ; (6)
3xr 3X#

where AK isdefinedas (K, —K,).Thus, we can realize microlens arrays based on spatially- distributed

Kerr constants whose lens power is electrically tunable. The lens power of the mocrolens arrays is larger
as both the applied electric field and AK are larger.
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Figure 1. The structure and operating principles of the LC (liquid crystal) microlens arrays
(a) without an applied voltage and (b) with an applied voltage.
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3. Simulation Results and Discussion

Here we simulate LC microlens arrays with spatially-distributed Kerr constants. The designed
aperture size and the spacing between adjacent sub-lenses are 100 um. The cell gap of the LC lenses is
25 um. Usually Kerr constant is in a range between 108 and 107'° V?/m [19-21]. To demonstrate
microlens arrays with a positive focal length, we design the Kerr constant in the center of a sub-lens (Kc)
is 107 V2/m while the Kerr constant at the peripheral region of a sub-lens (Kb) is 107 V*/m. Figure 2
plots the parabolic distribution of Kerr constants of the microlens arrays based on the parameters we
designed. We defined the phase shift as the difference between OPD at an applied voltage (V) and at
V"= 0. From Figure 2a and Equation (5), the phase shift as a function of position is shown in Figure 2b.
The curve of phase shift in Figure 2b exhibits a periodically parabolic form at /> 0 due to the parabolic
distribution of Kerr constant of the LC layer. The phase shift increases with an applied voltage.
Based on Equation (6) and the parabolic distribution we designed, the simulated voltage-dependent lens
power is depicted in Figure 2c. The lens power increases with an applied voltage. The lens power at
V=100 Vrms is around 650 m~!, which is corresponding to the focal length of ~1.54 mm.
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Figure 2. (a) The spatial distribution of Kerr constants of the LC microlens arrays based on
the parameters we designed; (b) the corresponding spatial phase shift of the LC microlens

arrays at V=0 (red line), 50 Vims (green line), and 100 Vims (blue line); and (c¢) the simulated
voltage- dependent lens power.
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To simulate the focusing properties of the microlens arrays at the focal plane, we adopted the Fresnel
approximation [22]. Figure 3a,b shows the spatial phase shift and corresponding intensity distribution at
the focal plane of the micolens arrays. As we can see, the parabolic phase shift (red line in Figure 3a
results in sharp peaks at the focal plane (red line in Figure 3b). In contrast, the trapezoid-like phase shift
(blue dotted line in Figure 3a) results in relatively broad peaks at the focal plane (blue dotted line in
Figure 3b). Therefore, the parabolic phase distribution is necessary to realize good imaging quality which
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also means the distribution of Kerr constants should be parabolic. In 2011, Wu et al. proposed an
Eiffel-Tower-like ITO electrode to generate an ideal phase distribution in BPLC [23]. However, the
Eiffel-Tower-like ITO electrode is difficult to fabricate. The method of the spatial distribution of Kerr
constants that we proposed is more practical because our method does not require complex electrodes.

Figure 3. (a) The simulated spatial phase shifts of the LC microlens arrays. Blue dotted line
stands for periodically trapezoid-like phase shift and red line stands for periodically
parabolic phase shift; (b) the corresponding intensity distribution at the focal plane for the
periodically trapezoid-like phase shift (dotted blue line) and the periodically parabolic phase
shift (red line).
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The LC microlens arrays as incident light is at the oblique angle (i.e., off-axis) is also important in
applications. Assume the incident angle is 0i with respect to z-direction and the light propagates in LC
cell with an angle of OLc. Because the change of the refractive index of the Kerr medium is very small
(normally < 0.05), we can assume the incident light propagates in a straight way in the medium and Oic is
able to be deduced from Snell’s law (i.e., n, Xsin0, =n, Xsin0,.). Two eigenmodes propagating in
the LC medium are defined as e-mode and the o-mode. The polarization of e-mode lies in the plane of

x-z plane and that of o-mode is perpendicular to x-z plane. Thereafter, we can calculate the phase shift
of the e-mode as:
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2n 2n
O, mode (£, X) = TJ-ne,eff (E,0,c,x)dk = T_[ne,eff (E,0,c,x)-csch . -dx (7

where the effective extraordinary refractive index (7, ) can be expressed as:

nf(E,x) + nj(E,x) 05

n, (E,0 ., x)=(— 8
cetr (£,0,¢,X) (Sll’lz(eLC) cos’(0,.) (8)
The phase shift of the o-mode can also be expressed as:
8y poge (E,x) = 27“ [n,(E,x)- dk = 27“ [1,(E,x)- 0500, - dx 9)

To simplify the discussion, a single sub-lens is considered in the following discussions. The diameter
of the sub-lens and the cell gap are 100 and 25 pum, respectively. The simulated phase shifts as incident
light is at the oblique angle are shown in Figure 4. The dotted line represents the phase shift of e-mode
while the solid line represents the o-mode at /= 100 Vims. The blue and the red represent OrLc of ~+10°
and —10°, respectively. From Snell’s law, i is ~£15.7° when corresponding Oic is +10° and nave is around
1.56. From the simulation results, the phase shift between the center and the peripheral region for the
e-mode is around 37 radians. As to the o-mode, the phase shift between the center and the peripheral
region is around ~2.8x. This also indicates the micorlens arrays are polarization dependent at the oblique
incidence because the refractive index changes more for o-ray than that for e-ray. To reduce the
polarization dependency of the phase shift at oblique incidence, we can use other electrically tunable LC
cells for phase compensation.

To experimentally realize the spatial distribution of the Kerr constants of the LC materials, one can
produce the spatial distribution of Kerr constants of the Kerr medium, such as BPLC, in terms of
fabrication method of spatial temperature gradient. Based on previous research results, the Kerr constant
is proportional to the coherent length squared (&%), inversely proportional to 7—T%* where T is
temperature and 7* represents the temperature as the coherent length of the LC become infinite
(e, Kok o 1/ T—-T") [19-21]. As a result, the Kerr constant of BPLC strongly depends on the
temperature. Therefore, the spatial distribution of the Kerr constant can be controlled by means of
temperature gradient, and then we can use photo-polymerization to stabilize BPLC in order to regulate
the distribution of phase separation and further to generate spatially-distributed Kerr constants. To
demonstrate the proposed idea, we step-controlled the curing temperatures of the PSBP-LC materials,
and we realized the Kerr constant difference check by phase retardation measurement three times.
However, due to the limit of the temperature gradient controlling instrument, we are not able to put such
a big Kerr constant difference within this small aperture region. For further implementation of this
concept, one might need step masks or more precision thermal controlling machines to get steep phase
distribution within the aperture.
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Figure 4. The simulated phase shift at the oblique angle. The dotted line represents the phase
shift of o-mode and the solid line represents the phase shift of e-mode. The blue and red
represent the incident angle 0i is +15.7° and —15.7°, respectively.
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4. Conclusions

We proposed a polarization independent LC microlens arrays based on spatially distributed Kerr
constants of the LC material. The mechanism and simulated performance are discussed. In addition, we
also evaluate the polarization dependency of the microlens arrays at oblique angle of incidence. This
study provides a method to realize polarizer-free and electrically tunable microlens arrays with simple
electrodes based on the Kerr effect.
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Adaptive Liquid Lens Actuated by Droplet Movement
Chao Liu, Qiong-Hua Wang, Li-Xiao Yao and Ming-Huan Wang

Abstract: In this paper we report an adaptive liquid lens actuated by droplet movement. Four rectangular
PMMA (Polymethyl Methacrylate) substrates are stacked to form the device structure. Two ITO (Indium
Tin Oxide) sheets stick on the bottom substrate. One PMMA sheet with a light hole is inserted in the
middle of the device. A conductive droplet is placed on the substrate and touches the PMMA sheet to
form a small closed reservoir. The reservoir is filled with another immiscible non-conductive liquid. The
non-conductive liquid can form a smooth concave interface with the light hole. When the device is
applied with voltage, the droplet stretches towards the reservoir. The volume of the reservoir reduces,
changing the curvature of the interface. The device can thus achieve the function of an adaptive lens.
Our experiments show that the focal length can be varied from —10 to —159 mm as the applied voltage
changes from 0 to 65 V. The response time of the liquid lens is ~75 ms. The proposed device has potential
applications in many fields such as information displays, imaging systems, and laser scanning systems.

Reprinted from Micromachines. Cite as: Liu, C.; Wang, Q.-H.; Yao, L.-X.; Wang, M.-H. Adaptive Liquid
Lens Actuated by Droplet Movement. Micromachines 2014, 5, 496-504.

1. Introduction

Adaptive microlens has received considerable attention for the wide range of applications such as
information displays, cameras, laser scanning systems, and wavefront distortion compensation.
According to the difference of the filled materials, it can be roughly classified into two categories: liquid
crystal (LC) lens [1-5] and liquid lens [6-24]. An adaptive LC lens usually employs an inhomogeneous
electric field to make the LC molecules reorient to produce a gradient refractive index profile. The LC
lens is polarization-dependent which means that the lens has low spectral transmission. Since the
response time depends on the LC layer thickness and the size of the LC lens, it is more suitable for
making microlens which constrains the real applications in imaging systems. There are three common
operating mechanisms to design a liquid lens: electrowetting effect [6—14], dielectric force [15-18], and
fluidic pressure [19-24].

A dielectric lens uses two non-conductive liquids of different dielectric constants to form a smooth
liquid-liquid interface. It can bear high operating voltage and has lower power consumption. However,
the dielectric lens needs be applied with inhomogeneous electric field. So the electrodes of the dielectric
lens should be etched with holes or rings which make the device fabrication more complicated. A fluidic
pressure based liquid lens usually makes use of a PDMS (polydimethylsiloxane) membrane to control the
volume of the liquids. The membrane lens can achieve a large lens aperture and the focal length can be
varied within a wide range. However, the disadvantages of this type of lens cannot be ignored. For
example, the gravity effect may exist in the membrane lens when it is placed in vertical position, which
may degrade the imaging performance. By applying an external driving system, the lens would have a
bulk volume and high power consumption. Compared with the liquid lens discussed above,
electrowetting-based liquid lens has the advantages of polarization independent, fast response, and
simple fabrication.
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In this paper we demonstrate an adaptive liquid lens actuated by droplet movement. Compared with
other adaptive liquid lenses, our lens has the competitive advantages in simple structure, reasonably fast
response time and low power consumption. In our device, the volume change of the reservoir is actuated
by liquid pressure. So it is possible to significantly actuate a large-aperture lens or microlens array at a
relatively low operating voltage. Furthermore, the proposed lens can maintain a better liquid interface
compared with the lens whose electrode structure is rings [14,15]. Because the rings-shape electrode
could cause the different frictions for the droplet, the curvature of the lens would be nonuniform. One
experiments show that the focal length can be varied from —10 to —159 mm as the applied voltage
changes from 0 to 65 V. The response time of the liquid lens is ~75 ms.

2. Device Mechanism and Fabrication

Figure 1 shows the schematic of the proposed device and the operation mechanism. Two ITO sheets
are fabricated on the bottom substrate. The left-ITO sheet is coated with a dielectric layer whose
dielectric constant is ~3.5. A PMMA sheet with a light hole is inserted in the middle of the PMMA
structure. A conductive droplet (Liquid-1) is placed on the substrate and its left side touches the PMMA
sheet to form a closed reservoir. Then we inject another immiscible non-conductive liquid (Liquid-2)
from the light hole. The droplet touches the PMMA sheet and completely seals the right-hand side of
the device. The space of the oil phase is just like a reservoir. The droplet extrudes the reservoir to make
a liquid pressure. When the droplet moves towards the left side of the device, the volume of the oil phase
can be changed. That is to say, the volume of the oil phase determines the range of achievable focal
lengths. At initial state, the non-conductive liquid can form a smooth concave surface, as shown in
Figure la. In this state, the light beam is divergent when it passes through the device. When we apply
voltage V' to the right-ITO sheet, the droplet stretches towards the reservoir due to electrowetting effect,
making its volume decrease. So the curvature of the interface is changed, as shown in Figure 1b. The
top view of the device is also depicted in Figure 1c. Figure 2 shows the electrowetting effect mechanism
in the device. At initial state, as shown in Figure 2a, the balance of the interface between Liquid-1,
Liquid-2 and the dielectric layer tri-junction line is governed by the equations as below [25]:

U3¢
cos0, =cosO, +
=eo0s0y+ 2 E n
Yp2 V12080, =7p ()

where 6o is the initial contact angle without applied voltage, 01 is the contact angle when voltage is
applied to the device, U is the external voltage to the ITO sheet, d is the thickness of the dielectric
insulator, € = go¢r 1s the dielectric constant of the dielectric insulator, yi2 is the surface tension between
Liquid-1 and Liquid-2, yip is the surface tension between Liquid-1 and dielectric insulator, and yp2 is
the surface tension between dielectric insulator and Liquid-2. When the external force is applied to the
droplet reaches to balance, as shown in Figure 2b, the droplet satisfies the following equation:

F+yp, =7,c080, +v,p (3)

where F represents the electric force of per meter.
To fabricate the device shown in Figure 1, four PMMA substrates are stacked to form the structure
using glue UV-331. The whole size of the structure is 15 mm % 8 mm x 8 mm. First, two ITO sheets
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with the size of 8 mm x 7 mm are made on the bottom substrate and the gap between them is 0.5 mm.
The left-ITO sheet is coated with a SUS layer (~1 um) as an insulator, followed by a thin Teflon layer
(AF-1600, from DuPont, Wilmington, DE, USA). The surface tension of the Teflon layer is
~18 mN-m™! at 20 °C. Then a PMMA sheet is inserted in the middle of the device. The size of the
PMMA sheet is 8 mm x 7 mm and the diameter of the light hole is 3 mm. Next, we place a droplet of
NaCl solution (Liquid-1: the density is 1.05 g-cm™>, viscosity is ~12 mPa s at room temperature) on the
substrate and filled the channel, as shown in Figure 1c. Finally, the silicon oil (Liquid-2: the density is
0.98 g-cm, surface tension is ~19 mN-m! at 20 °C, viscosity is ~10 mPa s at room temperature,
refractive index is 1.40) is injected from the light hole.

Figure 1. Schematic of the proposed device and the operation mechanism: (a) Initial state;
(b) Applied voltage to the device; (¢) Top view of the device.
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3. Experiment and Discussion

To evaluate the device performance during actuation process, we recorded the image of an object
through the lens. The optical setup is shown in Figure 3. We placed a printed letter “A” 5 mm below the
device; thus, the object was always within the focal length of the lens. Therefore, we can observe an
upright virtual image. A CCD (charge coupled device) camera was used to record the image-change.
When we applied voltage U < 30 V to the device, the droplet could not move. The liquid lens has the
shortest negative focal length, as shown in Figure 4a. When the voltage 30 V < U < 65 V, the droplet
started to move towards the reservoir, the image-change was shown in Figure 4b—d. When the voltage
U = 65 V, the magnification reached maximum. When we removed the external voltage, the droplet
moved backwards to its original position automatically due to the high interface tension with the sidewall
of the structure.

Figure 3. Optical setup of the device.

CCD camera

'
'. m’

Computer

’ The device Voltage amplifier
=0 I s

Oscilloscop i
& : Signal gefieyator

N /1

| Letter ‘A° \

Figure 4. Images for different focal lengths under different voltages: (a) Initial state;
(b) State 1; (c) State 2; (d) State 3.
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To measure the focal length of the liquid lens, we expanded and collimated a He-Ne laser beam
(A =632.8 nm) to ~3 mm in diameter and let it normally pass through the liquid lens. The focal length
is determined by a geometrical imaging method, as shown in Figure 5a. So f'= (d2 — di) x li/(l. — I1) — dh.
Every measurement was repeated three times and the results were averaged. In our experiment, the focal
length can be changed from —10 to —159 mm with the voltage changing from 0 to 65 V. As we can see
from Figure 5b, the focal length changes differently between voltage-on state and voltage-off state. The
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main reason for this may be explained as follows: regarding the droplet movement, it is more difficult
to extrude the reservoir than move freely backward to its original position. Furthermore, the frictional
force between the droplet and the structure may be changed several times after the droplet movement on
the substrate.

Response time is another key point to measure the optical performance of the device. We take the
absolute value of the focal length and normalize it. Figure 6 shows the response time of the device. As
we can see, it takes a time of ~75 ms (~63 ms) for the device changing the focal length from —10 (—=159)
to —159 mm (—10 mm). The device has a relatively fast response time.

Figure S. Protocol adopted for the determination of focal length (a) and focal length versus

applied voltage (b).
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Figure 6. Response time of the device (U= 65 V).
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Liquid viscosity plays a significant role in response time of a device. First we define the total response
time as the sum of the rise time and descend time. We did another experiment at the voltage of 60 V to
study the relationship between the liquid viscosity and the total response time. In the experiment, we
choose three silicone oils with different viscosities (10 mPa s, 20 mPa s, and 50 mPa s) as Liquid-2,
respectively. Liquid-1 remained the same. The measured response time of different liquids are 146 ms,
205 ms, and 311 ms, respectively. The measured maximum focal lengths are 156 mm, 124 mm, and
42 mm, respectively. As shown in Figure 7, the response time prolongs as the viscosity increases. Thus,
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the viscosity of the oil plays a significant role in changing the focal length of the liquid lens, as shown
in Figure 7. High liquid viscosity means low flow ability. So the movement of Liquid-1 will be
restrained, which leads to the decrease of the maximum focal length.

Figure 7. Response time and the maximum focal length under different liquid viscosities.
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The curvature of the interface of the proposed adaptive liquid lens cannot change from concave
surface to convex surface which constrains the varied range of the focal length. The main reason is that
in our device the droplet actuated by electrowetting extrudes the reservoir to make a liquid pressure. In
the experiment, the electrostatic force is not large enough to make the droplet move a relatively long
distance towards the PMMA sheet. So the volume change of the reservoir is limited. Thus, the
configuration of the lens cannot change from divergent to convergent. If we decrease the thickness of
the dielectric layer and the whole size of the device, the device can obtain a robust optical performance.
We can also increase the external voltage to solve this issue. However, the high applied voltage will
decrease the lifetime of the device. So we should choose the proper voltage and carefully design the
device. Our device also suffers from gravity effect when placed in vertical position. We can choose three
immiscible density-matched liquids filled with the device to solve this issue. This will form the basis for
our further work.

4. Conclusions

In this paper we reported an adaptive liquid lens actuated by droplet movement. The device is
fabricated with four rectangular PMMA substrates. Two ITO sheets are stacked on the bottom substrate
with a small gap between them. One sheet with a light hole is inserted in the middle of the device. A
conductive droplet touches the sheet to form a small closed reservoir which is filled with another
immiscible non-conductive liquid. When we apply a DC (direct current) voltage to the device, the droplet
stretches towards the reservoir making the curvature of the interface changed. Our experiments show
that the focal length can be varied from —10 to —159 mm as the applied voltage changes from 0 to 65 V.
The response time of the liquid lens is ~75 ms. The proposed device has potential applications such as
information displays, cameras, imaging systems and laser scanning systems.



42

Acknowledgments

The work is supported by the NSFC under Grant Nos. 61225022 and 61320106015, the “973”
Program under Grant No. 2013CB328802, and the “863” Program under Grant Nos. 2012AA011901
and 2012AA03A301.

Author Contributions

Study concepts, design experimental studies, manuscript editing: Chao Liu. Data acquisition,
analysis, interpretation, statistical analysis: Li-Xiao Yao and Ming-Huan Wang. Manuscript revision,
review, final version approval: Qiong-Hua Wang.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Xu,M.;Zhou, Z.W.;Ren, H.; Lee, S.H.; Wang, Q.H. Tunable liquid microlens. J. Appl. Phys. 2013,
113, d0i:10.1063/1.1536033.

2. Wang, B.; Ye, M.; Sato, S. Liquid crystal lens with focal length variable from negative to positive
values. [EEE Photonics Technol. Lett. 2006, 18, 79-81.

3. Hwang, S.J.; Liu, Y.X.; Porter, G.A. Tunable liquid crystal microlenses with crater polymer
prepared by droplet evaporation. Opt. Express 2013, 21, 30731-30738.

4. Ren, H.; Xu, S.; Wu, S.T. Polymer-stabilized liquid crystal microlens array with large dynamic
range and fast response time. Opt. Lett. 2013, 38, 3144-3147.

5. Ye, M.; Wang, B.; Sato, S. Liquid-crystal lens with a focal length that is variable in a wide range.
Appl. Opt. 2004, 43, 6407-6412.

6. Bergea, B.; Peseux, J. Variable focal lens controlled by an external voltage: An application of
electrowetting. Eur. Phys. J. E. 2000, 3, 159-163.

7. Peng, R.; Wang, D.Z.; Hu, Z.W.; Chen, J.B.; Zhuang, S.L. Focal length hysteresis of a
double-liquid lens based on electrowetting. J. Opt. 2013, 15, doi:10.1088/2040-8978/15/2/025707.

8. Kuipera S.; Hendriks, B.H.W. Variable-focus liquid lens for miniature cameras. Appl. Phys. Lett.
2004, 99, doi:10.1063/1.1779954.

9. Krupenkin, T.; Yang, S.; Mach, P. Tunable liquid microlens. Appl. Phys. Lett. 2003, 82, 316-318.

10. Grilli, S.; Miccio, L.; Vespini, V.; Finizio, A.; Nicola, S.D.; Ferraro, P. Liquid micro-lens array
activated by selective electrowetting on lithium niobate substrates. Opt. Express 2008, 16,
8084-8093.

11. Murade, C.U.; Ende, D.V.D.; Mugele, F. High speed adaptive liquid microlens array. Opt. Express
2012, 20, 18180-18187.

12. Choi, H.; Won, Y. Fluidic lens of floating oil using round-pot chamber based on electrowetting.
Opt. Lett. 2013, 38, 2197-2199.

13. Li, C.H.; Jiang, H.R. Electrowetting-driven variable-focus microlens on flexible surfaces.
Appl. Phys. Lett. 2012, 100, doi:10.1063/1.4726038.



14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

43

Liu, C.X.; Park, J.; Choi, J.W. A planar lens based on the electrowetting of two immiscible liquids.
J. Micromech. Microeng. 2008, 18, doi:10.1088/2040-8978/13/11/115503.

Cheng, C.C.; Yeh, J.A. Dielectrically actuated liquid lens. Opt. Express 2007, 15, 7140-7145.
Ren, H.; Xianyu, H.; Xu, S.; Wu, S.T. Adaptive dielectric liquid lens. Opt. Express 2008, 16,
14954-14960.

Tsai, C.G.; Chen, C.N.; Cheng, L.S.; Cheng, C.C.; Yang, J.T.; Yeh, J.A. Planar liquid
confinement for optical centering of dielectric liquid lenses. IEEE Photonics Technol. Lett. 2009,
21,1396-1398.

Yang, C.C.; Tsai, C.G.; Yeh, J.A. Dynamic behavior of liquid microlenses actuated using dielectric
force. J. Microelectromech. Syst. 2011, 20, 1143—1149.

Li, L.; Wang, Q.H.; Jiang, W. Liquid lens with double tunable surfaces for large power tunability
and improved optical performance. J. Opt. 2011, 13, doi:10.1063/1.2168245.

Xu, S.; Ren, H.; Wu, S.T. Adaptive liquid lens actuated by liquid crystal pistons. Opt. Express 2012,
20, 28518-28523.

Moran, P.M.; Dharmatilleke, S.; Khaw, A.H.; Tan, K.W.; Chan, M.L.; Rodrigueza, I. Fluidic lenses
with variable focal length. Appl. Phys. Lett. 2006, 88, doi:10.1063/1.2168245.

Mao, X.; Stratton, Z.1.; Nawaz, A.A.; Lin, S.C.S.; Huang, T.J. Optofluidic tunable microlens by
manipulating the liquid meniscus using a flared microfluidic structure. Biomicrofluidics 2010, 4,
doi:10.1063/1.3497934.

Dong, L.; Agarwal, A.K.; Beebe, D.J.; Jiang, H. Adaptive liquid microlenses activated by
stimuli-responsive hydrogels. Nature 2006, 442, 551-554.

Song, C.L.; Nguyen, N.T.; Asundi, A.K.; Low, C.L.N. Biconcave micro-optofluidic lens with
low-refractive-index liquids. Opt. Lett. 2009, 34, 3622—-3624.

Mugele, F.; Baret, J.C. Electrowetting: From basics to applications. J. Phys Condens. Matter. 20085,
17, R705-R774.



44

Fabrication and Characterization of Flexible Electrowetting on
Dielectrics (EWOD) Microlens

Chenhui Li and Hongrui Jiang

Abstract: We present a flexible variable-focus converging microlens actuated by electrowetting on
dielectric (EWOD). The microlens is made of two immiscible liquids and a soft polymer,
polydimethylsiloxane (PDMS). Parylene intermediate layer is used to produce robust flexible electrode
on PDMS. A low-temperature PDMS-compatible fabrication process has been developed to reduce the
stress on the lens structure. The lens has been demonstrated to be able to conform to curved surfaces
smoothly. The focal length of the microlens is 29-38 mm on a flat surface, and 31-41 mm on a curved
surface, varying with the voltage applied. The resolving power of the microlens is 25.39 line pairs per
mm by a 1951 United States Air Force (USAF) resolution chart and the lens aberrations are measured
by a Shack-Hartmann wavefront sensor. The focal length behavior on a curved surface is discussed and
for the current lens demonstrated the focal length is slightly longer on the curved surface as a result of
the effect of the curved PDMS substrate.

Reprinted from Micromachines. Cite as: Li, C.; Jiang, H. Fabrication and Characterization of Flexible
Electrowetting on Dielectrics (EWOD) Microlens. Micromachines 2014, 5, 432-441.

1. Introduction

Liquid lenses do not require complicated mechanical systems to change their focal lengths, and they
are widely used in photonics, display and biomedical systems [1-4]. Another rapidly-developing area in
micro-optics is the fabrication of microlenses made on flexible polymer substrates [5,6], because
microlens array on a curved substrate have some significant advantages over planar microlenses,
including wider field of view [6,7], creating 3-D effect [8,9] and mimicking artificial compound eyes [10].
In virtue of these developments, emerging liquid-based variable-focus microlenses have become
important components in modern miniaturized optical systems. Benefitting from the quick response, the
low power consumption, and the robustness under voltage cycling, liquid microlenses based on
electrowetting on dielectric (EWOD) have drawn much attention [1,11]. However, traditional EWOD
microlenses are fabricated on rigid materials like glass, silicon and polyethylene terephthalate, and are
consequently not compatible with curved surfaces.

We have previously reported a flexible EWOD liquid lens design [12], in which a water droplet is
covered by silicone oil and the water droplet has to turn concave to form a converging lens. Therefore,
the electrode, dielectric and hydrophobic layers were deposited on the sidewall of a polymer chamber to
change the water surface from convex to concave shape and the water-oil interface is pinned on the
sidewall of the chamber. This design raises two problems: (1) When the lens is wrapped onto a curved
surface, the sidewall will be stretched and it is difficult to determine how the water-oil interface will be
distorted; (2) The electrode and hydrophobic coating on the sidewall cannot be easily patterned. In
addition, the indium tin oxide (ITO) electrode is fragile due to the weak adhesion of ITO on
polydimethylsiloxane (PDMS), a soft polymer.
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Here, we present a flexible EWOD microlens made of PDMS with improved lens design and robust
flexible electrodes. We also discuss the focal length of the microlens on a spherical surface in comparison
to that of the same lens on a flat surface. The center of the lens is a silicone oil droplet covered by
surrounding water. The thin flexible PDMS substrate is compatible with curved surfaces and the effect
of chamber sidewall distortion on the water-oil interface is reduced. The modified low-temperature
fabrication process is also reported. A parylene C layer is coated directly onto PDMS to promote
aluminum-PDMS bonding and to reduce the problem associated with the porosity of PDMS. The focal
length is measured on both flat and curved substrates. When the applied voltage increases up to 100 V,
the focal length changes from 38 mm to 29 mm on a flat substrate and it is slightly longer on a curved
substrate (f: 41-31 mm). The Zernike coefficients of the lens were measured by a Shack-Hartmann

wavefront sensor.
2. Mechanism and Fabrication
2.1. Mechanism

Figure 1a shows a 3D schematic of a flexible microlens wrapped onto a spherical surface. The lens
substrate and lens chamber are both made of PDMS, which is transparent, flexible, and bio-compatible.
The substrate is designed to be much thinner than the chamber. Therefore, the lens can be easily wrapped
onto curved surfaces and the stress on the chamber is significantly reduced [6]. Figure 1b illustrates the
cross-section of a flexible EWOD microlens. A silicone oil droplet (refractive index n1 = 1.47) is placed
at the center of the chamber and it is covered by water (refractive index n2 = 1.33). The electrode,
dielectric and hydrophobic layers are sequentially coated on the PDMS substrate and they were patterned
by photolithography techniques. The water is in contact with another electrode on the chamber. The
applied voltage between the two electrodes controls the surface energy on the substrate and therefore
varies the radius of curvature of the water-oil interface [1]. Figure 1c shows the change of the water-oil
interface when a voltage is applied. At low voltages, the substrate is hydrophobic and the oil droplet
spreads on it, forming a small contact angle. As the voltage increases, the substrate turns relatively
hydrophilic and water squeezes the oil droplet to a more convex shape, which has a larger contact angle
with the substrate. The varying contact angle (6) of the lens can be expressed by Equation (1) [11].

cos(8) = cos(6,) +%VO2 (1)

12

where 6o is the contact angle at Vo = 0, ¢ is the dielectric constant of the dielectric layer, d is its thickness,
12 is the water-oil interfacial tension and Vo is the applied voltage.



46

Figure 1. (a) 3D schematic of a flexible liquid lens on a hemisphere. The lens structure is
made of a soft polymer, polydimethylsiloxane (PDMS). The thin flexible PDMS substrate
can be wrapped onto curved surfaces; (b) aross-section schematic of the microlens. The
PDMS substrate is deposited with an electrode, a dielectric layer, and a hydrophobic coating
subsequently, and the PDMS chamberf is coated with another electrode. The liquid lens is
the liquid-to-liquid interface formed by a silicone oil droplet and its surrounding water. The
voltage applied on the electrodes modifies the effective surface energy, and thus changes the
radius of curvature of the water-oil interface; (¢) at zero or low voltage, the silicone oil
droplet spreads out on the substrate due to the hydrophobic coating. As the voltage increases,
the substrate surface turns more hydrophilic and the water squeezes the oil droplet to a shape
with smaller radius of curvature.
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It is difficult to create strong permanent bonding between metal and PDMS surface due to the low
surface energy of PDMS [13] and the different degrees of thermal expansion of the metal and PDMS

Water

2.2. Fabrication

layers during the metal deposition process [14]. Therefore, surface treatment is necessary to increase the
surface energy of PDMS; otherwise, the weak adhesion between electrodes and PDMS substrate often
cause device failure during the following electrode patterning or substrate bending. A few approaches
have been tried out and proved to significantly strengthen the electrode-PDMS bonding: (1) oxygen
plasma treatment increases the bond strength by activating layers of cross-linked PDMS in oxygen
plasma; surface oxidation is believed to expose silanol groups (OH) at the surface of the PDMS layers
that when brought together form covalent siloxane bonds (Si—O-Si) [15,16]; (2) polyimide intermediate
layer, which is widely used in flexible electronic devices [17,18]; (3) parylene C coating, on which metal
layers can be deposited and patterned [19,20]. Besides promoting electrode-PDMS adhesion, parylene
C layer also improves the overall device robustness. Parylene has attractive properties, such as optical
transparency, pinhole-free conformal deposition process [21], chemical and biological inertness, good
mechanical strength (Young’s modulus of 3.1-4.75 GPa and tensile strength of 40-110 MPa) [21-23], low
permeability to moisture and gases [24] and low intrinsic film stress. The parylene C coating addresses
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the porosity problem of PDMS which could cause bubble formation, sample evaporation and absorption
of organic solvents and small hydrophobic molecules from solution [25]. Therefore, deposition of
parylene C coatings onto PDMS film is used as the surface treatment method in the fabrication process.

The fabrication process starts with preparing the PDMS substrate. A clean microscope slide is coated
with a hydrophobic layer, trichloro(octadecyl)silane (Sigma-Aldrich Co., Saint Louis, MO, USA), to
facilitate the separation of PDMS film from the microscope slide later on. The microscope slide is then
spin-coated with PDMS prepolymer at 1000 rpm for 60 s and then baked on a hotplate at 70 °C for 4 h
to cure the prepolymer. Figure 2 illustrates subsequent fabrication processes on the PDMS substrate. In
Figure 2a, a thin parylene C film (~2 um) is deposited on the PDMS substrate to strengthen electrode
adhesion and to mitigate the porosity problem of PDMS as discussed above. In Figure 2b, aluminum
film (~200 nm) is sputtered on the parylene-coated PDMS in a sputtering system (Discovery 24, Denton
Vacuum, Moorestown, NJ, USA). In Figure 2c¢, the aluminum electrode is photopatterned with
photoresist AZ4620 (Clariant Corporation, Somerville, NJ, USA) and then wet-etched in a commercially
prepared defreckling aluminum etchant for 5 min. SU-8 is used as the dielectric material, because it has
high dielectric constant (~3) and can be deposited by spin-coating method. In Figure 2d, the substrate is
spin-coated with SU-8 prepolymer solution (SU-8 2002, MicroChem Corp., Newton, MA, USA) at
500 rpm for 8 s and then at 2000 rpm for 30 s. Next, the SU-8 undergoes UV exposure at 20 mW for
40 s, followed by hard bake at 120 °C for 5 h, forming a ~2.4 pm SU-8 film. In Figure 2e, the SU-8
dielectric layer is spin-coated with Teflon solution (Teflon® AF 1600, DuPont, Wilmington, DE, USA)
at 1000 rpm for 30 s and then baked at 120 °C for 10 h. To avoid damages to the PDMS, the baking
temperature is much lower than that used in standard procedure (up to 330 °C) [26], and therefore the
baking time is extended to remove the solvents thoroughly. The Teflon film formed (~400 nm thick) is
hydrophobic, smooth and chemical-inert. In Figure 2f, the Teflon film is photopatterned with photoresist
AZ4620 and then etched by oxygen plasma at 200 W for 2 min in a reactive ion etching (RIE) chamber
(Unaxis 790, Plasma-Therm, St Petersburg, FL, USA). In Figure 2g, a PDMS chamber is bonded to the
substrate by an acrylic, low durometer, flexible, UV-cure adhesive (Loctite 3108, Henkel Corp., Rocky Hill,
CT, USA). The adhesive is cured under 30 mW UV radiance for 20 s to form a rubbery bonding. The chamber
is first filled with water and then the silicone oil droplet is squeezed to the center by a syringe pipette
with a sharp tip.
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Figure 2. Fabrication process of the flexible electrowetting on dielectric (EWOD) microlens.
(a) Deposit parylene C layer (~2 um) on PDMS substrate. Parylene strengthens the boding
between PDMS and electrodes; (b) and (c¢) sputter aluminum electrode (~200 nm) and pattern
it by photolithography and wet etch; (d) spin-coat SU-8 dielectric layer (~2.4 pm) and
post-bake it at 120 °C for 5 h; (e) spin-coat Teflon hydrophobic thin film (~400 nm) and
post-bake it at 120 °C for 10 h to remove the solvent; (f) sattern the Teflon coating with
photolithography and reactive ion etching; (g) sond a PDMS chamber onto the substrate
using a flexible, UV-cure adhesive.
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Figure 3 demonstrates the flexible EWOD microlens and its compatibility with curved surfaces.
Figure 3a shows the thin PDMS substrate after it is deposited with aluminum electrode, SU-8 dielectric
and Teflon hydrophobic coating. Figure 3b,c shows the EWOD lens wrapped onto a cylinder and an
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eyeglass, respectively. The aperture (circular opening on the substrate) is 2 mm in diameter and the
diameter of the PDMS chamber is around 8 mm. The PDMS lens structure exhibits excellent flexibility
and transparency.

Figure 3. Demonstration of the flexible PDMS lens structure: (a) Bending a PDMS substrate
(already coated with Al electrode, SU-8 dielectric layer and Teflon coating); (b) a flexible
EWOD lens wrapped on a cylinder; (¢) a flexible EWOD lens bonded with a protection glass,
which has almost zero optical power.

3. Results and Discussion
3.1. Experiment Results

The shape change of the droplet within the microlens is monitored by a goniometer (OCA 15+,
DataPhysics Instruments Inc., Filderstadt, Germany). Figure 4 shows the cross-section images of the
silicone oil droplet when the applied voltage, 500 Hz Alternating Current (AC), varies between 0 and
100 V. The volume of the oil droplet is 54 uL. When the voltage increases, the effective surface energy
on the substrate increases, and thus the substrate turns more hydrophilic. Therefore, the water squeezes
the oil droplet, reducing the radius of curvature (R) of the oil-water interface. The focal length is thus to
decrease with increasing voltages.

Figure 4. Shape change of oil droplet with increasing voltage. As the applied voltage
increases, the oil droplet is squeezed by the surrounding waters and bulges up into a shape
with smaller radius of curvature.
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The focal length of the lens was measured on both a flat and a curved transparent surface. The curved
surface, which is the eyeglass in Figure 3c, has zero optical power. Figure 5 shows the focal length f
versus the applied voltage. On both substrates, the focal length varies in a similar trend with increasing
voltages; however the lens has a slightly longer focal on the curved surface. The possible source of the
focal length change will be discussed in Section 3.2. The resolving power of the lens is measured by
imaging a 1951 United States Air Force (USAF) resolution test chart and the smallest features to resolve
were 25.39 line pairs per mm.

Figure 5. Focal length versus applied voltage. The curved surface is the protection glass
shown in Figure 3¢ and it has no optical power. On the curved surface, the lens has a slightly
longer focal length than that on a flat surface.
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3.2. Discussion of Focal Length Change

As shown in Figure 5, the liquid microlens exhibits slightly longer focal length on a curved surface
than that on a flat surface. The change could have two sources: (1) the oil droplet forms a different shape
on the curved PDMS substrate; (2) the curved PDMS substrate changes the overall optical power of the
system. Based on the current fabrication process, the microlens cannot be wrapped onto a curved
substrate that has comparable radius of curvature to that of the oil droplet. In other words, the curved
substrate has a much larger radius compared to the liquid lens. Therefore, it is reasonable to assume that the
shape of the oil droplet did not change much when the microlens was wrapped onto the curved surface.

Next, we consider the effect of the optical power of the curved PDMS substrate. Figure 6a illustrates
the optical system when the microlens is on curved surface. The water-oil interface has a focal length
f1 =38 mm. The curved PDMS substrate functions as a diverging lens with focal length f> = —426 mm.
By lensmakers’ formula, the overall focal length is calculated by:

11,1 d ;
AR @

where d = 3 mm and n1 = 1.47 (o0il’s refractive index). Therefore, the estimated overall focal length is

41.5 mm, which is close to the experiment result, 41 mm. To sum up, for the current microlens device
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the curved PDMS substrate is the dominant cause of the focal length change and the diverging lens
formed by it makes the system focal length slightly longer than that on a flat substrate.

Figure 6. (a) Schematic of the overall optical system when the liquid lens is on a curved
surface. The PDMS substrate forms a diverging lens and its focal length is around —426 mm;
(b) contact angle of an oil droplet on curved PDMS substrate.
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In the future, with improved fabrication process, the lens could be wrapped onto a convex substrate
with much shorter radius of curvature than that of the current one. Under such circumstances, the shape
change of the oil droplet must be taken into consideration. Under ideal conditions, such as that the liquid
droplet is deposited on the substrate symmetrically and that the hysteresis in contact angle is neglected,
the contact angle between substrate-liquid surface tangent and the liquid-liquid surface tangent is the
same as the 6o in Equation (1) [27], as shown in Figure 6b. As a result, the focal length of the liquid lens will
be shorter on the curved substrate, excluding the effect of the curved PDMS substrate.

4. Conclusions

In summary, we have demonstrated a new design of flexible EWOD microlens which is made of soft
flexible PDMS structure. The process to fabricate robust electrodes on PDMS thin substrate is also
introduced. Parylene C thin film is used as an intermediate layer to strengthen the bonding between
PDMS and aluminum electrode and to address the porosity problem of PDMS. The liquid lens is formed
by a silicone oil droplet and the water covering it. All the functioning layers implementing EWOD
mechanism are deposited on the substrate. Therefore, when a lens is wrapped onto a curved surface, the
effect of stress on the water-oil interface is reduced as the peripherals of the oil droplet are pinned on the
substrate. The microlens is a converging lens at any voltage. When the applied voltage increases, the
water squeezes the oil droplet, and thus both the radius of curvature of the droplet and the focal length
decreases. The focal length is 29—38 mm on a flat surface and 31-41 mm on a curved surface. The curved
PDMS substrate forms a diverging lens and makes the overall focal length slightly longer on the curved
surface. The aberration of the lens is measured by a Shack-Hartmann wavefront sensor and its Zernike
coefficients are reported. In the future, the driving voltage of the lens can be further reduced by exploring
dielectric materials which have high dielectric constants and are compatible with our flexible polymer
structure. The fabrication process can be improved to make the lens structure compatible with a more
curved substrate. A contact lens integrated with a flexible low-voltage EWOD microlens provides a
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better solution for presbyopia correction. Meanwhile, EWOD microlens array can also be fabricated by
the current fabrication process and it can be formed on a spherical surface to provide a micro-optical
system with very wide field of view [6].
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CO; Laser Manufacturing of Miniaturised Lenses for
Lab-on-a-Chip Systems

Mazher-Igbal Mohammed and Marc Phillipe Yves Desmulliez

Abstract: This article describes the manufacturing and characterisation of plano-convex miniaturised
lenses using a COz2 laser engraving process in PMMA substrates. The technique allows for lenses to be
fabricated rapidly and in a reproducible manner at depths of over 200 um and for lens diameters of
more than 3 mm. Experimental characterisation of the lens focal lengths shows good correlation with
theory. The plano-convex lenses have been successfully embedded into capillary microfluidic systems
alongside planar microlenses, allowing for a significant reduction of ancillary optics without a loss of
detection sensitivity when performing fluorescence measurements. Such technology provides a
significant step forward towards the portability of fluorescence- or luminescence-based systems for
biological/chemical analysis.

Reprinted from Micromachines. Cite as: Mohammed, M.-1.; Desmulliez, M.P.Y. CO2 Laser Manufacturing
of Miniaturised Lenses for Lab-on-a-Chip Systems. Micromachines 2014, 5, 457-471.

1. Introduction

Lab-on-a-chip technologies have revolutionised biological- and chemical-based processes for
diagnostics-based applications. In particular, optical-based interrogation techniques have become the
most prevalent means of end-point quantification. Such techniques are, however, typically performed
using bulky assisting instrumentation, thereby negating the advantages of device miniaturisation [1,2].
An elegant approach to remedy this bottleneck with respect to true device portability and miniaturisation
includes the use of embedded on chip microlenses and microlens arrays [3—10] for not only lab-on-a-chip
systems, but also for alternative applications, ranging from optical storage/communications, high
definition displays to a host of biomedical instrumentation [11].

Various microlenses and microarray structures have been fabricated in a range of substrates using
techniques, such as photolithography/reactive ion etching [3—7], surface tension-based curing [10,11],
laser ablation, engraving and thermal expansion [8,9,12—14], thermal reflow [15,16], embossing [17,18]
and inkjetting [19,20]. Of these fabrication processes, CO2 laser engraving is an attractive alternative to
established micro-manufacturing techniques for the production of optical components, and such a
technology has a rapid turnaround time and does not require fixed photomasks, embossing tools or a
clean room environment and is suited to polymer manufacturing, a substrate most commonly used for
the fabrication of various microsystems [8,9,21-25]. However, without adequate post-processing, the
quality of manufactured microfluidics and the surface quality of the lenses are poor compared to
techniques, such as photolithography or thermal reflow.

This article describes a manufacturing process whereby plano-convex lens structures are formed by
COz laser etching of poly(methyl methacrylate) (PMMA) polymer surfaces, using a graded power
function with raster scanning. The resulting lens structures are then polished to a high degree of clarity
using simple, backend processing of the lens surface, comprising abrasive hand sanding and polishing
with rubbing compounds, followed by thermal annealing. The final lens structures can be fabricated with
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a high degree of reproducibility, rapidly and with the versatility to readily alter the physical parameters
of the lens, providing considerable scope for tailoring of the focal lengths of the lens. COz laser systems
have been used previously to form planar lens structures [8,9] and lens structures upon optical
fibres [14]. However, this is the first such demonstration of the CO: laser engraving using a graded
power function by which to produce both single and arrays of plano-convex lenses in a bulk polymer
material. Additionally, we demonstrate how both 2D planar and 3D plano-convex lenses can be readily
integrated into microfluidics-based systems, providing a usable lab-on-a-chip platform for a range of
optical-based test inspection and biological/chemical-based reaction end-point quantification.

2. Experimental Section
2.1. Materials and Fabrication

All microlens and microfluidic structures demonstrated in this work were manufactured using a Class
2 CO:z laser etching system (Helix 24, Epilog, Golden, CO, USA), which operates at a maximum power

of 40 W, a maximum scan speed of 96 mm s

, a wavelength of 10.6 um with a spot size of 76—127 um.
All devices were manufactured from CLAREX® precision thin sheet PMMA, made by a specialist
cell-casting technique, which ensures very high surface uniformity, and was purchased precast from
Weatherall Equipment & Instruments Ltd (Bucks, UK). Designs of the plano-convex lenses were created
using Corel Draw X4 (Corel Software, Ottawa, ON, Canada) interfaced directly with the COz laser.

Within the Epilog system, the COz laser is mounted in the device, such that its focal point is directed
into reflecting and focusing optical elements, which translate the beam in the x- and y-directions through
the use of two stepper motors. Samples to be processed are brought into focus with the laser upon a
working stage, which is translatable in the z-direction. PMMA is processed based on its ability to absorb
the radiation produced by the laser, with the power required to etch a given thickness depending on the
melting and vaporisation temperatures of the polymer. The laser power and scan speed can be adjusted
across a percentage scale in 1% increments, across either vector or raster power modes, as described in
previous articles [21,22].

For the final manufacturing phase, the devices were constructed from a double-layer PMMA
laminate, with the microfluidic channels and 2D lenses on the lower 1 mm-thick layer and plano-convex
lenses on the upper layer. The upper layer also acts as a seal for the microfluidic channels and provides
entry and exit ports for the test fluid, with flow being initiated and maintained through capillary action.
Microchannels were fabricated in a single pass using a laser scan speed of 35% and power of 30%, with
the laser set to low power raster mode, creating microchannels approximately 300 um in depth. 2D lenses
were created in a single pass of the laser with a scan speed of 30% and power of 80%, with the laser set
to the high power vector mode to cut through the PMMA substrate, creating a 2D lens structure with a
thickness equal to that of the substrate. The 2D lenses were singulated from the substrate to ease the
polishing of the surfaces. They were also cut into a squared section of PMMA, such that they can be
slotted back into the chip containing the channels for the subsequent bonding process. The polishing of
the 2D lens surfaces is performed in an identical fashion to the plano-convex lenses, as described in
Section 2.2.
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The devices were bonded using a thermal compressive bonding procedure, described in [21]. The
entire bonding procedure can be completed within approximately 2-3 h and leads to a permanent
bonding of the PMMA through the controlled melting and re-solidification of the surfaces of the two
PMMA layers. Briefly, the two laminate layers were covered with borosilicate glass microscope slides
over the top and bottom layers and then placed between two 10 mm-thick steel plates and compressed
together. The plates were then placed into a convection oven and heated under a slow thermal gradient
(2-3 °C min!) above the glass transition temperature of the PMMA (170 °C), for a period of
approximately 40 min. Following this, the oven is cooled to 80 °C and held for duration of 30 min before
being cooled to room temperature.

2.2. Plano-Convex Lens Modelling and Fabrication

In addition to the unique manufacturing process that makes use of the graded power function of the
laser engraving system, the 3D plano-convex lenses in this work yield several distinct advantages
compared to the use of our previously demonstrated 2D lens structures. Firstly, the 2D lenses only allow
for light to be directed within the plane of the chip, and the 3D lenses allow for light to be collected, or
directed, orthogonal to the chip plane, making both lenses suitable for distinctly different applications.
Therefore, collecting emission light orthogonal to the chip plane removes the cross-talk from excitation
and emission light, thereby maximising the detection signal. For orthogonal chip light emission
detection, the 2D lenses are not suitable. However, the 3D plano-convex lenses readily allow for this
orientation, and their fabrication within the bulk chip substrate layer means that they can easily be
integrated into the laminate chip bonding method used in this work. Additionally, the 3D lenses provide
a greater collection efficiency of light, allowing for a near 2xn collection angle, whereas collection with
2D lenses approximately has a collection angle of n. Ultimately, this makes the 2D lens structures ideal
for excitation purposes, where light generally needs to be delivered in the chip plane, and the 3D
plano-convex lenses are suited for emission collection optics.

In our previous work, we have demonstrated the CO: laser operating with either power on or
off [8,21]. In this work, the laser was used in an analogue fashion to yield greater functionality during
fabrication to create the 3D features. In that regard, a circular design, which comprises the
plano-convex lens, was superimposed upon a rectangular area. The rectangular area is removed by direct
etching using the laser system. The use of the rectangular area surrounding the lens is required to allow
space for polishing of the lens surface post engraving. The power distribution of the laser was graded
from full power at the rectangle area and circle edges and gradually moving to zero power at the centre
of the circle. This resulted in the creation of a plano-convex lens in the centre of the rectangular etched
area within the PMMA. The curvature of the lens can be adjusted depending upon the radius of the circle
design and by control of the depth of etching in the low power, raster scan mode of the laser. Using the
CO2 laser at maximum power in raster scan mode, Figure 1 illustrates the attained average lens depth of
etch as a function of the laser scan speed for a 5-mm diameter lens fabricated into a 2 mm-thick PMMA
substrate. Tests were also performed using multiple passes of the laser over a single target area, allowing
for the maximum depth of etch to be extended beyond that of a single pass. During the subsequent passes,
the laser spot is out of focus and imparts less power onto the target area. This has the effect of partially
“cleaning” residual, condensed PMMA material. For this work, 2 passes were performed with the power
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set to maximum and with speeds of 45% and 60% for the first and second pass, respectively. This
produced a lens structure with an approximate depth of 600 + 30 um, which was used as a standard depth
to investigate various diameter lens structures.

Figure 1. Ablation depth as a function of laser scan speed for maximum raster mode laser power.
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Optical simulations were performed using OptiCAD 7.0 (OptiCAD Corporation, Santa Fe, NM,
USA) modelling the focusing of light from a collimated white light source through a plano-convex
spherical lens and onto a virtual detection area. This model mimics our experimental set-up allowing for
the determination of the focal length of the lens. In all simulations, a refractive index for PMMA of 1.49
was used. Figure 2 shows ray path simulations for a 5 mm-diameter plano-convex lens. Several lens
diameters were examined, and a summary of the lens properties and predicted focal distances can be
found in Table 1. The simulations revealed the spherical aberrations that would be present in such a lens
design, which results in a range over which the true focal distance of the lens will be found, and this
range is expressed in Table 1.

Figure 2. (a) Simulated results of the focusing of a collimated light source through a 5-mm
plano-convex lens showing (i) 3D and (ii) a plan view of the lens and light rays; (b) A
diagram illustrating the parameters of the fabricated lenses within a PMMA bulk substrate,
as stated in Table 1.
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Tablel. Theoretical results for various lens diameters and their respective focal lengths.
R is defined in Figure 2.

Lens diameter (mm) Lens height (mm) R; (mm) Simulated focal range (mm)

0.25 0.6 12.5 0.19-0.21
0.5 0.6 0.25 0.44-0.46
0.6 0.5 0.92-0.95

3 0.6 2.35 4.2-43
5 0.6 6 11.2-11.5

The plano-convex lenses were fabricated in a similar fashion to PMMA-based laser-ablated 2D
lenses [8]. The surfaces of the lenses were found to be rough, due to the nature of the thermal vaporisation
and condensation process, as observed in Figure 3a-i. Following the initial laser etching, the lenses were
then polished manually by hand, by firstly sequentially sanding using 60, 240, 600, 1200, 2400 and 4000 grit
wet and dry sandpaper to remove major defects. Lenses were sanded by placing a 1 cm? piece of wetted
sand paper over the lens, applying light pressure with the index finger and rotating the paper in a
clockwise circular manner, with the whole procedure taking approximately 5—6 min. This was followed
by a two-stage hand polishing with an acrylic polymer cutting compound (Glass Polish Ltd., Tolworth,
UK) to remove the majority of remaining abrasions and scratches, with this procedure taking
approximately 5 min. Following polishing, the lenses underwent a final stage of thermal processing,
whereby the substrate is heated above the glass transition temperature of the PMMA for 30 min, resulting
in the liquefaction of the lens surface. At this stage, the surface tension effects during liquefaction
remove any remaining minor defects, resulting in a high quality finish to the lens surface, as can be seen
in Figure 3a-ii,b. The process of defect removal had measured effects on the radius and height, and each
was quantified by taking the average across 10 independently manufactured 5 mm-diameter lenses. The
radiuses of the lenses were found to contain negligible differences, with an average reduction of
5-10 um over the 5 mm of diameter. The height at the centre of the lens relative to the original substrate
height was found to be reduced by approximately 250 + 20 um. These changes were factored into the
optical simulations to reflect the true geometry of the manufactured lenses.

The graded spatial thermal processing of the PMMA substrate was examined over varying lens
diameters to determine the limitations to the geometry of the manufactured lenses. The COz laser system
has a minimum manufacturing resolution of approximately 100—-150 pm. The smallest manufacturable
size is likely to be significantly larger for the laser stepper motor to create the lens curvature upon the
PMMA surface. Various-sized lenses were manufactured with diameters of 5 mm, 3 mm, 2 mm, 1 mm
and 750 um, and the quality of the final structures was assessed to determine the limitations of the
proposed manufacturing process, as described later in the article. It was determined that the 5 mm-larger
diameter lens structure was likely to be the most practical for implementation into a working device,
given its focal length and the need to manually align the photodetector with the chip system. Therefore,
work was focused primarily on the characterisation of this type of lens.
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Figure 3. (a) Photographs of a 5 mm, spherical PMMA lens (i) post-laser ablation and
(i) post-polishing and thermal annealing; (b) The same PMMA post-polished and thermally

annealed lens in (i) side profile and (ii) overhead profile.

(a)

2.3. Fluorescence and Light Detection

The manufactured lenses were validated through the detection of both light from various LED
sources and from the emission of excited fluorophores placed into microfluidic systems. For all
characterisation-based experiments, detection was achieved using a USB-based spectrometer
(USB2000+, Ocean Optics, Dunedin, FL, USA) in conjunction with a 200-um coupling optical fibre
(Numerical Aperture (NA) = 0.22) mounted upon an x-y-z translational stage. Focal length
determinations were achieved using a blue collimated LED source (M470L3-C1, Thorlabs, Ely, UK)
and the diameter of the light column controlled by an in-house build optical aperture. A schematic of the
experimental setup can be seen in Figure 4a.

For testing in the microfluidic system, serial dilutions of fluorescein isothiocyanate (FITC) dye
(AExcitation = 494 nm and Aemission = 518 nm) were used as a demonstrator for fluorescence detection. In
this work, a 1-nM FITC solution was used for all testing of lens properties. This was made fresh in a
stock solution combined on the first instance with ethanol, following the manufacturer’s
recommendations, and then subsequently diluted with deionised water. As ethanol degrades PMMA,
which was used as the vessel for FITC, a water-based dilution methodology was used to preserve the
integrity of the microfluidic channels. Excitation of the fluorophores was achieved using a 3-mm Nichia
ultra-bright blue LED (NSPB300A, RS Components, Glasgow, UK) and a band pass excitation filter
(FB490-10, Thorlabs, UK) with Arrans = 490 + 5 nm (approximately 48% transmission), both mounted
into a custom-built holder cradle. Fluorescence detection measurement was achieved using a H9858
photosensor module (Hamamatsu, Welwyn Garden City, UK), in conjunction with an FITC-optimised
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band pass emission filter (HQ535-50m, Chroma, Bellows Falls, VT, USA), Arrans = 535 + 25 nm
(approximately 75%—80% transmission). A schematic of the experimental set up can be seen in Figure 4b.
The photodetector and emission filter were both housed within a custom-built cradle, to preserve the
alignment of the two components and to reduce background light from entering the active area of the
detector. A secondary rig was built to house the excitation LED/emission filter and to create a cradle
into which the chip could be placed, such that its final orientation would leave the 2D planar lens and
microchamber of the fluidic chip in direct alignment with the LED and photodetector, respectively. The
photomultiplier module, LED and filters were set up in a configuration as illustrated in Figure 5b, and
the photodetector was mounted a distance of 40 mm above the bottom of the chip holding cradle. As a
benchmark comparison, fluorescence measurements were performed using a 10x microscope objective
(Thorlabs, UK) as the light collection optics, placed approximately 500 um above the fluidic
microchamber, in a configuration described previously [8]. Such a system has been demonstrated
previously by our group to provide FITC detection limits of 10 fM, which is comparable to the detection
capabilities of commercial fluorescence reader systems. The use of this benchmark setup allows us to
examine the efficiency of the optical component only, as we shall keep the excitation and detection
apparatus the same. This therefore eliminates the variability from factors, such as detector sensitivity
and excitation power emission, that have a different fluorescence setup being used, thereby providing a
more fair comparison of the devised plano-convex lenses against commercial-grade optics.

Figure 4. Schematic of the experimental setup to determine (a) the lens focal length and (b)
the FITC fluorescence intensity measurements.
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3. Results
3.1. Manufacturing Limitations and Characterisation

Investigations were initially performed to validate the smallest repeatable lens size that could be
manufactured by the proposed fabrication process. Figure 5a shows images of several lens structures
ranging from 3 mm to 750 um in a single array. The defect removal procedure was focused on the lenses
only and not on the bulk of the PMMA substrate material, which had been engraved away using the CO2
laser. The ability to use a manual polishing methodology was constrained by the size of the lens structure
and the ability to physically feel the surface of the lens during hand sanding. Additionally, the qualitative
nature of the process limits the roundness precision of the lenses, which were found to suffer a
discrepancy between what could be achieved and the desired lens curvature. Errors in precision were
quantified to be on average a minimum of 1-2 pm and a maximum of 30—40 um above or below the
intended curvature respectively. This discrepancy was found to be uniform across the various lens
diameters from the average measurement of several lens surfaces under a microscope and has the
influence of increasing the spherical aberrations. As the discrepancy in the roundness was found to be
uniform, their influence is most pronounced for smaller lens diameters, negatively impacting the ability
to achieve a tight focus of a light source or to produce a sharp image when used for magnification
purposes. Through qualitative testing, for lens diameters of over 3 mm, the influence on achieving a tight
focus from a light source or producing a sharp image of a magnified test structure was found to be
negligible. Despite the demonstrated qualitative adequacy of the hand sanding/polishing method, it
would be desirable to standardize the polishing procedure through the automated use of an industrial,
sanding, lapping and polishing device. These devices could potentially provide more uniform pressure
and sanding/polishing action across the surface of the lens, improving the roundness of the lenses and,
thereby, reducing spherical aberrations. Tests were also performed to use the Epilog laser system to
polish the surface of the manufactured lenses using a methodology described previously [26], but
attempts were unsuccessful at adequately removing defects. Given greater control of the laser parameters
(raster speed, power, efc.), the current CO2 laser could potentially be used to polish the surface of the
lenses. We aim to investigate the feasibility of such measures in future work.

For diameters of less than 750 um, the laser was incapable of forming the desired lens structure in a
reproducible manner, due to limitations in the resolution of the x-y translation stage of the Epilog
equipment. It was therefore concluded that the smallest repeatable diameter of lens manufacturable by
the described process was above 3 mm.
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Figure 5. (a) Photographs of spherical PMMA lenses (i) of sizes of 3 mm, 2 mm, 1 mm and
750 um; and (ii) a 5 mm lens array, post-polishing and thermal annealing; (b) Results for the
average focal length determination of several 5 mm-diameter spherical lenses.
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Given the greater level of repeatability of larger diameter lens structures, the remainder of this work
focused on the characterisation of the 5 mm-diameter plano-convex lenses. Each lens was characterised
using the experimental setup illustrated in Figure 4a, whereby an optical fibre, 200 um in diameter
(0.22 NA = 25° full angle of acceptance), connected to a photodetector, was placed at the midpoint of
the lens and ,using a translational stage, was moved progressively away from the lens in 1 mm
increments. Light was then shone from a collimated LED source, through a lens, where it was focused
into the direct path of the optical fibre. It was believed that, given the limited acceptance angle, as the
fibre was moved closer to the focal point of the lens, the intensity measured by the photodetector would
increase. Conversely, as the fibre moves away from the focal point, the intensity would also decrease.
Results for the average over five lenses are illustrated in Figure 5b, were a focal point of approximately
10.9 mm was determined from extrapolation of a line of best fit. This result is in good agreement with
the predicted result of 11.2—11.5 mm, with any discrepancies being explained by the minor variations in
the lens height and the alignment of the optical fibre during experimentation.

It was possible given the agile nature of the laser engraving process that lens arrays could be produced
and applied to the multiplex focusing of multiple sources, such as those found in multiplate well systems.
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Figure 5a-ii shows a picture of a 5 mm-diameter lens array, fabricated with a spacing of 5 mm from each
edge of the lens structure.

3.2. Microfluidic Chip Integration

The rapid prototype manufacturing process was investigated to integrate the plano-convex lens
directly into a microfluidic chip design, in a similar fashion as the integration of 2D planar lenses
achieved by our group in previous works [8,9]. The aim of such a device would be to operate as an
integrated excitation and detection platform for fluidic and solid phase-based biological and chemical
processes, such as fluorescence/luminescent DNA- [27,28] and protein- [8,9,29,30] based reactions.
Such a design would provide a lab-on-a chip solution that completely eliminates complementary,
off-chip optical elements. As our aim in this work is to focus on aspects pertaining to micro-optical
systems integration, we shall not elaborate on the dynamics of the fluidics components, which we have
characterised previously [22].

Figure 6a illustrates the complete microfluidic chip design, with the lower laminate layer containing the
microfluidic channel, micro-chamber and 2D planar lenses and the upper layer containing the entry/exit
ports and the plano-convex lens. The chip had approximate dimensions of 60 mm x 25 mm % 3 mm. For
visualisation of all the chip components, the bulk engraved area surrounding the plano-convex lens has
been left intact. Prior to a measurement, this area is covered with a layer of blackened masking tape,
leaving only the lens exposed, in order to remove any unwanted scattering of the excitation and emission
light on the roughened surface from entering the active area of the photodetector, thereby improving
detection sensitivity. For experimentation, one of the ports was loaded with 20 pL of the 1 nM FITC
dye, which migrated to fill the fluidic system through capillary forces. Following loading of the test dye,
the microfluidic chip was placed into the cradle of the custom-built excitation and fluorescence reader,
and the emitted fluorescence was measured.

Initial tests were performed on a fluidic chip with the 600-um depth, 5 mm-diameter plano-convex
microlens engraved into a 2-mm substrate, placing the lens at a distance of approximately 1.4 mm from
the upper surface of the FITC loaded micro-chamber. Following this measurement, additional
microfluidic chips were fabricated to include the 2D planar lens and a blank 1 mm-thick upper sealing
layer, with only entry and exit ports. This allowed for a plano-convex lens engraved substrate and spacers
to be placed upon the chip surface to examine the change in measured fluorescence with increased
separation distance. To increase the separation distance, various 1 mm-thick PMMA substrates, of equal
size to the chip, were placed in between the unmodified upper layer chip and a PMMA layer containing
the plano-convex microlens. Results of the fluorescence detection can be seen in Figure 6b, where it was
found that the use of the lens significantly increased the detected fluorescence emission in comparison
to when no lens was placed on the chip. The largest increase in detected fluorescence was achieved for
a separation distance of approximately 9.4 mm, which provided an increase in fluorescence signal by
approximately a factor of 2-2.5. Examining the results against the measurement using the collection
optics benchmark, it was found that the maximum intensity achieved using the plano-convex lens system
was comparable to the use of the microscope objective, as can be seen in Figure 6b. The lenses were
significantly smaller in dimensions, being a height of 600 pm and a radius of 5 mm, compared to a height
of 50 mm and maximum radius of 30 mm for the microscope objective. It is the aim of future work to
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develop the system further to reduce the separation distance of the lens to the microchannel by means of
altered single lens geometry or the use of a compound multi-lens system. However, even with the added
height of the separation distance, the 10 mm total height of the system compares favourably to the
microscope objective benchmark. This, in addition to the integration of the lenses, provides significant
advantages of the demonstrated system in terms of overall device portability, a bottleneck still to be fully
addressed in current lab-on-a-chip and microfluidic systems.

Figure 6. (a) (i) Photograph of the complete microfluidic chip with integrated planar and
spherical lenses and (ii) annotated schematic of the microchip cross section; (b) Detected
fluorescence intensity from a 1-nM sample of FITC within the chip as a function of the
distance of the lens from the micro-chamber. As a comparison, results are shown for systems
with no spherical lens and additional collection optics; and no spherical lens and a 10%
microscope objective for emission collection.
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4. Conclusions

In this paper, we have reported the creation of plano-convex microlens structures within PMMA
substrates by means of 3D COz laser engraving. The lenses can be made rapidly and in a reproducible
manner, at depths of over 200 um and for lens diameters larger than 3 mm. Good agreements with optical
simulation results were obtained as far as the calculation of the focal length was concerned. The plano-convex
lenses have been successfully integrated into capillary microfluidics and have demonstrated significant
improvements, compared with their no-lens counterparts, in the detected fluorescence intensity of a
fluorescent dye placed within the microfluidics. The performance of the system has also been demonstrated
to be comparable to that of larger, commercial optical components, but at a fraction of the size and price,
thus enhancing the overall portability of the system. The complete microfluidic system, when used in
conjunction with 2D planar and 3D plano-convex lenses, reduces the instrumentation required to just
simple excitation and detection sources and filters. The presented system has demonstrated a usable
format by which microfluidics could be translated to true portable use and could find usefulness in a
range of fluorescent/luminescent-based applications for biological and chemical analysis.
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An Optofluidic Lens Array Microchip for High Resolution
Stereo Microscopy

Mayurachat Ning Gulari, Anurag Tripathi, Mostafa Ghannad-Rezaie and Nikos Chronis

Abstract: We report the development of an add-on, chip-based, optical module—termed the
Microfluidic-based Oil-immersion Lenses (LOIL) chip—which transforms any stereo microscope into a
high-resolution, large field of view imaging platform. The pOIL chip consists of an array of ball
mini-lenses that are assembled onto a microfluidic silicon chip. The mini-lenses are made out of high
refractive index material (sapphire) and they are half immersed in oil. Those two key features enable
submicron resolution and a maximum numerical aperture of ~1.2. The pOIL chip is reusable and easy
to operate as it can be placed directly on top of any biological sample. It improves the resolution of a
stereo microscope by an order of magnitude without compromising the field of view; therefore, we
believe it could become a versatile tool for use in various research studies and clinical applications.

Reprinted from Micromachines. Cite as: Gulari, M.N.; Tripathi, A.; Ghannad-Rezaie, M.; Chronis, N.
An Optofluidic Lens Array Microchip for High Resolution Stereo Microscopy. Micromachines 2014, 5,
607-621.

1. Introduction

Stereo microscopes are low-end, low-cost, imaging instruments, mainly used in the field of biology
and medicine [1]. They provide 3D images; have long working distances, large field of view and depth
of focus. They are also modular, as the manufacturers provide a wide variety objectives, stands and
illumination accessories. Because of these advantages, they are commonly used in the lab or in the
hospital for bacteria counting, organism and tissue imaging, as well as for dissecting and inspecting
specimens [2—5]. Stereo microscopes are also used in geology and archaeology as well as for inspecting
microparts and electronics, making jewelry and repairing watches [6].

Despite the advantages mentioned above, stereo microscopes have limited resolution (typically
1020 pum) and magnification (1x—6x without considering the magnification from the eyepiece) [6]
when compared to the submicron resolution and magnification of up to 100x of expensive compound
microscopes. In particular, low resolution is a critical shortcoming in low-end imaging systems as it
prevents their use in clinical applications where cellular and sub-cellular imaging is needed.

Research efforts towards low cost, compact imaging systems have focused on utilizing
microlenses [7—10] and microlens arrays [11-26] optofluidic microscope [27,28] or even tomographic
imaging methods [29,30]. Although these approaches demonstrated high-resolution imaging, they
typically lack the flexibility and versatility of a stereo microscope where the user can easily adjust the
focus and magnification or the illumination conditions depending on the sample that is being imaged.
An add-on optical module, e.g., a lens attachment for high-resolution imaging [21,31-34], would be an
attractive solution in order to maintain the intended generic use of a stereo-microscope.

Here, we report the development of a compact and inexpensive optical, add-on module that transforms
any stereo microscope into a high resolution imaging system without compromising the field of view.
The add-on module—a Microfluidic-based Oil-immersion Lens (WOIL) chip—consists of an array of
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ball mini-lenses of excellent optical quality, which are microfluidically connected and half immersed in
oil. The use of the pOIL chip is simple as it can be mounted on top of any biological sample and imaged
through the stereo microscope by simply adjusting the focus. The pOIL chip is microfabricated on a
wafer-level process, while the ball lenses are commercially available. The combined stereo
microscope/uOIL chip system is an ideal tool for research studies and clinical applications where
sub-micron and large field of view imaging is required.

2. The pOIL Chip
2.1. Architecture of the uOIL Chip

The pOIL chip consists of a 4 x 4 array of | mm in diameter ball mini-lenses. They are precisely
seated on top of an array of 970 um diameter microwells, etched on a silicon chip (Figure 1a,b). We use
the term “ball mini-lenses” to indicate that they are small in size but they are not microfabricated. Those
commercially available, ball mini-lenses are made of a high refractive index material (sapphire, refractive
index 1.77, Edmund Optics, Barrington, NJ, USA, catalogue number 43-638) that greatly increases the
numerical aperture (NA) of the system. They are half immersed in microscope oil, and half exposed to
air. As a result, they act as doublet lenses, resembling the front end of a high-end, oil immersion
microscope objective. We choose those mini-lenses as they have optical quality surface finish, tight
tolerances (diameter, sphericity) and excellent broadband transmission. The silicon microwells are
connected to each other through an open-air microfluidic network that distributes the oil uniformly to
the entire array. The silicon chip is bonded to a thin glass substrate in order to seal the bottom of the
microwells. The dimensions of the various elements of the pOIL chip were chosen, such that the focal plane
of the ball mini-lenses is located at the bottom surface of the glass chip.

The sample, which typically sits on a transparent substrate (e.g., a microscope glass slide), is placed
underneath the pOIL chip at a fixed distance from the ball mini-lens array. That distance is accurately
defined by the thickness of a spacer. The spacer can be a thin photoresist film that is patterned on the
bottom of the glass substrate or stacked glass chips (typically 100-300 pum thick) placed underneath each
side of the wOIL chip. The latter option is recommended when a large field of view (FOV) is desired
and high resolution is not that critical. When the sample/pOIL chip assembly is imaged through a
stereoscope (Figure 1c), a high resolution and magnified image of the sample is obtained. Using an array
of 16 ball lenses fully assembled on the pOIL chip (Figure 1b), one can observe simultaneously multiple
areas of interest.
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Figure 1. (a) Cross section schematic of the pOIL chip; (b) A picture (left) of the
microfabricated pOIL chip (scale bar: 3 mm) and a close up view (right) of the microwell
array with no ball mini-lenses (scale bar, 1 mm); and (¢) The combined pOIL chip/stereo
microscope system. The pOIL chip is placed directly on top of the sample of interest.
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2.2. Microfabrication

The pOIL chip is fabricated using a 2-mask, standard silicon micromachining processes. The
fabrication process consists of the following steps (Figure 2a): (1) A 400 um thick silicon wafer is
thermally oxidized to form a 200 nm thick SiO2 film. The SiO2 film is photolithographically patterned
and Hydrofluoric acid-etched to create a hard masking layer for etching the microfluidic network;
(2) A 5 um thick photoresist film is then patterned using the second mask that contains the microwell
array and a deep reactive ion etching (DRIE) step is performed to partially etch 200 um out of the
400 wm microwell total thickness; (3) The photoresist is then stripped to expose the SiO2 film. A
wafer-through DRIE step is then performed to obtain the 200 pm thick microfluidic network and the
microwells; (4) The silicon wafer is anodically bonded to a 100 um thick Pyrex wafer and the bonded
wafer is diced. A 5 pm thick SU-8 film—the spacer is patterned at the bottom of each individual chip.
Instead of using the SU-8 film, multiple glass coverslips can be stacked on top of each other and glued
on the sides of the chip if it is desired to increase the distance between the pOIL chip and the sample;
(5) The microfluidic network is filled with microscope immersion oil (Cargillis labs #159, Cedar Grove,
NIJ, USA, refractive index 1.52 and (6) the ball mini-lenses are manually assembled on the top of the
oil-filled microwell array and kept in place by surface tension. They are separated from the bottom
surface of the microwell array by ~20 um. Before use, the pOIL module is placed on a flat surface for
30 min to let oil evenly distribute into the microwell array. The assembled pOIL module is then ready
for use: It can then be placed on top of any specimen to obtain high resolution images through a
stereoscope. The pOIL module can be re-used indefinitely as long as it is kept in a dry environment (to
minimize oil evaporation). It can also be cleaned and re-assembled if needed. For long term use, a thin
parylene film can also be deposited to completely seal the pOIL module.
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Figure 2. (a) Microfabrication process and (b) Critical dimensions of the pOIL chip. The
focal length measured from the center of the ball mini-lens is ~620 pm. The dotted lines
represent the microwell sidewalls that are not visible in the highlighted cross section.
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3. Results and Discussion
3.1. The uOIL Module
3.1.1. Material Considerations

The amount of light collected by a lens that also affects its resolution can be quantified by its
numerical aperture (NA):

NA = nm-sinf (1)

where nwm is the refractive index of the medium that the lens is immersed into and 0 is the half angle of
the cone of rays collected by the lens. The maximum half angle 6 and therefore the maximum NA can
be obtained when the sample is located at the focal length of the lens. In order to increase the NA, one
should increase the refractive index of the medium and/or increase the angle 0. The former task can be
achieved by using media that have high refractive index (e.g., oil or water). The latter one can be
achieved by combining the high refractive index media with a high refractive index lens.

Our pOIL chip has similar behavior, which can be described by Equation (1): The effect of the
refractive index of the medium and the ball lens material are critical for achieving high NA.
We choose to use microscopy oil as a medium in order to match the refractive index of the glass chip
that seals the bottom of the microwell array. The use of oil reduces the total internal reflection of optical
rays at the glass/oil interface, resulting in an increase in angle 0 (the focal length also increases in this
case but the effect compared to the increase in angle 0 is less significant) (Figure 3a). Microscopy oil
also does not fluoresce and does not evaporate as fast as other media. In addition, by using a high
refractive index lens material (e.g., sapphire, refractive index nr = 1.77), the focal length decreases and
the optical cone widens (angle 0 increases) (Figure 3b).



72

Figure 3. The effect of the refractive index of the immersion medium (a) and ball lens (b)
on the ray collection angle 6o Values for angle 0o are theoretically estimated by thick-lens
equations (see supplementary materials and Figure S1).
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This specific combination of materials results in a high optical performance of the pOIL module
(Table 1) which is excellent for high-resolution imaging (see supplementary materials for calculating
the various optical properties of the pnOIL module). We should emphasize that due to the modular
assembly of the ball mini-lenses, the oil and the silicon/glass chip, the end user has the ability to
custom-make his/her pOIL module.

Table 1. Properties of uOIL chip.

Parameter Value
Ball mini-lens Diameter (D) D=1mm
Ball mini-lens Refractive index (n1) nr = 1.77 (sapphire)
Back Focal Length (BFL) 124 um (see supplementary materials)
Numerical Aperture (NA) 1.2 (from Equation (2))
Lens power (¢) 1.6 mm ™' (from Equation (3))
Magnification ~130x (see Figure 5)
Resolution (center) 0.7 um (see Figure 7)
Depth of Field (DOF) 0.38 um (from A/NA?) [13,19]
Field of View (FOV) 60—140 um/lens (see Figure 8)
F-number 0.62 (from EFL */D)

Notes: * EFL: the effective focal length (see supplementary materials); A: the wavelength.
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3.1.2. The Numerical Aperture (NA) of the pOIL Chip

In order to estimate the NA of the pOIL module, we modeled the ball lens as a thick lens [35] that is
half immersed in medium and half immersed in air. We neglected any refraction of light that might take
place between the focal plane and the medium. In this case, the NA can be expressed as a function of
refractive index of the lens material (nL), the refractive index of the medium (nwm), the lens power (¢) and
the lens radius (see supplementary materials):

ORny,

NA =
M ((pRnL +nyng —2(ng —ny ) )
1 2ny
(P_E(nMH_ n ) (3)

To better understand the dependence of NA on nm and nL, we plotted the NA versus nL, when the ball
mini-lens is immersed in four different media: air, water, oil and polydimethylsiloxane (Figure 4). Air,
water and oil are widely used media in standard optical microscopy. To cover the low end of the nm
spectrum, we choose PDMS as an alternative low-cost solution. The nL of the lens was varied from 1.4
to 2, as those values represent refractive indices of off-the-shelve ball lenses (e.g., N-BK7
(nL=1.516), Ruby (nL=1.77), S-LAH79 (nL = 2), etc.). In all calculations, we did not take into account
the aperture created by the silicon well (the silicon well is 30 um smaller in diameter than the ball lens
diameter) and we assumed that the top half of the ball-lens is exposed to air. We want to note that in
reality, the size of the holder aperture (i.e., silicon well) needs to be taken into account since light blocked
by the smaller aperture will reduce the maximum cone angle of the rays thus effect NA value. For all
practical purposes, we also assumed that the sample is located at the focal plane. The results
quantitatively validate our expectations: the higher the nm and #L the higher the NA. For ball mini-lenses
of small refractive index (nL = 1.5-1.6), an increase of the refractive index of the immersion medium
does not result a significant increase in the NA. The effect of refractive index of the immersion medium
on the NA is significant (up to ~50%) when ball mini-lenses with high refractive indices are used (e.g.,
nL > 1.7). The combination of microscope immersion oil (nm = 1.516) and sapphire ball mini-lens
(nL = 1.77) results in a numerical aperture of NA = ~1.2 which is comparable to high-end oil or water
immersion microscope objectives. For the result we report in this paper, the effective aperture is 320 um
in diameter allowing a light collection cone angle of 53° based on the geometry of Figure 3b.
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Figure 4. Numerical Aperture (NA) of the nwOIL chip versus refractive index of the ball
mini-lens (nL) for four different cases of immersion media as theoretically predicted by

Equation (2).
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3.1.3. Magnification and NA versus Spacer Thickness

We performed optical simulations using Optics Software for Layout and Optimization (OSLO)
software to obtain the magnification and numerical aperture as a function of the distance of the sample
from the focal plane of the pOIL chip (the focal plane is located at the bottom glass surface of the pOIL
chip). This distance coincides with the thickness of the spacer. For all practical purposes, we assumed a
minimum spacer thickness of 5 um (that is the thickness of the SU-8 film) and that the medium between
the sample and the bottom glass surface of the pOIL chip is water. In this case, the numerical aperture
and magnification are ~1x and ~130x respectively. As expected, when the spacer thickness increases,
both the magnification and NA decrease. Spacer thickness has a major impact on the magnification, as
the magnification decay has an exponential trend. At a spacer thickness of 900 pm the magnification
and the NA is 1x and ~0.01 respectively (data not shown), beyond that point the sample is being
demagnified. We want to emphasize that this is the magnification obtained from the pOIL chip alone.
For the combined stereo microscope/uOIL chip system, the total magnification is calculated by
multiplying the magnification of the pOIL chip and the magnification from the stereo microscope.
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Figure 5. Dependence of the magnification and NA of the pOIL chip on spacer thickness.
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3.2. The Combined uOIL Chip/Stereo Microscope Assembly

We evaluated the optical performance of a standard stereo microscope (Olympus SZ61, Tokyo,
Japan) when the pOIL chip is used as an add-on module. We placed the pOIL module on top of various
samples (test charts, blood cells) and analyzed the obtained images. The stereo microscope we used had
a magnification range from 0.67x to 4.5% and was equipped with a 3.3 megapixel CCD (MicroPublisher
3.3RTV, with 0.5% de-magnifying lens in from of the camera, British Columbia, Canada). In all tests
described below, we set the magnification of the stereo microscope to its maximum value of 4.5x that
corresponds to a maximum NA of ~0.07 and a maximum resolution of ~10 um [36]. We used bright
field illumination in transmission mode by adjusting the mirror at the base of the stereoscope at ~45°.
The use of the pOIL chip as a module greatly enhances the resolution of the stand-alone stereo
microscope (Figure 6). Using the stereo microscope alone, the finest pattern from a standard resolution
plate (U.S. Air Force-USAF1951) is blurred and none of the lines can be resolved (Figure 6a). When the
ROIL chip is placed on top of the resolution plate, the narrowest lines (0.775 um in width) are resolved
(Figure 6b). Although, there is noticeable aberration away from the center of field of view.

3.2.1. Resolution

To obtain the optical resolution of the combined system, we measured the image contrast of a
resolution plate (USAF1951) that has equally spaced line patterns of decreasing width. The dependence
of the image contrast on the line width represents the modulation transfer function of the combined
system, which is a widely accepted method for obtaining the resolution of an optical system [37]. The
acquired images were taken within 30 um of the center of the field of view and analyzed using
Metamorph software and the percentage of the image contrast averaged over all color channels versus
the number of line pairs per millimeter was obtained (Figure 7). In addition, we tested the effect on the
resolution of a thin (~125 nm) parylene film that was deposited on top of the pOIL chip. As discussed
above, the parylene film can permanently seal the pOIL chip in order to prevent evaporation of the oil
as well as to serve as an anti-reflective coating [38].



Figure 6. Images of a resolution plate (USAF1951) obtained from a stereo microscope alone
(a) and from the combined pOIL chip/stereo microscope system (b). Scale bar: 10 um in
(a) and (b).

Figure 7. Image contrast (%) versus line pairs per mm for the combined system. The sample
was a resolution plate that was imaged in air. The spacer thickness was 5 um and NA
(theoretical) 1s ~0.79.
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The experimental results indicate that the image contrast percentage decreases continuously as the
number of line pairs per mm increases. All the lines from the resolution plate even the smallest lines
with a width of 0.775 pum (corresponding to 645 line pairs/mm) can be imaged clearly using both the
non-coated pOIL chip and the parylene-coated pOIL chip. However, at 400 line pairs/mm and above,
the parylene-coated nuOIL chip resulted in a slight degradation in the optical performance as compared
to the non-coated pOIL chip. As the minimum feature size of the resolution plate is larger than the
anticipated maximum resolution, we can only estimate the latter one by extrapolating the modulation
transfer function until the image contract becomes zero. Using this approach, the theoretical resolution
for the non-coated and the parylene-coated pOIL chip is 715 lp/mm (0.7 pm line width) and 690 lp/mm
(0.73 um line width) respectively. We should also emphasize that the obtained results are not limited by
the camera resolution which was measured to be 0.15 um/pixel at maximum magnification.

3.2.2. Field of View (FOV)

We experimentally obtained the change in the FOV of the combined system versus spacer thickness
(Figure 8). The FOV was measured by imaging a commercially available grid distortion target (Thorlabs,
catalog number R1L3S3P, Newton, NJ, USA,) that consists of 10 um wide metal squares. For each
spacer thickness, we obtained the one dimensional intensity profile across the grid pattern (see
supplementary Figure S2). The medium between the sample and the bottom glass surface of the pOIL
chip is water. The intensity was uniform at the center of the ball mini-lens where minimum image
distortion is observed. The FOV was defined as the diameter of an area where the intensity is above 80%
of the maximum intensity. Although such a criterion is subjective, we experimentally observed that the
80% cut-off threshold was a rather conservative value for most practical application (e.g., for cell
counting). For high-resolution imaging, the spacer thickness needs to be minimized (e.g., 5 pm), which
results in a minimum FOV in the range of ~60 um/lens. Increasing the spacer thickness resulted in a
linear increase in the FOV at the expense of resolution.

Figure 8. (a) Field of view (FOV) and NA versus spacer thickness. The theoretical NA
values were calculated from thick-lens equation (see supplementary). (b) Image of 10 um
grid using a 5 um spacer (I) and a 250 thick pm spacer (II). Scale bar: 20 um in (b).
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3.2.3. Biological Imaging

In order to demonstrate the practical usefulness of the pOIL module, we imaged various biological
samples using the combined system. In particular, we imaged: a whole, undiluted blood smear obtained
from a patient diagnosed with sickle-cell disease (Figure 9a,b). Cells were stained with Wright and
Giemsa stain and imaged using transmission brightfield illumination (as illustrated in Figure 9). White,
normal red and sickle red blood cells and platelets were clearly visible and distinguishable. If the pOIL
module is removed, then the stereomicroscope alone cannot resolve single cells (Figure 9c¢,d).

Figure 9. Wright and Giemsa stained blood smear from a patient with sickle-cell disease:
neutrophils (a) and sickle cells (b) are clearly visible. In (¢, d), the same blood smear sample
as imaged from the stereo microscope alone. Scale bars: 10 um in (a), (b), (d); 50 um in (c¢).

In all the above experiments, the magnification of the stereo microscope was 4.5%. In this
magnification, the combined system with the 1 inch CCD detector can simultaneously obtain images
from 4 to 6 mini-lenses. To increase the FOV and image the entire pOIL chip (all 16 mini-lenses), one
has to decrease the magnification of the stereo microscope to ~2x. Even in this case the FOV is
~60 um/lens the shape of single cells from a smear test (Figure 10) is still visible. In order to obtain a
sharp image from all mini-lenses in the array, minor focus adjustments using the stereomicroscope focus
knob (within the array, it is possible to have variation up to 50 um) might be required as imperfections
in the microfabrication and mini-lens assembly process result in a lens-to-lens variation in the focal
length within the array. Our future work will incorporate a better design of the pOIL chip, better control
of the fabrication process and tighter quality control assembly to improve the focal plan uniformity of
the array.
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Figure 10. Left image: Imaging a blood smear using the entire pOIL chip (from all 16 ball
mini-lens). The magnification of the stereo microscope was set to 2x. Right image is the
magnified version of the image from the lens in the square box shown in the left image. Scale
bar: 20 um.

4. Conclusions

We have developed a simple-to-use, reusable and compact, microfabricated imaging module for high
resolution, large field of view imaging applications. The key element of the design is the integration of
a microfluidic chip with an array of 16 liquid-immersed, high refractive index ball mini-lenses. The
integrated chip—termed the pOIL—chip mimics the working principle of the front end of expensive,
oil-immersion microscope objectives. The pOIL chip alone has a maximum numerical aperture of 1.2
and a magnification of 130x. It is attached directly to the sample of interest and then imaged under a
standard micro stereoscope by simply adjusting the focus and/or the magnification of the stereo microscope.

We demonstrated that, when it is used as an add-on module to a stereo microscope, it can resolve
submicron micron features (maximum resolution of 0.7 um) from a variety of biological samples. We
believe that the pOIL chip can bring high resolution, large field of view imaging capabilities to research
and medical laboratories and clinics where a stereo microscope is the only available imaging tool.

Supplementary Materials
Supplementary materials can be accessed at: http://www.mdpi.com/2072-666X/5/3/607/s1.
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Fabrication of Polydimethylsiloxane Microlenses Utilizing
Hydrogel Shrinkage and a Single Molding Step

Bader Aldalali, Aditi Kanhere, Jayer Fernandes, Chi-Chieh Huang and Hongrui Jiang

Abstract: We report on polydimethlysiloxane (PDMS) microlenses and microlens arrays on flat and
curved substrates fabricated via a relatively simple process combining liquid-phase photopolymerization
and a single molding step. The mold for the formation of the PDMS lenses is fabricated by
photopolymerizing a polyacrylamide (PAAm) pre-hydrogel. The shrinkage of PAAm after its
polymerization forms concave lenses. The lenses are then transferred to PDMS by a single step molding
to form PDMS microlens array on a flat substrate. The PAAm concave lenses are also transferred to
PDMS and another flexible polymer, Solaris, to realize artificial compound eyes. The resultant
microlenses and microlens arrays possess good uniformity and optical properties. The focal length of
the lenses is inversely proportional to the shrinkage time. The microlens mold can also be rehydrated to
change the focal length of the ultimate PDMS microlenses. The spherical aberration is 2.85 pm and the
surface roughness is on the order of 204 nm. The microlenses can resolve 10.10 line pairs per mm
(Ip/mm) and have an f-number range between /2.9 and {/56.5. For the compound eye, the field of
view is 113°.

Reprinted from Micromachines. Cite as: Aldalali, B.; Kanhere, A.; Fernandes, J.; Huang, C.-C.;
Jiang, H. Fabrication of Polydimethylsiloxane Microlenses Utilizing Hydrogel Shrinkage and a Single
Molding Step. Micromachines 2014, 5, 275-288.

1. Introduction

The utilization of microlenses has increased dramatically in many different applications including
optical communications, imaging, and printing [1]. Due to this demand, different techniques to fabricate
microlenses have emerged, including ink-jet printing [2], greyscale lithography [3], and photoresist
thermal reflow [1]. The ink-jet printing method uses expensive equipment that requires very precise
alignment in order to produce uniform arrays, while greyscale lithography faces difficulty in fitting the
desired microlens shape into the different shades of grey [4,5]. In the case of the photoresist reflow
method, the lenses are usually used as a mold since they have a high optical absorption under white
light and need to be transferred to more optically transparent and stable substrates in a double
transfer process [5—7]. There are other approaches that could generate the microlens mold; however,
these approaches rely on accurate pressure or temperature control to achieve uniformity among the
microlenses [8—10]. These approaches also rely on double transfer for ultimate formation of the
microlenses which further elongates and complicates the fabrication process. It is thus highly desirable
to develop low-cost, versatile, and simple microlens fabrication methods.

Another appealing feature of microlens arrays that gained popularity recently is their ability to be
fabricated onto curved surfaces to increase their field of view (FOV), mimicking the compound eyes of
insects [11-15]. Most of the existing fabrication methods rely on ultrafast lasers to fabricate the
microlenses, which is very expensive [11,16]. Other methods rely on stress-alleviating bridges between
the microlenses, which decreases the fill factor and requires a hard spherical shell under the microlenses
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to provide the desired curvature [13]. Another available low-cost fabrication method relies on the
deformation of the microlens substrate by applying force to provide curvature, which is a very sensitive
process and might damage the microlenses [15].

To provide a low-cost, simple fabrication process for microlenses on both planar and curved surfaces,
we utilize the capabilities of advanced materials such as hydrogels [17,18]. Due to the high water content,
hydrogels could shrink in air as they dry out [17]. We could take advantage of this natural shrinkage
property of hydrogels in air to produce smooth concave microlenses and then transfer the microlenses
to other more optically transparent and flexible substrates to form convex microlenses using a single
molding step.

2. Fabrication

The fabrication process is divided into two segments. The first segment describes the process of
fabricating the microlenses by liquid phase photopolymerization and hydrogel shrinkage. The second
segment describes the added steps needed to fabricate the artificial compound eye structure using the
hydrogel based microlenses.

2.1. Equipment and Materials

All photopolymerization processes were done using a desktop EXFO Acticure 4000 ultra-violet (UV)
light source (EXFO Photonic Solutions, Inc, Missisauge, ON, Canada). Photomasks were printed using
high-resolution films (3000 dpi, Imagesetter, Inc., Madison, WI, USA).

Two polymers were used to fabricate the microlens mold. A photopolymerizable prepolymer, isobornyl
acrylate (IBA), made as per the recipe found in [19] was used as the structure that defines the microlens
apertures. The other polymer is a photopolymerizable polyacrylamide (PAAm) based pre-hydrogel. The
PAAm pre-hydrogel solution included a monomer, crosslinker, photoinitiator, and water as a solvent
and was made as per the recipe in [20]. The PAAm was used as the mold for the microlenses. PDMS
(Sylgard 184, Dow Corning Corporation, Midland, MI, USA) was used as the microlens material.

For the compound eye structure, in addition to PDMS, another polymer called Solaris (Smooth-on,
Easton, PA, USA) was used as an alternative for the substrate of the compound eye. Solaris is a
transparent silicone polymer which is widely used as a protective layer on top of solar cells [21].

2.2. Microlens Array Fabrication

Figure 1 shows fabricated PDMS microlenses with 0.7-mm diameter (called hereafter 0.7-mm
microlenses). The fabrication process is shown in Figure 2. A polycarbonate cartridge well
(40-mm x 22-mm % 0.36-mm, HybriWells, Grace Bio-Labs Inc., Bend, OR, USA) was utilized to define
the apertures of the microlenses. The cartridge well consisted of two top and bottom plates connected
by a 360-um-thick adhesive spacer which defined the depth of the well. The bottom surface was first
peeled off and the remaining surface with the spacer was placed onto a plastic slide. IBA was flowed
into the well using a transfer pipette. The prepolymer IBA was then exposed to ultraviolet (UV) light at
10 mW/cm? for 25s with a mask defining the microlens apertures. Photopolymerizable IBA acts as a
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negative photoresist when exposed to UV light. After exposure, the top plate was peeled off and
unpolymerized IBA was rinsed away with ethanol.

Figure 1. (a) Optical image of a 0.7-mm microlens array. (b) Scanning electron microscopy
image of 0.7-mm microlens.

At this point, the structure included a polymerized IBA (poly-IBA) surface with an array of apertures
on top of a plastic slide as in Figure 2b. The surface of the poly-IBA was then treated with oxygen plasma
by a reactive ion etching RIE system (Unaxis 790, Unaxis Wafer Processing, Schwyz, Switzerland)
using the following parameters: power supply = 100 W, treatment time between 30 s and 3 min. Oxygen
plasma only rendered the top surface and sidewalls of the poly-IBA hydrophilic since the bottom surface
was attached to the plastic slide and hence protected from the plasma. A hydrophobic-hydrophilic
boundary was created between the bottom surface of the poly-IBA and the remaining structure, which
was utilized to form the microlenses. A double-sided adhesive (250-300 pm thick) was added to a glass
slide to define a chamber. The plastic slide along with the poly-IBA, was then flipped onto the glass
slide. The plastic slide was peeled off as can be seen in Figure 2c.

At this step, the structure consisted of an array of poly-IBA apertures on top of a 280-pm-high
chamber. Epoxy was then applied around the boundary of the structure to prevent any leakage. Using a
syringe, a photopolymerizable polyacrylamide (PAAm) based pre-hydrogel was then flowed through
one of the holes and was allowed to fill the chamber as well as the top surface of the poly-IBA as in
Figure 2d. The PAAm pre-hydrogel was then flood exposed under UV light at 25 mW/cm? for 90 s. The
PAAm hydrogel was then allowed to dry in air for 24 h.

After exposure, the PAAm hydrogel shrunk in air due to the high water content. In this solution,
PAAm contained 85% water. In similar solutions, with 80% water, PAAm shrunk to 36% of its initial
volume [17]. The hydrogel shrunk until it reached the top surface of the poly-IBA apertures where it
was pinned at the boundary of the hydrophobic top surface and the hydrophilic sidewall. This resulted
in a concave lens as shown in Figure 2e. Figure 3 shows the PAAm before and after shrinking. The
PAAm substrate was placed on top of an array of the letter “W” and images were taken using the
stereoscope. In Figure 3a, the PAAm fully covers the aperture array and hence no lenses have formed.
In Figure 3b, the PAAm has started to shrink and has formed a concave lens at the boundary of the
apertures. An erect minified image “W” can be seen below the aperture array.
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Figure 2. Fabrication process of the polydimethlysiloxane (PDMS) microlenses by hydrogel
shrinkage. (a) Isobornyl acrylate (IBA) prepolymer was flowed into the cartridge and
exposed under ultraviolet light. The IBA was flowed using a pipette until it filled the
chamber. The IBA was exposed at 10-mW/cm? for 25 s. (b) Top plastic plate is peeled off
exposing the patterned aperture array and uncured IBA was washed away using ethanol. The
top surface and sidewalls of the aperture array were treated with oxygen plasma.
(¢) Treated structure was flipped onto a glass slide with a 250-300 um spacer.
(d) Photopolymerizable polyacrylamide (PAAm) based pre-hydrogel is flowed into the
chamber and allowed to fill the whole aperture array including the top surface. (e) The
PAAm is allowed to dry in air for 24 h. The PAAm will shrink through the apertures and be
pinned at the hydrophobic-hydrophilic boundary. (f) The microlens mold is then treated with
octadecyltrichlorosilane to decrease the adhesion of PDMS to the mold. (g) Uncured PDMS
is then flowed on top of the mold and allowed to cure. (h) Cured PDMS is then peeled off.
(i) The final PDMS microlens array.
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A key parameter during the fabrication process is the initial amount of PAAm pre-hydrogel. If too
little PAAm is flowed, the hydrogel will shrink into the chamber, and if too much is flowed, the hydrogel
will not reach the top poly-IBA aperture surface. PAAm should also be flowed uniformly on top of the
aperture array to ensure uniform shrinking and eventually more uniform microlens arrays.
However, since the top surface of the poly-IBA has been treated to make it hydrophobic, the PAAm that
flows on top of the aperture array would tend to combine together and form a bubble-like profile. To
overcome that, the PAAm pre-hydrogel was overflowed until it formed a relatively flat layer on top of
the aperture array.

After 24 h, the PAAm surface was then treated with octadecyltrichlorosilane (OTS) in a vacuum for
an hour rendering it even more hydrophobic [22]. After the OTS treatment, PDMS prepolymer mixed
with the curing agent at a weight ratio of 10:1 was also placed in vacuum for an hour and then poured
over the PAAm surface. The PDMS was then cured at 70 °C overnight and then peeled off.

Figure 3. Images of the PAAm hydrogel on top of the poly-IBA. (a) Shows the PAAm right
after exposure and before shrinking. (b) Shows clear images of “W” under the poly-IBA
apertures. The images are erect, minified and are visible between the object plane and the
aperture array, hence concave lenses.

Before Shrinkage

I PAAm hydrogel prepolymer I

After Shrinkage

I PAAm hydrogel prepolymer I

2.3. PDMS Compound Eye Fabrication

Figure 4 shows the added steps required to fabricate the compound eye structure. The fabrication
process was inspired by the hemispherical camera work in [14]. PDMS was flowed on top of a plastic
hemispherical shell with a 1.1-cm diameter. After curing, the PDMS was peeled off and placed on top
of a cork with a diameter of 1.5-cm as in Figure 4b.The PDMS was then stretched from four opposite
directions to realize a flat PDMS surface on top of the cork. On the other end, uncured PDMS was placed
on top of a hydrogel microlens mold that has been allowed to shrink for at least 24 h. This minimum
time requirement allows the PDMS to be easily peeled off later on in the fabrication process. The
flattened PDMS and cork structure was then flipped onto the uncured PDMS and allowed to contact. It
was very important to maintain a very thin layer of PDMS on top of the mold since a thick layer of
PDMS will deform the hemispherical structure. The whole cork and mold structure was then placed in
the oven at 75 °C to cure overnight. After the PDMS was cured, the whole structure was carefully peeled
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away from the hydrogel mold and the adhesive tape was then removed to allow the PDMS to retain its
original shape.

2.4. Solaris Compound Eye Fabrication

We later substituted PDMS with Solaris to achieve a higher FOV. Solaris can be elongated to a length
of 290% before breakage, which allows for utilizing most of the hemisphere [21]. In the same manner
as PDMS, Solaris was cured by mixing the Solaris pre-polymer with the curing agent in a weight ratio
of 1:1. Using a pipette, small volumes of uncured Solaris were dropped onto the hemispherical shell.
Solaris was then cured on a hotplate at 80 °C for 10 min.

The trade-off with using Solaris is that the substrate became much softer compared to PDMS. This
means that any excessive weight on the substrate will cause it to deform and not retain its
spherical shape when it is finally released. In order to strengthen the Solaris structure, after curing the
Solaris and removing it from the hotplate, another layer of uncured Solaris was placed on the first layer
and cured again on the hotplate for 10 min. After the two-layered Solaris hemispherical substrate was
cured, the rest of the fabrication process of Figure 4b—d was followed to produce the compound eye
structure. The only other variation to the fabrication process of Figure 4 was that a larger cork was used

(diameter = 1.8 cm).

Figure 4. Fabrication process of compound eye. (a) Uncured PDMS is flowed on top of
plastic hemispherical shell and allowed to cure. (b) PDMS hemisphere is placed on top of
the cork and stretched until it matches the diameter of the cork. (¢) Uncured PDMS is
placed on top of the hydrogel mold fabricated in Figure 2. Stretched PDMS on top of the
cork is then flipped on top of the hydrogel mold. (d) Cured PDMS is peeled off from
hydrogel mold. The cork is removed which released the stretched PDMS into its original
hemispherical shape.
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3. Results and Discussion
3.1. Microlens Analysis

Figure 5 shows the three dimensional profile of the 0.7-mm microlens using the white light
interferometer (Zygo New View 6300).The microlenses were sputtered with a thin layer of reflective
metal (gold or aluminum) prior to being placed under the interferometer to make the surface more
reflective. The metal only alters the surface roughness of the microlenses and not the profile [8].As can
be seen from Figure 5, the profile is of a 0.7-mm microlens with a height of approximately 31 pmother
profile shows good uniformity of curvature across the entire microlens surface.

Figure 5. Three-dimensional profile of the 0.7-mm PDMS microlenses. The profile is
taken using a ZY GO white light interferometer. The curvature is uniform across the surface

of the microlens.

mm

mm

3.2. Image Analysis

The fabrication process can also be used to produce uniform microlens arrays. Figure 6 shows an
image of an array of inverted “W”s using a stereoscope and imaged through a 2 % 4 0.7-mm microlens
array. As can be seen from Figure 6, the image of the “W”’s is clear and sharp for all eight microlenses.
The largest percent difference of focal length between four neighboring microlenses is 2.59%. Figure 7
shows images acquired by the PDMS microlenses. In Figure 7a, a 0.7-mm microlens was used to image
an inverted “UW?”. In Figure7b, the United States Air Force (USAF) 1951 resolution test chart was used
to determine the resolution of a 0.7-mm microlens. Table 1 shows the resulting optical properties of the
microlenses in different sizes. The microlenses can be fabricated with f-numbers varying from £/2.9
to f/56.5.
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Figure 6. Image of an array of inverted “W”’s imaged through a 2 x 4 microlens array. The
eight inverted images are clear and sharp which shows good uniformity among the
neighboring microlenses.

Figure 7. Images under the 0.7-mm PDMS microlenses. (a) Shows an image of an inverted
“UW” under a 0.7-mm microlens. (b) Shows an image of the USAF1951 resolution test chart
under a 0.7-mm microlens. The microlens can resolve lines in group 3, element 2.

Table 1. Optical properties of PDMS microlenses with different sized apertures.

Parameter 0.7-mm 1-mm
Focal length (mm) 5.417 2.94
Spherical aberration (pum) 2.85 31.276
Resolution (Ip/mm) 8.98 7.13
Roughness (nm) 204 320

Table 2. Optical properties of PDMS microlenses with different shrinkage times.

Shrinkage (h)
Parameter
9 12 18 24
Focal length (mm) 39.57 16.2 11.55 5.63
Spherical aberration (um) 0.634 2.147 3.59 9.66

Roughness (nm) 110 204 255 187
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3.3. Shrinkage

The relationship between hydrogel shrinkage and resultant optical properties has also been studied.
Table 2 shows the resulting optical properties for 0.7-mm microlens arrays that were allowed to shrink
for different durations before PDMS molding. The arrays included 5 x 7 microlenses and the size of the
overall array was 2 x 1 call the arrays had an initial PAAm pre-hydrogel volume of 1ml prior to
photopolymerization. The shortest duration as can be seen from Table 2 is 9 h. Shorter shrinkage times
resulted in the PDMS sticking to the substrate and preventing it from being peeled off. This was due to
the high water content still present in the hydrogel. It should be noted that both uniformity and yield
increased with shrinkage time, especially between 9 and 12 h.

It can be seen from Table 2 that as the shrinkage time is increased, the focal length decreases, while
both the spherical aberration and the surface roughness increases. The increase in surface roughness is
due to the loss of water in the hydrogel as it shrinks. The increase in focal length is due to the fact that
as the shrinking time increases the hydrogel shrinks down further through the aperture which increases
both the height and curvature of the PDMS microlens. The height of the microlens and the focal length
are related by the following two equations [23,24]:

h2+(dJ
e 2 (1)
2h
and
== @)
n—1

where R is the radius of curvature of the microlens, 4 is the height, d is the diameter, and # is the refractive
index which in the case of PDMS is 1.43 [25].

3.4. Rehydration

After the PDMS has been peeled off the mold, the mold can still be utilized to produce microlenses
with different focal lengths than the original mold. This is achieved by rehydrating the mold with water.
Rehydrating the mold allowed the hydrogel to swell up and produce a new curvature. The mold was then
allowed to shrink and PDMS was then poured and cured on the rehydrated mold. Using the same mold,
we measured three different samples of 1-mm microlenses that were hydrated to different levels.
Between the three samples, the focal length varied from 4.4 mm to 20.59 mm. The surface roughness
also varied from 686 nm to 195 nm. This capability allows control over the focal length and surface
requirement even after the microlens mold is fabricated.

3.5. Compound Eye

Figure 8 shows the compound eye structure on a hemispherical shell which was fabricated as per
Figure 4. The initial compound eye structure as can be seen from Figure 8 is made from PDMS. The
FOV achieved by the PDMS compound eye is ~94°. As per the fabrication process in Figure 4, the FOV
i1s dependent on how much the PDMS substrate can be stretched from a sphere onto a flat surface.
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Theoretically, the PDMS can be elongated before breaking to 156% of its original size [26]. Note that
the images in Figure 8c—d are taken using a stereoscope where an array of the letters “UW” are placed
under the compound eye and on top of the light source of the stereoscope. The focus is then adjusted
until it reaches the focal distance of some of the microlenses of the compound eye

The FOV achieved by the Solaris compound eye is ~113°. The FOV for both the PDMS and Solaris
compound eye was calculated by placing a laser source at the periphery of a rotational stage (RBB12,
Thorlabs Inc, Newton, NJ, USA) and placing the compound eye in the middle of the stage. The laser
was aligned with a microlens at one end of the compound eye. The laser was then rotated across a line
of microlenses and the FOV was equivalent to the rotation angle from the first focused spot to the last
focused spot of the line of microlenses. When the laser passes through the microlens, the spot size should
converge into a focal spot; however, in this case due to the small size of the microlenses and the laser
beam, the focal spot was hard to observe. We therefore looked instead at the far-field diffraction pattern.
If the far-field diffraction pattern was an Airy disk, then the laser source is aligned with one of the
microlenses. If any other pattern is visible, then the laser beam is either between the microlenses or
outside the FOV.

Figure 8. Artificial compound eye. (a) PDMS compound eye with 0.7-mm microlenses.
Field of view achieved by the compound eye is 94°. (b) Solaris compound eye with
0.7-mm microlenses. Field of view achieved by the compound eye is 113°. (¢) Images
acquired by PDMS compound eye. (d) Images acquired by Solaris compound eye.

3.6. Aperture Limitation

It should be noted that there is an upper limit on the aperture size that can be achieved using the
hydrogel shrinkage fabrication process. The main reason behind the limitation is due to the fact that as
the aperture size increases, surface tension forces which are necessary for forming the required microlens
profile become far less dominant when compared to the gravitational forces which become more
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dominant as the aperture size is increased [27]. Also in this case, gravitational forces would have a bigger
impact compared to other fabrication techniques since we are fabricating concave lenses with profiles
that are curved towards the gravitational force and not against it.

3.7. Time Sensitive Fabrication Process

When treating the surface of the IBA hydrophilic to create a hydrophobic and hydrophilic boundary,
it should be noted that it is only a temporary process and the substrate will recover its natural
hydrophobic state with time [9]. That means that the PAAm surface has to be flowed into the IBA
chamber within hours after treatment or the surface will reverse into its original hydrophobic status. If
the PAAm is flowed within the allocated time slot and exposed, the polymerized hydrogel will retain the

lens curvature and is not time sensitive anymore.
4. Conclusions

We demonstrated PDMS microlenses and uniform microlens arrays fabricated through shrinking of
a hydrogel and a single transfer step. The microlenses can be fabricated with lesser control requirements
and can provide a wide range of f-numbers. The resulting aberrations are minimal for the small
microlenses but increase with increasing apertures. Focal length is inversely proportional to the
shrinkage time of the hydrogel while spherical aberration and surface roughness are directly proportional
to the shrinkage time. The hydrogel mold can be rehydrated to produce microlenses with different focal
lengths. An artificial compound eye based on the hydrogel shrinkage microlenses has also been
demonstrated using two kinds of flexible polymers. Future work will focus on increasing the field of
view of the compound eye as well as coupling microlenses with charge-coupled devices to produce
complete optical system. Work will also include study of the correlation between the IBA mask size and
the aperture size and shape of the resulting microlenses. In addition, work will include researching
polymers that are more robust than PDMS to sustain long-term use.
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Bio-Inspired Wide-Angle Broad-Spectrum Cylindrical Lens
Based on Reflections from Micro-Mirror Array on a Cylindrical
Elastomeric Membrane

Chi-Chieh Huang and Hongrui Jiang

Abstract: We present a wide-angle, broad-spectrum cylindrical lens based on reflections from an array
of three-dimensional, high-aspect-ratio micro-mirrors fabricated on a cylindrical elastomeric substrate,
functionally inspired by natural reflecting superposition compound eyes. Our device can perform
one-dimensional focusing and beam-shaping comparable to conventional refraction-based cylindrical
lenses, while avoiding chromatic aberration. The focal length of our cylindrical lens is 1.035 mm,
suitable for micro-optical systems. Moreover, it demonstrates a wide field of view of 152° without
distortion, as well as modest spherical aberrations. Our work could be applied to diverse applications
including laser diode collimation, barcode scanning, holography, digital projection display, microlens
arrays, and optical microscopy.

Reprinted from Micromachines. Cite as: Huang, C.-C.; Jiang, H. Bio-Inspired Wide-Angle Broad-Spectrum
Cylindrical Lens Based on Reflections from Micro-Mirror Array on a Cylindrical Elastomeric
Membrane. Micromachines 2014, 5, 373-384.

1. Introduction

Cylindrical lenses possess a spherical radius only in a single axis, enabling them to focus or expand
a collimated beam into a one-dimensional (1-D) line image. Owing to the unique 1-D focusing and beam
shaping capabilities, they are widely utilized in a variety of applications such as laser diode collimation,
barcode scanning, slit detector array illumination, optical microscopy, holography, microlens arrays, and
digital projection display and finger print scanning [1-10]. Conventional cylindrical lenses are
predominantly refraction-based and hence inherently subject to two major disadvantages: chromatic
aberration and lower transmission due to dispersion and absorption of light by the lens materials,
respectively. In addition, fabrication of these cylindrical lenses requires high precision due to the lack
of spherical symmetry, posing a great challenge in manufacturing and inevitably increasing the cost [11].
To address these optics-related issues, reflective cylindrical mirrors can achieve dispersion-free 1-D
focusing with minimum chromatic aberration; however, its implementation into existing micro-optical
systems requires that the imager of similar dimensions to other components be placed on the same side
of the mirror as the light source, thus blocking part of the incoming light source and limiting the field of
view (FOV).

In nature, some decapods (e.g., shrimps, lobsters and crayfish) possess reflecting superposition
compound eyes (RSCEs) that image based on reflection rather than refraction [12,13]. Studying and
mimicking this unique imaging mechanism has provided great insight into overcoming all the above
challenges with a single optical design, as well as adding many features beyond those available with
conventional optical technologies [14]. These advantages, including wide-angle field of view (FOV),
minimum chromatic aberration and enhanced sensitivity to motion [15,16], can be implemented into
existing optical devices and systems to further improve the afore-mentioned applications. Here, we
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report a wide-angle, miniaturized cylindrical lens suitable for 1-D focusing and beam shaping within the
wide visible spectrum based on reflections from an array of three-dimensional (3-D), high-aspect-ratio
micro-mirrors fabricated on a flexible cylindrical membrane to achieve minimum chromatic aberration
and modest spherical aberrations by functionally mimicking the optical features of the natural RSCE:s.

2. Operating Principles

Figure 1a schematically illustrates the operating principle of our bio-inspired cylindrical lens. Here,
a collimated beam is applied as the light source and only a part of the device is displayed to elucidate
the focusing mechanism. From the cross-section view, high-aspect-ratio micro-mirrors with reflecting
sidewalls are spherically arranged onto a thin, transparent, cylindrical elastomeric membrane (radius of
curvature: r) to focus the incident light by reflection. The orientation of each micro-mirror aims directly
at the geometric center of the cylinder, as shown in the upper half of the cylinder in Figure la. The
incident rays are reflected by the sidewall of each micro-mirror and then converged in an overlapping
fashion onto a cylindrical focal plane with the radius of curvature of 7/2 (Figure 1a), thus, enhancing the
light sensitivity of the device [17]. Due to the spherical symmetry across the longitudinal axis of the
cylinder, the focusing behavior of our device is almost equivalent to that by a cylindrical mirror with the
same radius of curvature r as shown in the bottom half of the cylinder in Figure la. In this case, since
the height of each micro-mirror (i.e., 80 um) is much smaller than » (i.e., 2.07 mm) of the cylindrical
substrate, reflection is assumed to occur at the top surface of the cylinder. Therefore, the incident paraxial
light is focused in the same way with a focal length f'of 7/2 (i.e., 1.035 mm). The way our device focuses,
thus, only differs from the cylindrical mirrors in that the object and the real image are located on the
opposite sides of the device, much like a conventional refractive cylindrical lens, so that the imager does
not obstruct the incoming light at all, as would happen in reflective cylindrical mirrors. Hence, a
theoretical FOV up to 180° can ideally be achieved if a sufficiently large array of micro-mirrors covers
the entire cylindrical substrate. An equivalent 3-D representation of Figure 1a is shown in Figure 1b to
demonstrate the 1-D focusing and beam shaping mechanism of our device. The structure of our device
consists of an array of distributed, 3-D, high aspect-ratio micro-mirrors with smoothened sidewalls
curved into a cylindrical configuration. A beam of collimated rays is first reflected by the sidewalls and
then focused into a straight line image along the longitudinal axis of the cylindrical focal plane with a
radius of curvature of 7/2. In other words, the height of the image is expanded without altering its width.
This schematic clearly shows the ability of such a device to elongate the focused image in only one axis
(i.e., 1-D), equivalent to that of the conventional refraction-based cylindrical lens.
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Figure 1. (a) Schematic representing the operating principle of our device with radius of
curvature 7 under collimated illumination. The way the incoming light is reflected by an
array of micro-mirrors is equivalent to that by a mirrored cylindrical surface with the same
radius 7 (see both half of the circle). Due to the spherical symmetry, both have a same
cylindrical focal plane with radius of curvature of 7/2; (b) An equivalent, 3-D representation
of (a) to demonstrate the 1-D focusing and beam shaping mechanism of our device.

(@)
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cylindrical mirrou

(b)

A

3. Fabrication

The detailed fabrication process flow for our bio-inspired cylindrical lens by a peeling
micro-transfer printing method is illustrated in Figure 2 [18,19]. The process began with a large-scale
array of 3-D, high aspect-ratio silicon (Si) micro-mirrors with highly vertical and smoothened sidewalls
on a p-type, (100) silicon-on-insulator (SOI) wafer (80 um-thick device layer and a 2 pm-thick buried
oxide (BOX) layer) via contact-mode lithography, reactive ion etching (RIE) and inductively coupled
plasma-based (ICP) deep reactive ion etching (DRIE), as shown in Figure 2a—d, respectively. The height,
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width, length and spacing of each micro-mirror were 80 pm, 40 um, 120 um, and 60 um, respectively.
Prior to the actual transfer-printing step (Figure 2g), a couple of process optimizations had to be
performed to guarantee that (1) sidewalls of each micro-mirror were smoothened to serve as perfect
reflectors to focus light without undesirable aberrations and distortions in the images due to scattering;
and (2) large-area surface coverage of the micro-mirror array on the cylindrical polymeric membrane to
maximize the FOV of the device. First, the sidewall scalloping induced by the DRIE process was
removed by a 45% potassium hydroxide (KOH, Fisher Scientific, Waltham, MA, USA) wet-etching
process at 40 °C for 5 min [20]. Second, the BOX layer was selectively undercut by a 6:1 buffered oxide
etch (BOE, Fisher Scientific) to a level that all micro-mirrors were just slightly adhered to the underlying
substrate and were ready to be transferred onto the elastomeric membrane. These two steps were
represented in Figure 2e. A layer of 400-nm aluminum with reflectivity over 90% in the visible spectrum
was subsequently sputtered onto the smoothened facets of the Si micro-mirrors, as shown in Figure 2f.
Next, the preparation of a thin, transparent elastomeric membrane was made via a spin-coating process
(spin rates 4000 rpm for 30 s) on a flat plastic substrate. The elastomeric membrane (refractive index
n = 1.43 and thickness ¢ = 400 um) was made of pre-polymers of polydimethylsiloxane (PDMS, Sylgard
184, Dow Corning, Midland, MI, USA) with a mass ratio of 10:1 between the base and curing agent and
later cured at 75 °C in a baking oven for 6 h. The width of the PDMS membrane was measured to be
6.5 mm. Once curved into a cylindrical configuration, the radius of curvature » of our device was
equivalent to 2.07 mm accordingly. The optical and mechanical properties of PDMS include high
transparency at the visible wavelengths and excellent flexibility, making them ideal candidates for
substrate materials of our cylindrical lens. Next, the SOI wafer was brought into a conformal contact
with the PDMS membrane (Figure 2g). In fact, prior to the actual contact, a thin, partially cured PDMS
of the same mixing ratio was coated onto the PDMS membrane to serve as a glue layer to enhance the
adhesion between the membrane and the micro-mirror array. The Si micro-mirrors were successfully
transfer-printed to the flat PDMS membrane by a peeling force exerted in the lateral direction, as shown
in Figure 2h,1. Figure 2j concluded the fabrication process as an array of micro-mirrors built on a flexible
PDMS membrane was curved into a cylindrical configuration. The radius of curvature » was measured
to be 2.07 mm, making the theoretical focal length of our device to be 1.035 mm.
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Figure 2. Schematic illustrating the detailed fabrication process of the peeling
micro-transfer-printing method applied to realize our device. (a) A large-area array of
micro-mirrors fabricated on an SOI wafer by the following steps: (b) Contact-mode standard
lithography; (¢) Etching of oxide hard mask by RIE; (d) DRIE process; (e) Si sidewall
smoothening by a 45% KOH wet-etching process. Plus, a selective undercut etching of
the BOX layer by BOE solution; (f) Al sputtered onto the Si pillars to create an array of
micro-mirrors; (g) A transparent, flexible PDMS membrane pressed against the structured
SOI wafer to achieve conformal contact; (h) A peeling stress in the lateral direction lifting
the micro-mirror array onto the PDMS membrane; (i) Micro-mirror array successfully
transferred onto the PDMS membrane; (j) The fabrication concluded with the production of
an array of micro-mirrors on a cylindrical PDMS membrane. The dimensions in this figure
are not to scale.
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Figure 3 shows scanning electron microscopy (SEM) images representing part of a 55-by-50 array of
3-D, high aspect-ratio Si micro-mirrors (a) fabricated on the SOI wafer and (b) transferred onto a thin,
transparent and flexible PDMS membrane. Figure 3¢ highlights the highly vertical and smoothened
facets of the micro-mirror covered with aluminum, which are critical to an optical reflector. Figure 3d
presents the picture of the micro-mirror array curved into a cylindrical configuration by a cylindrical
lens holder. Again, the radius of curvature  and the theoretical focal length were measured to be 2.07 mm
and 1.035 mm, respectively. The yields of the fabrication process were high as more than 90% of the
micro-mirrors have been reproducibly transferred from the SOI wafer to the PDMS substrate.
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Figure 3. Representative images of the detailed microstructures of a bio-inspired cylindrical
lens. SEM images of a portion of a 55-by-50 array of 3-D, high aspect-ratio Si micro-mitrors
(a) fabricated on the SOI wafer and (b) transferred onto a flat PDMS membrane; (¢) SEM
image highlighting the uniformly aluminum-covered, smoothened facets of the micro-mirror
where the reflection takes place; (d) close-up picture of the micro-mirror array on the PDMS

membrane curved into a cylindrical configuration by a lens holder.

M

The primary functions of a conventional cylindrical lens are focusing and beam-shaping because it
expands light in only one axis. Here, an extensive theoretical study was performed to compare the
focusing behavior between our device, a conventional refractive cylindrical lens and a thin cylindrical
PDMS membrane utilizing the optical simulation tool Zemax. Figure 4d—f shows simulated intensity
profiles of various corresponding devices of our micro-mirror array on a cylindrical PDMS substrate
(Figure 4a), a conventional refractive cylindrical lens (Figure 4b) and a cylindrical PDMS membrane
itself, with a collimated, rectangular incoming light source (Figure 4c). For simplicity, an 11-by-5 array of
reflective Si micro-mirrors radially arranged on a transparent, cylindrical PDMS membrane (refractive
index n = 1.43, thickness ¢ = 400 um and radius of curvature » = 1.3 mm) was modeled to represent our
device, as shown in Figure 4a. A Gaussian beam profile was applied to represent a collimated laser beam.
Well-focused line images shown in Figure 4d,e can be obtained by both Figure 4a and Figure 4b but not
by Figure 4c, indicating that our device has a 1-D focusing and beam-shaping capability equivalent to
that of a conventional cylindrical lens, consistent with the operating principles shown in Figure 1b. One
thing should be noted that the focal length of our device calculated in the Zemax was almost 0.65 mm,
agreeing to theory.

To characterize the optical performances of our device in terms of focusing and beam-shaping, real
focused images generated by our device (Figure 4g) and a commercial cylindrical lens (Figure 4h) were
captured and compared to those simulated by theoretical modeling shown in Figure 4a,b. Both focused
images were obtained without any post-image processing. A He—Ne laser (wavelength = 630 nm, JDS
Uniphase 1107, Milpitas, CA, USA) was applied to produce a collimated light source. The device under
test was placed at the lens holder (Edmund Optics, Barrington, NJ, USA). The holder pinched our device
by the edges of the PDMS membrane to curve it into a cylindrical shape with radius of curvature close
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to 2 mm. The output focused images were first projected on a planar paper screen and then captured by
a single lens reflex camera (Canon, EOS 60D, Tokyo, Japan) from behind. The entire optical
characterization system was built on an optical linear translation stages and track (Edmund Optics) to
ensure excellent alignment, stability and precise focal length measurement see Figure 5a for the system
set-up. For our device, the focal length was measured to be approximately 1 mm in Figure 4g, equivalent
to the 7/2. Again, the focusing characteristics of our device were consistent with theory. More
importantly, the overall beam-shaping performance in terms of the quality and clarity of the focused line
image generated by our device (Figure 4g) was qualitatively comparable to those acquired by a
commercial cylindrical lens with comparable size (H = 10.0 mm, L = 12.0 mm, /= 10.0mm, N-BK7
plano-convex lens, Thorlabs, Newton, NJ, USA) in Figure 4h. One thing should be noted: the periodic
oscillation observed in the simulated image in Figure 4a stems from (a) the artifact of the periodic
structures of the micro-mirror array within our device and (b) part of the incident light rays are directly
passing through our device without reflecting upon the sidewalls. Both results in a somewhat blurry
background expose around the focal line. This happens mostly in such area so that the effect is further
enhanced. It is difficult to observe in the experimental image in Figure 4g due to its small size and more
importantly, its dimmer intensity compared to the focused image. In addition, the exposure setting
of the camera was kept low and hence made it even harder to be seen due to the limited dynamic range
of the camera.

Figure 4. Zemax simulated intensity profiles (d)—(f) of various corresponding devices of
(a) our micro-mirror array on a cylindrical PDMS substrate; (b) a conventional cylindrical
lens; and (¢) a cylindrical PDMS membrane itself, with a collimated light source. The device
structures in (a)—(c) are schematically drawn. Pictures of focused line images produced by
(g) our device and (h) a commercial refractive cylindrical lens. Note that the beam-shaping
performances of both focused line images are almost comparable. The wavelength of the
laser beam was 633 nm.
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The focusing performance of our device primarily depends on two factors: dimensions of the
micro-mirrors and the aspect ratio of each mirror. The former directly dictates the degree of diffraction,
i.e., the smaller the inter-mirror spacing, the worse diffraction can be observed. Since the smallest
dimensions within our device are still much larger than the wavelength, the effect of diffraction is
considered little. The aspect ratio of each mirror determines the number of reflections of the incident
light rays while passing through our device. The focusing behavior is contributed by one-time reflection
on the sidewalls of the micro-mirror, while two-time reflection can cause the light rays deviate from the
focal point. As the aspect ratio of each micro-mirror increases, the number of two-time reflections
increases accordingly and broadens the spatial light distribution. As a result, the focusing performance
is degraded. In our study, the aspect ratio of 2:1, similar to that found in natural RSCE:s (i.e., 2:3), can
allow the majority of the incident rays to focus via one-time reflections and thus serves as the basis to
determine the aspect ratio and dimensions of our device.

The ability of our device to achieve minimum chromatic aberrations in the focused line images is best
demonstrated and compared in Figure 6a,b. A rectangular, non-collimated white light was applied as the
source. Focused line image produced by the same commercial refractive plano-convex cylindrical lens
in Figure 6a showed strong chromatic aberration (i.e., fringes of purple and yellow at the center and
along the boundaries of the image, respectively), while that generated by our device in Figure 6b revealed
no signs of chromatic aberration. Identical camera exposure settings were applied to capture both images.
The dimmer aura surrounding the focused line image in Figure 6b resulted from the fact that few of the
incident rays were reflected twice by the micro-mirror array before exiting our device. The reason that
this aura was revealed in Figure 6b was due to larger exposure setting of the camera than those used in
Figure 4g. The superior advantage of minimum chromatic aberration found in our device enables it to
perform dispersion-free imaging operations over a wide visible light spectrum.

Spherical aberration, coma and astigmatism are commonly used to quantitatively characterize the
extent of deviation from the normal performance in a given optical system. For our cylindrical lens, these
parameters were measured with a Shack-Hartmann wavefront sensor (Thorlabs, WFES series) [21-24].
Based on the results, our device showed modest aberrations since the measured aberrations (i.e., coma,
tilt, spherical aberration, astigmatism) were modest and comparable to those measured from the same
commercial refractive lens described above, as shown in Table 1. All parameters displayed here are in
the unit of waves.

Table 1. Zernike coefficients of our device and a commercial refractive cylindrical lens
(N-BK?7) characterized by Shack-Hartmann wavefront sensor system.

Zernike Polynomial Our device N-BK7 lens Physical meaning
2pcos(0) 0.095 0.039 Tilt in x-axis
2psin(0) 0.272 0.442 Tilt in y-axis
p’cos(20) 3.259 3.933 Primary Astigmatism

(3p> — 2p)cosh —0.135 —0.028 Coma in x-axis
(3p* — 2p)sind -0.035 -0.057 Coma in y-axis

6p* —6p> + 1 —-0.07 —0.095 Spherical aberration
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Another fascinating feature of our device lies in its ability to achieve a wide angle (FOV) of 152°
enabled by the spherical geometry across the longitudinal axis [25,26], as demonstrated in Figure 6¢ The
FOV measurement started with the sequential illumination of our device placed on a fixed stage at the
center of the circular rotating breadboard (RBB12, Thorlabs) by a He-Ne laser mounted on the
circumference (see Figure 5b for the system set-up). Three focused line images captured from three
different angles, —76° (left), 0° (center), and 76° (right), in one dynamic scan were selected to represent
the total 152° viewing angle. Identical camera exposure settings were used to capture all three
representative figures. The result clearly demonstrates the system’s ability to achieve wide-angle FOV.
Owing to fact that our cylindrical lens possessed spherical symmetry in any cross section perpendicular
to the longitudinal axis of the device and hence no primary optical axis was specified, all representative
focused images showed comparable clarity without noticeable distortion and blur commonly seen in most
wide-angle fish-eye lenses. The image quality of the focused line images in terms of clarity and brightness
remained identical over the entire scanning path corresponding to the 152° FOV.

Figure 5. Photograph of the optical setup used for (a) image acquisition and
(b) FOV measurement.
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Figure 6. Focused line images produced by (a) a commercial plano-convex refractive
cylindrical lens revealing strong chromatic aberration and (b) our device without chromatic
aberration. These two images demonstrated clear evidence highlighting the distinctive
differences in focused images with and without chromatic aberration due to different
focusing mechanisms: refraction vs. reflection; (¢) composite schematic and pictures
representing 152° of FOV achieved by our device captured at three representative angles of
incidence: —76° (left), 0° (center) and 76° (right).

(c)

Our device

5. Conclusions

In summary, we have realized a bio-inspired wide-FOV, broad-spectrum cylindrical lens possessing
optical features such as 1-D focusing, minimum chromatic aberration, exceptional 152° FOV without
distortion and modest spherical aberrations. Given its small radius of curvature (2.07 mm) and focal
length (1.035 mm), it can be readily implemented into micro-optical systems. Our work finds
applications in laser diode collimation, barcode scanning, holography, digital projection display, optical
microscopy, temporal shaping of femtosecond pulses, and so on. In the future, the same optical design
concept can be applied to other spectrums ranging from infrared to X-ray wavelengths due to its
reflection-based imaging mechanism. In addition, we will conduct extensive studies on the performance
optimization within our optical design with regard to the dimensions and the aspect ratios of the
micro-mirrors. In addition, since curving the PDMS membrane into a cylindrical configuration with a
lens holder is only a tentative plan, we will directly fabricate a cylindrical PDMS substrate by casting
and curing the pre-polymers of PDMS with a cylindrical rod as a mold. Prior to the transfer, the curved
PDMS membrane can be elastically stretched into a flat configuration by a unidirectional tension.
Finally, in order to expand the spectrum of its applications, we could deposit multiple layers of
interference dielectric coatings on the Si structures instead of using a single Al layer to make our device
polarization dependent.
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Wafer-Level Hybrid Integration of Complex Micro-Optical
Modules

Peter Dannberg, Frank Wippermann, Andreas Briickner, Andre Matthes, Peter Schreiber and
Andreas Briuer

Abstract: A series of technological steps concentrating around photolithography and UV polymer on
glass replication in a mask-aligner that allow for the cost-effective generation of rather complex
micro-optical systems on the wafer level are discussed. In this approach, optical functional surfaces are
aligned to each other and stacked on top of each other at a desired axial distance. They can consist of
lenses, achromatic doublets, regular or chirped lens arrays, diffractive elements, apertures, filter
structures, reflecting layers, polarizers, efc. The suitability of the separated modules in certain imaging
and non-imaging applications will be shown.

Reprinted from Micromachines. Cite as: Dannberg, P.; Wippermann, F.; Briickner, A.; Matthes, A.;
Schreiber, P.; Briuer, A. Wafer-Level Hybrid Integration of Complex Micro-Optical Modules.
Micromachines 2014, 5, 325-340.

1. Introduction

Although discussed extensively in recent years, wafer level optics is a well-established technology,
which had been introduced decades ago in the field of miniaturized or micro-structured optics. Here, the
wafer concept was simply related to the lithographical generation of micro-optical structures, such as
microlens arrays or diffractive optical elements. In analogy to micro-electronics, a large number of
optical chips with thousands or millions of microstructures can be generated in parallel. Lithography
involves the structuring of several layers, aligned to each other, and, thus, offers an integration capability.
More than ten years ago, UV polymer on glass replication [1] using a modified mask aligner as a
lithography related fabrication tool was introduced as a precise and cost effective technology for the
generation of wafer-scale miniaturized optical systems and for hybrid integration [2]. Parallel fabrication
is especially useful in cases of miniaturized systems because one can obtain a high number of chips from
a wafer and in cases where several structural layers have to be aligned to each other. Thus, similar
wafer-level concepts were introduced and optimized in recent years for the fabrication of miniaturized
cameras [3—5]. However, the technological and application potential of wafer-level miniaturized optics
is not restricted to miniature camera lenses.

In the present paper we present a refined wafer-level fabrication technology involving UV polymer
molding, coating and lithography which is based on earlier work [2] but is characterized by a much
higher degree of variety and complexity. Within the frame of this paper, the main focus will be on the
diversity of systems that have been realized using this technology, as well as on the fabrication details,
range of parameters, and on the potential and limits of the approach. The paper is organized as follows:
the mastering of micro-optical elements, UV replication, and further key elements of the fabrication
process will be discussed in the next chapter “Technology”. Our focus is on the interaction and
compatibility of process steps in order to generate systems with high lateral and axial complexity. This
will be illustrated in the subsequent chapter “Experimental examples and characterization” by discussing
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special aspects of three different micro-optical systems. Finally, a summary of typical systems, their
performance and main technological parameters will be given and conclusions will be drawn.

2. Technology
2.1. UV Polymer Molding

The centerpiece of the presented technology is a UV polymer molding process using a mask aligner.
In the typical UV replication, a thin layer of polymer is cured in between a replication tool and a rigid
inorganic substrate such as glass. In fact, the low coefficient of thermal expansion (CTE), good optical
homogeneity and low total thickness variation of state-of-the-art float glass wafers, such as Borofloat
B33 or D263T (Schott), are essential in order to realize the necessary lateral and axial precision of
micro-optical systems on a wafer level. UV polymer (cured at room temperature and normal pressure)
1s used to realize high precision, rapid replication, and good adhesion to the substrate and high thermal
and environmental stability of the element. There are numerous acrylate- or epoxy-based UV curing resins
with tailored properties, such as viscosity, refractive index, or shrinkage, which are compatible with the
described UV-molding process. Inorganic-organic hybrid polymers like ORMOCOMP® [6,7] show
enhanced stability compared to their purely organic counterparts.

A contact mask aligner is ideally suited to generate thin, uniform and plane-replicated polymer layers
on arbitrary substrates as a result of a sequence of dispensing, alignment, proximity exposure through a
UV-transparent mold, and separation. In our experiments we used a MA8e 200 mm aligner (SUSS
MicroTec AG, Munich, Germany) featuring a unique UV molding software and a special tooling with
exposure gap control realized by three-point inductive z-measurement and closed-loop piezo-driven
z-axis movement for sub- um gap control. Furthermore the piezo-driven z-movement is designed to
apply the necessary force to spread the dispensed polymer resin across a 200 mm wafer area.

For proper focusing of the individual systems on the wafer a high axial precision is essential. This is
achieved by the precise mask aligner tooling, especially the top load mask holder approach and due to
soft elastomer-on-glass molds, which were fabricated using the same mask aligner, thus, compensating
for some of the deviations. In the MAS8e, the substrate thickness can be as high as 10 mm, and the mask
or replication tool can be as thick as 15 mm in order to ensure superior planarity. Alternatively, thinner
replication tools can be reinforced by a vacuum-attached, planar, transparent glass plate. As a result, it
1s possible to replicate UV cured, insoluble polymer films on either side of arbitrary substrates, even on
top of each other with a lateral precision of about 1 um across 200 mm substrates and an axial accuracy
in the range of =5 pm. Typically the overall polymer thickness exceeds the lens sag, forming a uniform
polymer layer in order to accomplish axial alignment and as a means for shrinkage compensation. For a
lens sag <150 pm, we found that for a polymerization shrinkage below 5% (volume) it is not necessary
to apply some form of mold precompensation in order to maintain the diffraction limited lens accuracy
during the molding step.

In the UV molding technology, the adhesion to the mold is kept low by a proper choice of the mold
material (i.e., polydimethyl siloxane/PDMS) or by applying an anti-sticking layer onto the mold surface.
Thus, the mold can be separated from the molded part after UV curing. On the other hand, when treated
with an adhesion promoter, two parts can be aligned and glued together using the same process (without
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the separation). That means the technology is not restricted to single- or double-side polymer on glass
replication but can be extended to stacks of wafers. An example concerning multi-aperture cameras is
given in Chapter 3.3.

2.2. Coating and Structuring

Apertures filter structures, anti-reflection, or other coatings are an essential part in the design of more
complex optical systems and have to be implemented in the wafer-level approach. The UV polymer on
glass technology allows for a variety of different materials and arrangements of structural layers: a glass
wafer can be coated and patterned before the replication, i.e., by sputter coating of metal, lithography,
and wet etching. In this way, apertures or reflector elements were generated in chromium, low reflective
chromium, titanium, aluminum and silver.

Additionally, the glass wafer can be structured using photopatternable polymer materials (like
PSK2000 and PSC resists/Brewer science). Thus, apertures or color filters can be generated by spin
coating, lithography, and hard bake. The choice of metal or polymer apertures depends on the actual
design. PSK2000 apertures have very low reflection (<1%) in a wide spectral and angular range and are
easily generated, while low reflective chromium structures demonstrate better spatial resolution and
stability. Lens replication on top of apertures or filters results in buried structures.

Plane, transparent polymer layers can be added by UV-molding, defining additional structural layers
or acting as spacers.

Surfaces can be coated with large-area dielectric layer systems, i.e., as IR cutoff or other filters
anti-reflection coatings or mirrors. Plasma assisted evaporation (APS) coating technology for polymer
surfaces is a well-established technology [8] and can be applied to optical wafers in every stage of the
fabrication. Typically, UV polymer is subject to a thermal post-curing (hardbake) before coating
(30 min at 180 °C under protective gas (Nitrogen) for ORMOCOMP®). We found that long-term radius
changes of the ORMOCOMP® polymer lenses after hard bake were well below 1%.

2.3. Compatibility

As a matter of course, blank glass substrates can be structured in various ways. UV polymer
replication is compatible with blank glass substrates, as well as with structured ones. Surface profiles
will be planarized in the molding step and absorbing layers, apertures etc. are uncomplicated when using
a UV-transparent replication tool. The crosslinked nature of UV-cured resins enables UV molding of
several polymer layers directly on top of each other. Adhesion at interfaces is promoted by common
silane treatment of glass or other oxidic surfaces [9], by proper choice of polymer materials, and by
oxygen plasma treatment of polymer surfaces [8,10]. Dielectric coatings can be treated with silane
adhesion promoters in the same way as glass as the final layer is usually SiOz. In this way, black matrix
polymer apertures can for instance be created directly on top of anti-reflection coated lenses. The
alternate stacking of UV-replicated polymer layers in the form of computer generated holograms and of
dielectric color filter layers has already been demonstrated [11]. Shrinkage and CTE mismatch might
cause problems like stress, wafer bowing, or delamination in the described stacks of different materials.
This can limit the maximum polymer thickness especially in the case of thin glass substrates. As an
alternative, a large area polymer layer can be subdivided into a multitude of smaller areas by proper
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tooling, by selective UV curing, or by a chipwise dispensing approach. Furthermore, symmetrical
polymer-glass-polymer designs and/or flexible polymer resins can reduce bowing.

The chemical stability of crosslinked UV-cured polymer films enables subsequent coating and
lithographic patterning, i.e., the generation of metal structures/apertures by sputtering of titanium,
spin-coating, baking, and structuring of photoresist, wet chemical etching, and resist stripping on top of
a replicated optical surface [12].

The compatibility of the dimensional scaling of different structural layers is achieved by the consistent
use of photolithography. A set of photomasks normally consists of a mask for the lens mastering (see
below), the apertures, the filter structures and the spacers, including the respective features for alignment,
process monitoring, dicing, etc. The lithographical patterning of all features, the tooling and UV molding
including the alignment of all layers is done in the same mask aligner under comparable conditions.

As a preliminary conclusion it can be stated that the compatibility of UV polymer on glass replication,
coating and lithography is the key factor for the variety of different systems that can be generated as
it will be shown below. Figure 1 shows a schematic flow chart of the wafer-level fabrication of
micro-optical systems using the described process steps.

2.4. Thermal Behavior

Refractive index as well as geometry changes with temperature, have to be considered in the optical
design of imaging systems; for lens array applications a temperature dependent pitch can be critical.
Thermo-optical coefficients of a 100 um thick polymer layer on a B33 glass substrate were measured
and are typically on the order of —0.0002 K!. Geometry changes were determined by measuring
polymer-on-glass microlens arrays in a mechanical profiler (Taylor Hobson Form Talysurf) at different
temperatures, thus, taking the polymer on glass configuration into account. In Figure 2 changes of pitch
and radius of curvature of a polymer (ORMOCOMP®) on glass (Borofloat 33/Schott) microlens array
are plotted, as far as we know for the first time. Due to the scatter in the lenslet parameters it is crucial
to compare corresponding lenslets, and to scan across a higher number of lenslets in order to improve
the measurement contrast. The measured pitch variation corresponds to the CTE of the glass substrate
(+3.3 x 10° K'!) and is almost two orders of magnitude smaller than for thermoplastic polymers. As a
consequence of the restricted lateral expansion there is a slight decrease of the lens radius with
temperature (1/R x dR/dT of 0.00016 K), thus, the radius change can partially compensate for the
thermo-optical changes of focal length. We could not detect a temperature change of the <30 nm rms.
form deviation of the lenslets.
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Figure 1. Flowchart of the technology based on UV-molding, coating, and lithography.
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2.5. Mastering by Photolithography

The reflow of photoresist patterned by binary photolithography is well established to generate a large
number of microlens structures with precise positioning and diffraction limited surface accuracy on a
single wafer [13—15]. The main limitations of the technology are the radius scatter depending on the
amount of photoresist which is available per lenslet in the reflow step, and the limited flexibility of the

lens profiles, both making reflow lenses less attractive for high-resolution imaging.

Nevertheless, in all of the applications discussed below we used reflow lens mastering successfully.

Several extensions of the standard process enabling higher complexity of the systems will be

discussed in the following paragraphs: hybrid refractive-diffractive elements, chirped lens arrays, and

RIE assisted mastering.
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Hybrid refractive-diffractive elements: here, the reflow process forming the refractive lens is carried
out at reduced temperature so that the resist can still be patterned by further lithographical steps
afterwards. In the example shown in Figure 3, we used variable dose laser writing to generate the
diffractive correction element on top of the refractive microlens [16].

Chirped lens arrays: Figure 4 shows the scheme of a two-mask process where the lateral layout of the
lens array is defined using mask #1. The structures are transferred to a ~100 nm thin base layer by dry
etching, forming chemically stable lens pedestals. Then the proper resist thickness for the reflow process
is added by spin coating. The volume of each lenslet (and thus its radius of curvature) is now defined by
patterning a smaller resist area onto every pedestal using mask #2. As a result, the lateral lens layout
(process #1) can be defined with exceptional high accuracy and high resolution, and can be chosen
independently of the corresponding radius of curvature. In other words: every lenslet on the wafer can
be designed to have its own position, orientation, size (mask #1), and focal length (mask #2). We used
this enhanced design freedom in the randomization of arrays for homogenization [17], the channel-wise
aberration correction of multichannel imaging optics [18] or simply the lateral arrangement of elements
with different parameters on the same wafer [19]. A means to simulate “generalized” chirped or
stochastic lens arrays in the ray tracing design and routines to calculate the corresponding mask data for
each lenslet were implemented in our fabrication process [20].

Figure 3. Mastering of hybrid microlenses: refractive lens combined with a diffractive phase
correction element by combining reflow and laser lithography.

23kV WO:37mm 5:21831 P:71584
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Figure 4. Scheme of a two-mask process to generate chirped lens arrays.
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RIE assisted lens mastering: Reactive ion etching (RIE) of polymer structures like reflow lenses

is a well established technology for proportional transfer of lenses to fused silica or other inorganic
substrates [21]. Furthermore, an initially spherical lens profile can be shaped by changing the transfer
rate during the etch process resulting in well-defined aspheres [22]. The fabricated aspheres can be used
as a master for UV replication [12]. The preferred substrate material in the RIE process is fused silica
due to its etching characteristics, low CTE and UV transparency.

Because of the highly isotropic nature of the RIE, the fill factor of arrays of convex lenses decreases
during the transfer process. On the other hand, with concave lens arrays it is constantly enhanced during
the etching process until the gap between adjacent lenslets vanishes, leading to a 100% fill factor. Thus,
a limitation of microlenses based on photoresist reflow can be overcome as shown in Figure 5. These
arrays can again be used as a tool for subsequent UV replication.

Figure 5. Microscope photograph of a UV molded hexagonal convex lens array with 100%
fill factor.
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RIE assisted mastering is subject to limitations inherent to the RIE process. In particular, the feature
height should be well below 100 um and slope angles below 35°.

The implementation of these more complex processes to achieve microlenses with improved
performance is justified for volume production because the elevated efforts apply only to the mastering
while the replication process remains unchanged.

2.6. Options and Add-ons

The UV polymer in the molding process is typically cured in a large area flood exposure. As the mask
aligner is originally designed for proximity exposure through a mask, one can, without hardware
modification achieve a local photopolymerisation by combining the mold with a photomask and
performing a directed exposure with a fraction of the necessary dose of a full UV cure. The UV polymer
acts as a negative resist, and uncured material can be removed after separation from the mold by rinsing
with a solvent, typically methyl isobutyl ketone. After drying, a diffuse flood exposure fully cures the
molded structures. An example (lens arrays on Si CMOS detector arrays) is given in the next chapter.

There are a number of commercial UV curing resins with different dispersion characteristics, mainly
depending on their refractive index n ~1.45-1.65. Abbe numbers (v) range typically from 25 to about 60
allowing for the achromatization of systems in an all-polymer approach. As UV molding does not require
plane surfaces, achromatic doublets were easily fabricated by performing two molding steps on top of
each other using different UV resins.

Further material combinations can be used, one proposal being the implementation of UV curing/
photopatternable birefringent liquid-crystal polymer layers [23]. Glass substrates with polarizers [24]
can be integrated, i.e., for sensor applications.

As mentioned above, the mask aligner can be used for the stacking and bonding of two or more
micro-optical wafers in a similar way as in the UV molding process. This has been demonstrated e.g., in
a multi-aperture camera application, and in the wafer scale fabrication of miniaturized Mirau
interferometer lenses [25].

As a final step, a commercial wafer saw DAD3350 (Disco, Tokyo, Japan) is used to separate wafers or
wafer stacks into individual chips providing an alignment accuracy of <10 pm. Even polymer-glass-silicon
composites can be cut without problems. Separated chips are available on standard tape for further
processing (also see Figure 6).

3. Experimental Examples and Characterization
3.1. Lens Arrays on Si Detector Arrays

The direct replication of lens arrays onto detector arrays including lateral and axial alignment was
already proposed [2]. In particular, selective UV curing using a partially UV-transparent replication tool
allows for the electrical bonding of separated chips. In the following we show first results of molding on
functional complementary metal-oxide—semiconductor (CMOS) substrates. Figure 6 is a photograph of
a six-inch silicon wafer with a cylindrical lens arrays for fill factor enhancement.

In contrast to other studies [26], we focused on rather large lenslets where the designed pitch and
polymer thickness were in the range of 100 pm, which is ideal for UV replication. The detail in Figure 6
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shows that selective curing can be used to keep the bond pads free of polymer despite the possible stray
light from metal or from via or mesa structures in the CMOS substrate. Before UV molding, the CMOS
passivation layer was treated with a coupling agent (methacryloxypropyl trimethoxy silane) for optimum
adhesion. Polymer thickness homogeneity across the wafer was £5 um. The Silicon CMOS wafer with
UV-molded microlens arrays turned out to be compatible with further process steps like dicing (see
Figure 6), handling by a pick and place robot, electrical bonding, reflow soldering at 260 °C, and testing.

Figure 6. Silicon CMOS wafer with UV molded cylindrical lenslets after dicing.
Detail: selective UV curing leaves the bond pads open for electrical bonding.

3.2. LED Spot Array Illumination

Figure 7a shows a beam shaping device where a lens array is illuminated by a LED in a pupil splitting
approach to generate an array of 21 x 21 spots with field-of-view of 40° x 40° [27]. The lens array as
the central element was integrated with an aperture array to obscure the space between lenslets. As an
additional feature, a buried color filter array was implemented in order to demonstrate the opportunity
to color code each individual spot. Apertures and filters were patterned onto blank glass wafers and hard
baked before lens replication. A chirped lens array was generated by the approach illustrated in Figure 4
in order to compensate for aberrations of the plano-convex projection lens. Here, the chirp of the
microlens position (see Figure 7b) compensates for the distortion while the chirp in the focal length (see
Figure 7¢) reduces field curvature. As a result we obtained equally spaced spots (period 19 mm) with a
distortion <0.5%, and equal spot size of 4 mm [27].

3.3. Multi-Aperture Cameras and Channel Isolation

Multi-aperture imaging concepts implementing microlens arrays are currently investigated to be
used as the optics of compact vision sensors for automotive, machine vision, or measurement
applications [28]. A main technological difficulty in all multi-aperture systems is the fabrication of
features, which serve as channel isolation in order to suppress scattering and optical cross talk which
would lead to ghost images. We found that one approach which is compatible to the presented technology
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is the stacking of thin, plane diaphragm arrays in several layers, with axial separation and diameters
designed in a way that scattered light is blocked before impinging upon the adjacent detector. This
concept typically involves three different diaphragm layers. Figure 8 shows the cross section of an
electronic cluster eye with VGA resolution [29], consisting of an upper wafer with the system aperture
stop, as well as an imaging lens array, and the diaphragm stack for channel isolation as the lower part.
The diaphragm layers are designed as PSK2000 black matrix polymer layers between thin D263 T glass
substrates laminated on top of each other using UV curing glue (OG146, Epoxy Technology, Billerica,
MA, USA). Chirped lens arrays were generated on the upper wafer for a channel-wise minimization of
aberrations. Figure 9 represents measured lens radii across several chips on the wafer. It can be seen
that even subtle changes in the design radius (to compensate for field curvature) can be precisely
generated—defined by mask 2 of the process described in Figure 4.

Figure 7. LED illuminated array of 21 x 21 spots (a) configuration consisting of LED,
condenser, chirped lens array and relay lens; (b) photograph of a separated chirped lens array
including apertures and filters; (¢) measured surface profile across a regular array and
chirped arrays. Detail resolves single lenslets.
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Figure 8. Schematic cross section of a multiaperture imaging system with VGA resolution.
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A spacer layer was generated on top of the lenses by selective UV molding and subsequent rinsing of
uncured resin so that the openings correspond to the optically active areas of the lenslets (see Figure 8).
The spacer surface was then coated with a thin layer of UV curing adhesive before upper and lower parts
were loaded into the mask-aligner, aligned in x, y direction, brought into contact (z = 0) and bonded
together by diffuse UV exposure. The thickness of the bonding adhesive in this example was below
3 um in order to avoid the lenses being contaminated with excess material, and to achieve the desired
axial accuracy of the stack. On the other hand, the adhesive layer was thick and homogenous enough to
form tight cavities for each lens, which were not affected in the dicing process. For testing purposes,
the optics and imager (without cover glass) were mounted on a chip scale after dicing. Proper

focusing within about +10 um was achieved solely by the control of lens radii and glass and polymer
spacer thickness.
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4. Summary and Conclusions

In the present paper we describe a technology for the generation of hybrid-integrated micro-optical
systems on wafer scale. Polymer on glass UV molding of microlenses, diffractive elements, or other
structures in a specially equipped eight-inch mask aligner combines precision and cost-effective
fabrication via replication. The demonstrated high lateral accuracy of ~1 um is essential for the
wafer-scale approach and is suitable for applications where the precise matching to the pitch of detector
or fiber arrays is required. Compared to all-polymer technology (like injection molding) the elements
show considerably higher stability and lower lateral CTE.

We demonstrated that fabricating a variety of rather complex systems becomes feasible by using UV
molding, precise float glass or silicon wafers, dielectric or metal coating, and lithography as patterning
and mastering technologies. The process is completed by wafer stacking and dicing. Figure 10 represents
a block diagram showing numerous examples, which were realized using this technology. Every
example, (a) to (u), is presented as schematic cross sectional view, and a typical application is
mentioned. As discussed above, the diversity of systems can be generated because of the compatibility
of molding, coating, and lithographical patterning processes. Current technological parameters of our
processes are summarized in Table 1.

Figure 10. Survey of realized micro-optical modules shown as schematic cross section.
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Mastering and patterning by means of lithography is especially useful when complex layout
information has to be processed, as in the case of diffractive elements, (chirped or stochastic)
microlenses, aperture or filter arrays and their repetition on the wafer, and additional structures like
alignment and dicing marks, test and control structures, etc.

Microlenses mastered by photoresist reflow show diffraction limited performance in a wide parameter
range (see Table 1). RIE assisted mastering can extend the design rules towards 100% fill factor of
arrays, which was shown for the first time. We demonstrated the feasibility of aspheres and achromatic
doublets and their benefits in multi-aperture imaging systems. However, reflow lenses show limited
homogeneity of their focal length across the wafer (~1%, see also Figure 2), which causes problems
beyond VGA imaging resolution. As a possible alternative, ultra precision machined lens masters with
higher accuracy and uniformity, larger size and more complex profiles of the single lenslet can be introduced
to the wafer-level concept [5], e.g., by generation of large-area UP machined lens arrays [30,31] or step
and repeat replication of a single lenslet in the tooling process. Further extensions of the technology could
be the implementation of mechanical actuators or OLED illumination.

Table 1. Summary of essential technology parameters and typical values realized.

Parameter Value Remark
lenslet master structure spherical, elliptical, cylindrical refined photoresist reflow technology
lateral size of lenslet 10 pm to several millimeters
gap between lenslets >1 um no gap with RIE assisted master
lens sag <200 pm, virtually no minimum diffraction limited: <100 pm
wafer size =200 mm, 150 mm, 100 mm, die 200 mm % 200 mm also possible
wafer thickness 0.15 nm to 10 mm 7200 mm: d > 0.4 mm
glass thickness variation <10 um total (TTV) i.e., D263T or B33 (Schott)
mask-aligner MAS8e/ SUSS Microtec closed loop piezo z axis control
top-/ bottom side alignm. Yes assisted alignment possible
lateral alignment/ posit. +1 pm maximum BSA distance 6 mm
axial alignment/ position +5 pm to (10 pm) depending on substrates efc.
polymer material UV curing acrylate or epoxy i.e., inorganic-organic hybrids [6]
temperature stability >180 °C for ORMOCOMP [5] 270 °C for t <2 min
polymer index/Abbe# 1.45 to 1.65/60 to 25 commercial UV curing resin
thermo-optical coefficient -0.00024 K™ ORMOCOMP® hybrid polymer
polymer thickness typically 10 um to 300 matching the sag limit of reflow lenslets
transmission range 400 nm to 1700 nm -
black aperture resolution ~ CD ~10 um (PSK2000, Brewer) 7 <0.1%, R <5% (300 nm to 700 nm)
dicing/ maximum size thickness <6 mm, ¥ <300 mm DISCO DAD3350
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The Five Ws (and one H) of Super-Hydrophobic Surfaces
in Medicine

Francesco Gentile, Maria Laura Coluccio, Tania Limongi, Gerardo Perozziello, Patrizio Candeloro
and Enzo Di Fabrizio

Abstract: Super-hydrophobic surfaces (SHSs) are bio-inspired, artificial microfabricated interfaces, in
which a pattern of cylindrical micropillars is modified to incorporate details at the nanoscale. For those
systems, the integration of different scales translates into superior properties, including the ability of
manipulating biological solutions. The five Ws, five Ws and one H or the six Ws (6W), are questions,
whose answers are considered basic in information-gathering. They constitute a formula for getting the
complete story on a subject. According to the principle of the six Ws, a report can only be considered
complete if it answers these questions starting with an interrogative word: who, why, what, where, when,
how. Each question should have a factual answer. In what follows, SHSs and some of the most promising
applications thereof are reviewed following the scheme of the 6W. We will show how these surfaces can
be integrated into bio-photonic devices for the identification and detection of a single molecule. We will
describe how SHSs and nanoporous silicon matrices can be combined to yield devices with the capability
of harvesting small molecules, where the cut-off size can be adequately controlled. We will describe
how this concept is utilized for obtaining a direct TEM image of a DNA molecule.

Reprinted from Micromachines. Cite as: Gentile, F.; Coluccio, M.L.; Limongi, T.; Perozziello, G.;
Candeloro, P.; di Fabrizio, E. The Five Ws (and one H) of Super-Hydrophobic Surfaces in Medicine.
Micromachines 2014, 5, 239-262.

1. Introduction

Super-hydrophobic surfaces (SHSs) are bio-inspired, artificial microfabricated interfaces, in which a
pattern of cylindrical micropillars is modified to incorporate details at the nanoscale [1-3]. For these
systems, the integration of different scales translates into superior properties, including a vanishingly
small friction coefficient, on account of which biological solutions of medical interest can be manipulated.

The five Ws, five Ws and one H or the six Ws (6 W) are questions whose answers are considered basic
in information-gathering. They are often mentioned in journalism, research and police investigations. The
6W task seeks to summarize the information essential to understanding a phenomenon by distilling it
into the answers to the 6W questions: why, who, what, where and when; where the H stands, instead,
for how [4]. In the above description, these five questions are presented in an order that seems logical to
the authors; in practice, the approach becomes iterative: it does not matter much where you begin,
since answering one question often reveals important aspects of the other questions that you had not
yet considered.

In what follows, super-hydrophobic surfaces and some of the most promising applications thereof are
reviewed following the scheme of the 6W. The Introduction is dedicated to a discursive articulation of
these six theses. The experimental section presents and describes a family of different devices and the
nanotechnology methods required for their fabrication. The modeling and theory paragraphs describe
the physics of small drops on a surface, providing the mathematical tools for the rational design of those
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systems. In the Results, some of the most recent biological applications of SHSs are recapitulated,
especially pertaining to the early detection of tumors.

Why: A large number of studies confirm that blood contains thousands of intact proteomic molecules
coming from the tissues or as products of enzymatic proteolysis in the circulating flux. What has been
until only recently considered as a “waste deposit” might reveal itself as an extraordinary mine of data
for the evaluation of the health status of tissues or districts of the human body. Single, exclusive markers,
or rather, biomarker patterns, integrated with each other, express a high sensitivity and specificity and
may be employed to discriminate diseases [5,6]. The major drawback of this approach is the very low
abundance of the proteins of study [5,6]. Very rarely, biologists deal with or are able to detect single
molecules, and hence, their understanding of molecular events is blurred by a poor experimental
resolution. This is the reason why there is an increasing demand for high quality biomolecular sensors.
The ability to perform sensing measurements at femto- or atto-molar sample concentrations with single
molecule resolution is an outstanding achievement in the field of biosensors. The past decade has seen
tremendous progress in the development of micro- and nanoscale sensors with impressive performance.
Detection limits down to the single-molecule level have been achieved, with potential applications
ranging from the early diagnosis of disease to the fast sequencing of genomes. However, in practical
applications, transporting target molecules and particles in extremely dilute solutions to these tiny
sensors is a significant challenge that often involves impractical timescales [7]. The physics of diffusion
governs the random movement of molecules in a solution and their binding kinetics to the sensor. At
ultralow concentrations, it takes an unacceptably long amount of time for a molecule to diffuse to the
sensor for detection, which may render the sensor impractical [7,8]. Scientists are now attempting to
minimize the time taken for target molecules to bind to such sensors.

Who: Super-hydrophobic surfaces (SHSs) are bio-inspired, nanotechnology artifacts, which feature
a reduced friction coefficient, whereby they can be used for a variety of practical applications [1,3,9].
SHSs are typically fabricated using micro- and nano-fabrication techniques, in which a two-dimensional
lattice is created by the repetition, or tessellation, of a regular pattern or motif. In doing so, an artificial,
periodic pattern is obtained, where the smallest unit of the pattern can be a silicon or polymeric
cylindrical micropillar (Figure 1).

The most practical property of SHSs is a reduced friction coefficient that is responsible for a
number of advantages over conventional surfaces, namely: (i) the geometry and positioning of liquid
droplets can be easily controlled; (ii) micropatterns can be prefilled with aqueous solutions without the
need for surfactants; (iii) droplets can be positioned extremely close to each other on a surface;
(iv) super-hydrophobic regions can be used to create patterns to control bio-adhesion; and (v) the
discontinuous dewetting effect arising from the extreme difference in contact angle hysteresis between
the super-hydrophilic and super-hydrophobic regions can be used to passively dispense aqueous solution
into the super-hydrophilic spots without wetting the super-hydrophobic background.
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Figure 1. Cartoon representation of a super-hydrophobic surface (a); here, the pattern at the
microscale recovers a hexagonal periodic lattice (b); each silicon micropillar is covered by
features at the nanoscale that can be, for instance, an array of silver nanograins; the entire
device is covered by a Teflon thin film, which assures hydrophobicity (¢).
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Those advantages, in turn, may be exploited for applications spanning specific areas of the physical,
engineering and biological sciences, sometimes bridging traditional disciplines. These applications
comprise, but are not restricted to: the pattering of complex geometries with liquids [10,11], the
separation of oil from water [12], anti-biofouling coatings [13,14], controlling the adhesion of proteins
or bacteria on a surface [15-18], guiding the aggregation of primary neurons into three-dimensional
architectures [19], imaging DNA fibers and gaining exclusive information of the double helix [20] and
advances in the very large area of cell microarray technology [21]. Perhaps more important than
all this, SHSs can be utilized for efficiently delivering molecules in femto-/atto-molar solutions to a
nanoscale plasmonic sensor [7,8,22-24], thus bypassing the diffusion limit. This technique involves the
integration of plasmonic structures into super-hydrophobic surfaces.

What: Hydrophobic materials repel water; a well-known, natural example of a water repellent material
is the lotus leaf: if deposited upon this, a water droplet would assume the form of a sphere without
wetting or spreading on the surface [1,2]. Inspired by the lotus effect, we developed super-hydrophobic
surfaces that mimic the morphology of the lotus leaf using techniques, such as nano-patterning, polymer
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coating, plasma etching and the electrochemical assembly of nanoparticles [22—24]. We created such a
super-hydrophobic surface from arrays of silicon micropillars and optimized the size, periodicity and
aspect ratio of those pillars to enable a large contact angle and low-friction forces that were independent
of the sample droplet radius. Therefore, we allowed a water droplet containing the molecules of interest
to evaporate and slide on the super-hydrophobic surface, leaving very little solution behind. As it
evaporated, the solution became increasingly concentrated, until the droplet finally collapsed onto one
of the pillars, thus confining the solute to a suspended region of a few square micrometers. In tests with
rhodamine 6G molecules as a solute, we found that our silicon pillar surface provided a concentration
factor 10,000 times that of a conventional, flat plasmonic substrate [22]. With A-DNA molecules, we
showed that DNA filaments cross-link to form a network that covers several pillars [22]. As a result, this
simple “drop and dry” scheme provides the good localization and immobilization of molecules for
fluorescent and Raman spectroscopic measurements. We developed this concept even further, as
reported in the remainder of the paper. Some of these developments are reported in the Results section.

Where: Although Raman spectroscopy is a very useful tool for detecting and identifying the molecular
constituents of a sample, the Raman signal is intrinsically very weak at the few-molecule level, which
makes it difficult to extract from any background noise. Strong localization of the molecules during the
drying process enhances the Raman spectroscopic signature. To boost the Raman signal further, we
integrated a range of plasmonic structures into their super-hydrophobic silicon pillars. These metal
structures, presented in Figure 2, and described in the Experimental Section, serve as “hot spots” that
intensify the local electric fields and consequently enhance the Raman signal by several orders of
magnitude. To put it in a nutshell, we combined these surfaces with bio-photonic devices to obtain an
integrated lab-on-a-chip system, where, at the first stage, the SH surface would transport the analytes of
interest into a small area, and at the second stage, the biosensors would permit, in that area, the detection
of the solute with the resolution of a single molecule.

How: Small drops of de-ionized water, containing the moieties at study, should be positioned on the
substrate and allowed to evaporate. In sight of a simple balance of forces, the line of contact at the solid
interface would recede with time, and thus, the footprint of the drop would also gradually reduce. When
the drop gets sufficiently small, a transition to a more stable state occurs, whereby the drop is firmly
attached to the substrate, and the scale-down of the area of contact is prevented. This results in the
accumulation of a few molecules into a very small region, an increased density and the attainment of the
limits of detection.

When: The droplet evaporation time, which takes from a few seconds to several minutes, depending
on its size, dramatically shortens the long waiting time of hours or even days for the traditional diffusion
process. The transport of a trace inside a slowly evaporating drop on a substrate and the consequent
particle deposition is a complex phenomenon that has generated interest for potentials in applications,
such as molecular sieves [25], optoelectronic devices [26], drug delivery [27,28] and for the absorption
and separation of the low molecular weight content of human plasma [29-31]. Despite its complexity,
to the first approximation, this mechanism can be regarded (and analyzed) as the superposition of simpler
effects. These effects are: (i) the displacement of particles inside an evaporating drop driven by convection
and diffusion [32,33]; and (ii) the translocation or capture of a molecule through a nanopore [30,34-36].
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Figure 2. SEM micrographs of the textures of silicon micropillars (a,b); the top of those
pillars can be tailored with random patterns of silver nanoparticles (c,d) or regular arrays of
metallic nanodots (e,f) for surface-enhanced Raman scattering (SERS).
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In brief, the aim of this paper is to expound the contributions that the integration of the
super-hydrophobic theme with nano-geometry-based sensors (optical sensors) can possibly offer to
clinical medicine, specifically in the discipline of early diagnostics. This is technically viable only if an
array of silicon pillars is used like a workable platform, into which micro- or nano-lenses are implanted,
and this is described in the rest of paper. That is why we shall mainly focus on artificial, ordered arrays
of cylindrical micropillars, disregarding other, still mirable, approaches. This essay is dedicated to the
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articulation of this specific perspective. It is not a review of the many important contributions that have
formed and made scientifically significant the field of super-hydrophobicity.

In the literature, one may find several examples of super-hydrophobic devices created out of plastic,
cellulose or other natural (and in-expensive) materials; nevertheless, they are often limited to the still
important issue of controlling and driving a droplet in a plane, and they do this either by: (i) changing
the curvature/shape of patterns of ink on a flexible paper [37,38]; or (ii) fabricating surfaces with
heterogeneous contact angle hysteresis [39]; and, this enables the splitting of the droplet on the surface.
The described devices depart from ours in that they do not present any hierarchical nanostructure
(nano-lenses) that may manipulate the electromagnetic field around them. The novelty of our approach
is represented by the combined use of the super-hydrophobic scheme and nano-optics, which may
resolve the issue of detecting biomolecules in an extremely low diluted solution; in this sense, the
super-hydrophobic theme is only half of the story.

2. Experimental Section

A large variety of different super-hydrophobic devices is reported in the literature. Those surfaces
typically comprise micropillars disposed on the substrate to form a regular hexagonal motif; in some
cases, the periodicity of the pillars may be broken to introduce an increased degree of complexity into
the geometry of the devices. The pillars are therefore modified to incorporate details at the nanoscale,
ranging from bio-photonic devices to nanoporous silicon films. Those extra non-continuous scales would
provide the device with additional, sometimes surprising, functions. Moreover, on account of their
hierarchical structures bridging different length scales, those devices exhibit an increased hydrophobicity
with contact angles as large as nearly 170°. Mathematical modeling and computer simulations can be
conveniently used to describe the physics of small drops on a surface; those models, in turn, can be
utilized to fabricate the devices on the basis of rational design.

Small drops of DI water containing infinitesimal amounts of analytes are gently positioned upon the
surfaces, and the entire process of evaporation is followed over time. The process enables one to concentrate
very tiny amounts of agents over micrometric areas. The evaporation process is performed in a clean
room to reduce the presence of external contaminants and lasts approximately 30 min. The residual
solute may be observed using scanning electron microscope (SEM), transmission electron microscopy
(TEM), fluorescent microscopy and Raman spectroscopy techniques.

2.1. SHSs Tailored with Nanosensors

Artificial super-hydrophobic textures comprise a periodic hexagonal lattice of cylindrical silicon (Si)
micropillars with a certain diameter and pitch. Nanosized geometries appropriately positioned on the
pillars would assure giant surface-enhanced Raman scattering (SERS) enhancement [22,24].
(100) silicon wafers are cleaned with acetone and isopropanol to remove possible contaminants and then
etched with a 4% wet hydrofluoric acid (HF) solution. The wafers are then rinsed with DI water and
dried with N2. Standard optical lithography techniques are employed to dig out regular arrays of disks
within a layer of positive resist that was precedently spin-coated onto clean silicon wafers. Electroless
deposition techniques are employed to grow silver nanograins within the holes. Upon removal of the
residual resist with acetone, a Bosch reactive ion etching process is utilized, whereby the final structures
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were obtained in the form of cylindrical pillars with an aspect ratio greater than 2. The electroless grown
Ag layer served as a mask during the reactive ion etching (RIE) process, while its characteristic granular
structure allowed for the enhancement of the SERS signal. The substrates, as a whole, are then covered
with a thin (few nm) film of a Teflon-like (C4Fs) polymer to assure hydrophobicity. The masks necessary
for optical lithography are typically fabricated using standard electron beam lithography methods.
Figure 2 reports some examples of the final devices. Electroless deposition is a technique whereby metal
ions are reduced as atoms on specific patterned sites of a reducing surface, in our case, a silicon dangling
bonding surface, to form nanoparticulates with the desired chemical and structural characteristics. The
electroless deposition on a substrate is based on an autocatalytic or a chemical reduction of aqueous
metal ions. This process consists of an electron exchange between metal ions and a reducing agent. In
this work, Si substrate was used itself as a reducing agent. A fluoridric acid (HF) solution containing
silver nitrate (AgNO3) is used, where Ag was reduced to metal form by the Si substrate oxidation. In
particular, the patterned silicon wafer is dipped in a 0.15 M HF solution containing 1 mM silver nitrate
for 60 s at a constant temperature 7 = 313 K. After the growth process, the silicon wafer is rinsed with
water and dried under nitrogen flux. The driving force in this process is the difference between redox
potentials of the two half-reactions, which depends on solution temperature, concentration and pH.
Consequently, these parameters influence the particles size and density. In the deposition process, the
kinetics of chemical reaction is some two orders of magnitude faster than diffusion; therefore, a
diffusion-limited aggregation model can be utilized to reproduce the results of the process [40].

2.2. SHSs Covered with Nanoporous Silicon Films

In some cases [41], the surface of the silicon pillars is treated to incorporate nanoporous silicon (NPSi)
films (Figure 3). NPSi films are prepared upon the pillars through a process of Si anodic dissolution.
While simple, untreated Si is intrinsically hydrophilic, and NPSi manifests an apparent contact angle as
large as 130°; these micro-/nano-hierarchical structures reveal an increased contact angle approaching
170°, and this may be explained by a dual scale roughness, as reported in [42—45], and recapitulated in
the Theory Section. The major advance of these devices is the simultaneous use of super-hydrophobicity
and NPSi films. The nanoporous matrix furnishes to the device the capability of extracting the low
molecular weight (LMW) content of a solution, that is a potential source of diagnostic markers for
diseases [5,6]. PSi substrates with a pore diameter lower or equal to 10 nm are obtained by Si anodization
using an electrolyte mixture of HF, DI water and ethanol (by Sigma-Aldrich, Milan, Italy) (1:1:2, v/v/v).
A constant current density of 20 mA/cm? for 5 min at 25 °C is applied. The photoluminescence properties
of the PSi substrate are verified using an ultraviolet lamp, in the long wave ultraviolet limit.



131

Figure 3. Nanoporous silicon devices (a); the silicon micropillars (b) reveal, at smaller
scales, pores with an average pore size of 10 nm (c—e).
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2.3. AG NPs/Nanoporous SH Hybrid Devices

The scheme reported in the former paragraph was developed even further in [46]. Silver nanoparticles
were implanted into the super-hydrophobic NPSi film to guarantee superior SERS capabilities
(Figure 4). In doing so, multifunctional devices are obtained, revealing different functions. Those
functions only arise due to the heterogeneous scales of the system and, namely, the micro, on account of
which the substrate is super-hydrophobic, and the nano, which is the typical length scale of the pores
and of the silver particles dispersed into the pores. In sight of its hierarchical nature, the device may
serve as a biosensor with the ability of: (i) concentrating diluted solutions; (i) transporting and selecting
the biomolecules of interest to the active areas of the device; and (iii) analyzing these molecules with
extreme accuracy. Chains of silver nanograins are implanted into the porous matrix using an electroless
deposition process, as described in Section 2.1. Silver nanograins are obtained with an average
dimension strictly smaller than the pore size.
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Figure 4. Micro-textures of nanoporous silicon pillars where electroless silver nanoparticles
are infiltrated into the pores. In (a), at a smaller scale, you may observe the micro-pillar
covered with the nano-porous silicon film. In (b—e), at larger scale, you can notice the
morphology of the nano-porous matrix and of the silver nano-particles infiltrated into
the pores.
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2.4. TEM Transparent SHSs

The super-hydrophobic concept was utilized in a recent article to obtain a direct image of a DNA
molecule [20]. Transmission electron microscopy (TEM) is a technique that allows imaging with
intrinsic spatial resolution at the atomic scale. When working with few biomolecules, there are some
factors that worsen the final resolution of the obtained images: (i) the poor phase (or absorption) contrast
of atomic species constituting the molecule compared to that of the substrate where the molecule is
sitting; and (i1) the tendency of the molecule to be rapidly damaged when investigated by a high energy
electron beam.

Silicon micropatterned hydrophobic devices allow one to control the deposition of few DNA molecules,
which can be suspended, or stretched, between two adjacent pillars. In creating several passing through
the holes between the pillars constituting the super-hydrophobic surface (Figure 5), the free passage of
the electron beam during TEM measurements (background free imaging) is allowed; in doing so, we
circumvent the conventional TEM resolution limitations described above.

Super-hydrophobic (SH) surfaces are designed and microfabricated. These comprise silicon
micropillars arranged to form a regular hexagonal motif (A); the devices are therefore modified to
incorporate, throughout the substrate, a pattern of holes, B, conveniently aligned with the pillars, which
would permit the passage of the electron beam. The process of the fabrication of these devices is
basically reduced to: (i) creating Pattern A; (ii) creating Pattern B; and (iii) positioning, as precisely as
possible, Pattern A with respect to Pattern B. Pattern A is realized following the methods described in
Section 2.1. Pattern B is realized using a deep reactive ion etching (DRIE) process; where the diameter
of the holes (6 um) is sufficiently large to allow practical use in TEM imaging. In the fabrication,
conveniently positioned on the substrate, a number of alignment markers are used as a reference for the
correct positioning of the holes with respect to the pillars.
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Figure 5. Super-hydrophobic surfaces are designed and microfabricated. These comprise
silicon micropillars arranged to form a regular hexagonal motif; the devices are therefore
modified to incorporate, throughout the substrate, a pattern of holes, conveniently aligned
with the pillars, which would permit the passage of the electrons beam. Figure a—f reports
the device’s geometry at different magnifications.
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2.5. Non-Periodic SHSs

In all of the cited examples, the pattern of the pillars is periodic, that is, the substrate can be obtained
as the repetition of a primitive cell, where the cell is the basis for the lattice. The disadvantage of regular
arrays of pillars is that the analytes, upon evaporation, would randomly target the substrate, with a lack
of precision in positioning the species of interest on specific points of the surface. This limitation can be
circumvented on introducing gradients of wettability in the pattern [47]. This is practically done realizing
a non-periodic array of micropillars, that is, a distribution, where the pitch, d, between the pillars is not
constant, and it would instead smoothly transition from an external region, where 9 is large, to an inner
region, where 6 is small (Figure 6). By doing so, the hydrophobicity would not be constant over the
substrate; rather, some regions would be more hydrophilic than others; on account of this augmented
hydrophilicity, a solute, upon evaporation, would preferentially target these hydrophilic regions, which
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would therefore be the active sites of the devices, and in these sites solely, superior nanosensors can be
embedded. The fabrication of these surfaces is the same as that required for regular geometries, as in
Section 2.1, except for the fact that the optical masks necessary for the lithographies are generated on
the basis of a mathematical model described in [47]. The non-uniform profile of pillars can be obtained
using a contraction, which is a mathematical operation that, on a metric space and with respect to a fixed
point, would displace the pillars in a fashion that their mutual distance would vary following a certain
law. The surface energy of the substrate can be therefore determined and, on deriving that with respect
to space, the non-uniform field of forces exerted on the drop during evaporation. This has some similarity
with the general theory of relativity, where mass warps space-time to create gravitational fields.
Examples of super-hydrophobic devices with a variable pitch are shown in Figure 6.

Figure 6. In the figure are presented devices where gradients of wettability are artificially
introduced into the pattern of pillars. This is practically done realizing a non-periodic array
of micropillars, that is, a distribution where the pitch, d, between the pillars is not constant,
and it would instead smoothly transition from an external region, where J is large, to an inner

region, where o is small. Figure a—c¢ shows a non-uniform pattern of pillars with different
magnifications and points of view.
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2.6. Rational Design of SHSs

It is well known that the physics of micrometric or sub-millimetric drops is correctly governed
by surface tension solely [48]. The angle of contact, 6, at the solid/air/liquid interface indicates
the propensity of a droplet of whether wetting or not a surface. Surfaces where 6 > 150° are
super-hydrophobic. A drop of water, positioned on such surfaces, would maintain a quasi-spherical
shape, with a contact angle at the air-solid interface that can be theoretically predicted with excellent
accuracy. In the celebrated model of Cassie and Baxter, the wetting behavior of the surface is lumped in
the sole parameter, ¢, that is, the ratio of the solid to the total projected area [49]:

cos@, =—1+¢@(cos+1) (1)

at the limit of ¢ going to zero, p—0, 6—180°, and the droplet would resemble a perfect sphere. For a
periodic hexagonal lattice of cylindrical pillars, where the diameter, d, of the pillars and the distance, 9,
between those pillars may be arbitrarily imposed, the fraction, ¢, can be derived as ¢ = nd*/(d + §)*.
If ¢ 1s small, and thus 6. is large, the contact line would jump inward from a thread of pillars to another,
while the drop evaporates. Therefore, in the first approximation, one would produce structures where
the distance between the pillars is large and ¢ is small. Unfortunately, the collateral effect of small ¢ is
that a drop would collapse at the early stage of evaporation. Equation (2), below, reveals the minimum
radius of a drop before impalement, whereby an irreversible transition to a pinned state occurs. In this
situation, no further contact area shrinkage is possible:

r.o= o o)
™ cos @ @)

In what follows, a criterion is discussed that would guarantee the best trade-off between sufficiently
dense forests of pillars, which prevent the early collapse of the drop and avoid dispersion, and diluted
structures, which instead assure a large contact angle. Let the surface be patterned as to reproduce a
regular lattice described by d and §, where the significance of these symbols is given above. If d is fixed,
then the system would be determined given the sole . The aim here is to determine the optimal 6 that
would induce large 8, while still retaining the advantages of a small 7min. To do this, we introduce the
function, ¥, which is the superposition of the two non-dimensional contributions ¥ = ¥1 + ¥2.

Y1 accounts for the effects of the microstructure on the contact line, W1 = /R, where R is the initial
radius of the drop.

¥ accounts for the effects of the microstructure upon the smallest radius of contact before collapse:

_r__ 1 1_¢1/2
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Y is not monotonic with respect to 8. A value of d can be determined where ¥ attains a minimum
(Figure 7), and this would the best gap for a fixed d. Figure 7 shows, in the plane d-0, the area of optimal
design according to this criterion.
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Figure 7. The diagram shows the region of optimal design, that is, the subset of pattern
configurations, in terms of d and 6, which guarantee large contact angles, still retaining the
advantages of a small radius of collapse (a). This working distance is obtained on minimizing
the function, ¥, as explained in the modeling section (b,c).
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2.7. Non-Continuum Description of Hierarchical Hydrophobicity

In Section 2.3, we presented devices where the increased hydrophobicity depends on thin nanoporous
films. Porous silicon, or nanoporous silicon (NPSi), is a form of Si containing a layer of nanosized pores
artificially introduced in its microstructure, thus revealing an increased surface-to-volume ratio. NPSi
exhibits certain promising properties, including highly controllable and reproducible pore size and
distribution; bio-reactivity; biocompatibility; biodegradability in physiological environment; photo
luminescence at room temperature and hydrophobicity [50]. Nevertheless, some NPSi-related
phenomena are still not well understood or, at best, their explanation is controversial. This would be the
case of the increased hydrophobicity of NPSi films, whereby the observed contact angle of a drop of
water settles down to extremely high values, well beyond those predicted by Cassie—Baxter’s classical
theories. Considering that those nanoporous surfaces have, on average, a porosity of about p = 0.4,
expressed as the fraction of the volume of voids over the total volume, and that the porosity can be, in
turn, rephrased in terms of ¢ as ¢ = 1 — p, it follows that for those NPSi films, ¢ = 0.6. Upon using this
value in the classical Cassie and Baxter formula Equation (1), a contact angle as large as 95° is predicted,
considerably smaller than that revealed by direct experiments, where 6 instead approaches 140°. In [42],
a new theory has been presented that explains this discrepancy. This theory explores the wettability
mechanisms on a randomly patterned surface at a non-continuum level.

Fractals are mathematical objects that are too irregular to be described by conventional geometry.
They all retain, to different extents, certain properties that may be reviewed as follows: (i) they reveal
details on arbitrarily small scales (fine structure); (ii) they can be generated (and thus described) by short
algorithms (perhaps recursively); (ii1) they exhibit a fractal dimension, Df, strictly greater than the
classical topological dimension. The latter property reserves particular attention, in that it claims that a
surface, under a fractal point of view, may have a dimension, Df, even greater than 2, and the more Df
is close to 3, the more the fractal set fills the space it is embedded in. On account of this, an NPSi surface,
to an extent, depending upon its fractal dimension, would be hierarchical: thus revealing, on different
scales, the same self-affine structure. We shall denote, here, with n, the scale factor (that is, the level of
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detail describing the set at study). Accordingly, the classical Cassie and Baxter expression for the contact
angle, 6, may be rephrased in terms of a recursive function in, n [42]:

cosé

nH T

= 1+¢(COSH +1) (4)

Notice that, for n = 1, Equation (4) recapitulates the classical Cassie and Baxter equation. While, the
larger n, the more the substrate is hydrophobic. The issue, here, is identifying the correct n. To do this,
the surface area magnification factor, o (that, to a certain measure, is connected to the length of the
profile under examination), is deduced according to two different procedures, and from the comparison
of these, n would be determined. In the first approach, o is expressed in terms of the fractals parameters

A, X and Df [42]:
A Df -2
3

where A and A are the upper and lower limits of the fractal behavior and Df has the meaning explained
above. Notice that the parameters in Equation (2) may be deduced experimentally from the Power
Spectrum PS, and thus, given an AFM profile, ¢ would be determined. In the second approach, the
definition of o 1s used:

o= (6)

In Equation (6), y is a length of base (that is, the length of the profile in the continuous limit n = 1),
while I is the fractal, actual length of the profile. On expanding Equation (6), one would obtain:
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Additionally, on comparing Equations (5) and (7), one would obtain the right » to use in
Equation (4).

3. Results
3.1. SEM Verification of the Samples

The devices presented heretofore were verified against the deposition, concentration and detection of
a few molecules of Rhodamine 6G (R6G). R6G was used for the evaluation of the devices in that its
utilization in biotechnology applications is very well assessed; it is a supplement to fluoresceins, as it
offers longer wavelength emission maxima; and it is conveniently and extensively used for standard and
non-standard labelling essays. Solutions were prepared containing R6G molecules with a concentration as
low as 107'® M. Evaporation processes of small drops of solution were followed over time until an
irreversible transition to a pinning state occurred. Few molecules were conveniently forced to confine
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into a small area, at the limit, upon a single pillar. Figure 8 shows an array of SEM images of the residual
solute of R6G at different magnifications ranging from 150% to 2500%. The initial footprint of the drop
measures up to about 1.6 mm, and on average, 1.2 mm, while the solution, at the final stage of the process,
sediments in a bounded region sized a few tens of microns or less (Figure 8b—d) and, in some cases, upon
one single pillar (Figure 8e). Considering bi-dimensional scale effects solely, the device is capable of
concentrating a solution some (1200/40)>~10° times. More importantly, all the deposits are suspended
upon the pillars, the residual R6G is arranged in complex forms or agglomerates that wrap the pillars,
connecting them one to the other, without touching the bottom of the substrate.

Figure 8. SEM micrographs showing the concentration ability of super-hydrophobic
surfaces (SHSs). At the end of an evaporation process, a few molecules of solute are forced
into a micrometric area; in this case, Rhodamine 6G, as it is used as a solute. From a—f, you
can notice the residual solute upon evaporation, suspended upon few pillars. In some cases,
as in f, the residue links adjacent pillars.

3.2. Confocal and SERS Measurements of the Samples

The evaporation sequence of a drop upon a super-hydrophobic surface is reported in (Figure 9a—c),
where the volume of the solvent steadily diminishes with the time parameter, ¢, varying from ¢ = 0 min,
in Figure 9a, to £ = 30 min, in Figure 9c. This scheme allows one to concentrate a few molecules in a
restricted area, as reported in the SEM images above. Fluorescent images in (Figure 9d—f) would prove
that the identification of a residue, such as R6G, is correct, and it is not instead constituted by debris or
other refuse. The intensity of fluorescence is directly proportional to the quantity of substance deposited
on the pillars, and thus, in the central part of the substrate, the amount of R6G is higher and diminishes
as we move towards the sides. Notice the high degree of precision with which the intensity of the signal
of fluorescence recovers the mass of the solute distributed upon the substrate. Micro-Raman mapping
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measurements (Figure 9g—i) were performed to further substantiate the method. The mapping analysis
was performed by referencing the band centered at 1650 cm™'. In the figures, mapping images in surface
mode are overlapped onto the scanning area, and this clearly highlights the variation of intensity as a
function of the position within the area of interest. Figure 9g—1 shows measurements for an initial
concentration of 107'® M, and in the present case, the Raman signal comes prevalently from the central
region of the deposit, as expected.

Figure 9. Droplet evaporation scheme showing the volume evolution of a drop on a
super-hydrophobic surface over time (a—d). Fluorescent images (d—f) prove that identification
of the residue as R6G is correct, and it is not instead constituted by debris or other refuse.
The intensity of fluorescence is directly proportional to the quantity of substance deposited
on the pillars, and thus, in the central part of the substrate, the amount of Rhodamine 6G
(R6G) is higher and diminishes as we move towards the sides. Raman SERS measurements
of the samples (g—i).

100 Y (1m)

a0 ©

3.3. TEM Measurements of DNA fibers

Here, we show the potentials of SHSs in imaging single filaments of DNA using transmission electron
microscopy (TEM) techniques. These results have been presented in [20]. The preparation in view of
the TEM imaging was obtained by allowing the water to evaporate from the original liquid sample.
The super-hydrophobic surface was treated in a way that the adhesion force between it and the
water was very low (a friction coefficient of about 0.02), and during the evaporation, pinning of the drop
was avoided. As a result, DNA molecules could be deposited, suspended and well tensed between the
pillars, and more importantly, several DNA bundles resulted in being suspended in correspondence
with the holes Figure 10. The suspended DNA bundles have a well-reproducible diameter, between eight
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and 200 nm. In Figure 10e, DNA bundles with strong mechanical stability under an electron beam up
to 100-keV accelerating energy and beam current in the pA range are shown. This method was used
in [20] to image in detail the 10 periods of DNA, where the period measures 2.7 + 0.2 nm, corresponding
to that known for ds A-DNA in the A conformation.

Figure 10. Super hydrophobic surfaces (a,b) with very low adhesion forces allow one to
avoid the pinning of the drop during evaporation. As a result, DNA molecules are deposited,
suspended and well tensed between the pillars (a), and more importantly, several DNA
bundles resulted in being suspended in correspondence with the holes (c—e).

- 10pm JEOL 10/10/2011
15.0kV SEI SEM WD 10.7mm 5:21:28

4. Discussion

Surface plasmons are waves that propagate along the surface of a conductor. By altering the structure
of a metal’s surface, the properties of surface plasmons—in particular, their interaction with light—can
be tailored, which offers the potential for developing new types of photonic devices. This could lead to
miniaturized photonic circuits with length scales that are much smaller than those currently achieved [51].
Surface plasmons and the properties thereof may be directly correlated to Raman scattering. This effect
is named after C.V. Raman, who experimentally discovered it in 1928 [52]. When light interacts with
matter, it may scatter inelastically from vibrational quantum states. During that process, photons may
lose energy to, or gain it from, vibrational excitations. A change in the photon energy must produce a
concomitant shift in the frequency of the scattered light. While the Raman effect alone is relatively
modest, and thus, it offers an effective, but limited instrument to investigate matter and the properties
thereof, it may be artificially incremented by several orders of magnitude (to obtain a substrate-enhanced
Raman scattering (SERS) effect) basically in two ways.

An increased Raman signal appears due to a magnification of both incident and Raman-scattered
fields, an effect known as electromagnetic enhancement. Moreover, the electronic interaction between
molecule and metal can modify the scattering process itself and produce an effectively larger
cross-section than would occur by scattering light from the molecule alone, an effect known as electronic
or chemical SERS. The total enhancement is a product of the two mechanisms. Here, we shall discuss
the metal-radiation interaction mechanism solely.

In the close proximity of metal nanoclusters, field enhancement occurs because of the resonant
interaction between the optical fields and surface plasmons in the metal [51-53]. In essence, the light
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from a laser beam excites the surface plasmons, which are collective oscillations of conduction electrons.
Those plasmons then radiate a dipolar field. The coherent interaction of the incoming electric field with
the dipolar field leads to a redistribution of electric-field intensities in areas around the metal clusters. A
molecule nearby or adsorbed on the metal feels an enhanced excitation intensity. Therefore, its
Raman-scattered field is enhanced in the same way that the incident laser field is. Indeed, one can liken
the metallic clusters to tiny antennas that enhance and transmit the Raman-scattered light. The
enhancement depends on the type of metal, its degree of roughness—the sizes and shapes of the clusters
that form—and the frequency of the incident light [54—56]. In this scenario, the precise and tight control
of the morphology of metallic structures at the nanoscale is a major requisite for the design of efficient
SERS substrates.

The new revolution in nanoscience, engineering and technology is being driven by our ability to
manipulate matter at the molecular, nanoparticle and colloidal level to create designer structures. The
discovery and understanding of the fundamental principles of how nanoscale systems of building blocks
assemble enables us to nano-engineer new materials, where their physical properties depend intimately
on their structure [57]. The organization of individual building blocks into ordered structures is
ubiquitous in nature and found at all length scales. Examples include simple and complex crystals in
atomic systems, liquid and plastic crystals in molecular materials and super-lattices of nanoparticles and
colloids. The formation of atomic materials structures can be rationalized, to the first approximation,
from geometric considerations and from a delicate balance of entropy, diffusion, chemical and atomic
forces [58—60]. Mechanisms that cause nanoparticles to assemble into near-ordered structures are
desirable for the correct control of those forces and for the precise organization of these particles into
inorganic super-clusters.

Those super-clusters, in turn, may be the constituents (the fundamental building blocks) of efficient
SERS substrates, for which one should control as accurately as possible: (i) the size of the features,
which should have a characteristic length scale comparable with A/10 (1 is the electromagnetic
wavelength); and (ii) the distance between the elementary nanostructures that, differently from size,
should have a characteristic length scale comparable with 4/100. These two length scales are the reason
why nanoplasmonics and nanofabrication are tightly connected [55].

While randomly rough surfaces still induce a sensible enhancement in the signal of the electric (E)
field [23,61], regular geometries are the best building blocks for advanced optical devices, where a good
theoretical control can be achieved for a desired optical response. For certain architectures, this response
can be extremely strong, with |E|* enhancement up to six orders of magnitude [54,56,62—67]. Recalling
that the Raman signal in SERS substrates scales with the fourth power of the electric field, similar
geometries would guarantee a Raman increment of the order of 102, which is a giant enhancement of the
spectroscopy signal, which would be sufficient to reveal, in theory, the signature of a single molecule.
With unprecedented applications in fields spanning the physical and biological sciences, including the
early detection of cancers or other pathologies, whose evolution in time is related to the release in blood
of biomarkers in extremely low abundance ranges.

The fabrication of similar geometries is result that has been achieved. In Figures 2, 4 and 6 and the
captions thereof, we report nano-lenses on a pillar surface, where those lenses are either disordered
random ensembles of silver nanoparticles in a plane (Figure 2c¢,d, Figure 6), or ordered arrays of
nanoparticles (Figure 2e,f) or networks of metal grains infiltrated in a matrix of nanoporous silicon. In
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all of the described cases, the size and spacing of the structures is controlled at the nanometer level.
Similar nano-geometries were realized using electroless deposition methods, ultra-high resolution
Electron Beam Lithography EBL pattering methods or a combination of these, as described in the
Experimental Section and, in detail, elsewhere [55,68-72].

Nevertheless, the presented nanomaterials, while they are advanced in the terms of the overall
architecture and potential use as nano-lenses, may be ineffective if utilized directly as biosensors, in that
the transport of the target species towards the cited sensors, driven by diffusion, would take impractical
(unacceptably long) time scales, and this has been scrupulously discussed in the Introduction. Thus, the
efficiency of similar sensors is hampered by diffusion.

Recently, a breakthrough strategy has been proposed that delivers the promise to surpass the described
limitation, where the adjective, breakthrough, is justified by the fact that a similar strategy relies on a
mechanism that is completely different from either plasmonic resonance or diffusion.

Instead, it is based on non-wettable, super-hydrophobic materials.

In this paper, using the original scheme of the five Ws, we reviewed and commented on a new family
of devices in which diverse sensitive nanomaterials (that are, silver nanoparticles, nanoporous silicon,
ordered arrays of micropillars) and the properties thereof (nanoplasmonics and SERS effects,
super-hydrophobicity, nano-filter capabilities) are combined to beat diffusion [22] and use the described
nano-lenses more efficiently.

5. Conclusions

Non-invasive analysis in biological fluids is gaining increasing interest in the diagnosis and
experimental assessment of diseases. As an example, it is very well understood that malignancies can be
identified based on their molecular expression profiles. Exclusive markers extracted from serum, other
biological fluids or any sample obtained through minimally invasive techniques can be realistically
employed to discriminate cancers or other pathologies. The possibility to realize innovative sensing
devices to measure specific analytes without any pain for the patient is a novel frontier in health control.
Super-hydrophobic surfaces are biomimetic, microstructured solids with a texture given by a regular
hexagonal lattice of micropillars. They deliver great potentials in biotechnology, because they reveal
superior properties compared to conventional flat surfaces, including extremely low friction coefficients.
On account of this, a millimetric drop would maintain a spherical shape if positioned upon those surfaces.
Most importantly, during evaporation, the molecules contained in the drop can be concentrated, localized
or transported into specific points of the substrate. These properties may be used for a variety of
applications of medical interest. In this work, using the scheme of the 6W, the most promising
applications of SHSs are reviewed. On integrating similar substrates with nano-geometrical SERS
devices, molecules have been detected in very low abundance ranges, with femto- to zepto-molar
sensitivity; DNA fibers have been imaged, thus gaining exclusive information about the double helix;
and a few, small Rhodamine molecules have been separated from large albumin proteins using
nanoporous silicon as a molecular sieve.
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