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Today, thin films are near-ubiquitous and are utilised in a very wide range of industrially and
scientifically important areas. These include familiar everyday instances such as antireflective coatings
on ophthalmic lenses, smartphone optics, photovoltaics, decorative and tool coatings. There exist also
a range of somewhat more exotic applications, such as astronomical instrumentation (e.g., ultra-low
loss dielectric mirrors and beam splitters in gravitational wave detectors, such as Laser Interferometer
Gravitational-Wave Observatory (LIGO)), gas sensing, medical devices and implants, and accelerator
coatings (e.g., coatings for the Large Hadron Collider (LHC) and Compact Linear Collider (CLIC)
experiments at European Organization for Nuclear Research (CERN)).

The aim of this Special Issue is to provide a platform for researchers working in any area within
this highly diverse field to share and exchange their latest research findings.

Thin films are everywhere in the modern world, with many of the technologies we depend upon
in daily life being, in turn, dependent upon thin film technology. These may range in dimension
from an atomic or molecular monolayer—perhaps only a few dngstroms thick—to either mono- or
multilayer coatings with a thickness of several microns.

Such materials may have a huge range of extremely useful properties; they may be, for example,
anti-reflective, impervious to oxygen and/or other gases, optically transparent yet electrically conductive,
catalytic, and self-cleaning. Everyday examples featuring thin film technology include, but are not
limited to, mobile phones, touch screens, laptops, and tablets [1,2].

Other important applications of thin films include bandpass filters as used in gas analysis [3],
mirrors used in astronomy [4-6], protective (e.g., biomedical, anticorrosive, and antimicrobial)
coatings [7], architectural glass coatings (e.g., to reflect heat while transmitting visible light) [8],
photovoltaic electricity generation [9,10], and a great many others.

There are also a great many routes to deposition of thin film materials, including electron beam
evaporation [11,12], ion beam sputtering [4,6,13,14], chemical vapour deposition (CVD) [7,15-18],
magnetron sputtering [19-21] and atomic layer deposition (ALD) [22,23].

As a result, thin film deposition continues to be a very active area of research and development.

This Special Issue contains 11 original research articles.

In their article, Hseih et al. [24] report on the effect of hydrogen dilution ratio (R = Hp/SiH,) on
the structure and optical performance of nano-crystalline hydrogenated silicon (nc-Si:H) thin films,
deposited by plasma-enhanced chemical vapour deposition (PECVD). They describe the process
by which the transition from the amorphous to nanocrystalline state can be controlled by careful
adjustment of R and suggest an optimal range of R = 30-40 to favour nc-Si:H growth. This is likely to
be of great interest within the fields of photovoltaic energy generation and optoelectronics.

Schwinger et al. [25] discuss a novel, non-vacuum, liquid phase method of depositing thin
films of aluminium on spherical glass substrates, comparing the results to those obtained by a more
conventional physical vapour deposition (PVD) process for reference. It is reported that reflectance
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of solid micro glass spheres can be increased by around 30%, a comparable result to that achieved
using PVD.

This could have applications in, for example, road stripe paints and in mid-infrared reflective
interior architectural paints, which can potentially reduce energy usage for the heating of buildings.
Li et al. [26] describe a study carried out using metal-organic chemical vapour deposition (MOCVD) of
-GayOj films. They systematically explore the effects of oxygen:gallium ratio during deposition on
the structural and optical properties of the films, and on the growth rate; an optimum ratio for crystal
quality of 11.2 x 10? is established. This may be beneficial in a range of device fabrication applications.

In their paper, Sriubas et al. [27] utilise electron beam evaporation to deposit scandia-doped
zirconia and scandia-alumina co-doped zirconia thin films. XRD and Raman spectroscopy are used to
probe the structure of the films; the addition of aluminium dopant hinders the formation of the cubic
zirconia phase while stabilising it at temperatures >300 °C. Relations between substrate temperature,
crystallite size and ionic conductivity are presented. This work is likely to be of interest in fuel cell and
oxygen sensor development.

Lee et al. [28] investigate a novel variant of CVD as a fabrication method for durable
superhydrophobic coatings. This method allows the manufacture of such coatings at relatively
low temperatures and negates the requirement for substrate pre-treatment. The applicability to paper
and cotton fabric is also demonstrated. This class of material has many potential uses, including in
antifouling, water repellents and self-cleaning surfaces.

Stachiv and Gan [29] present a very interesting application of microcantilevers as typically used
in conventional atomic force microscopy (AFM), repurposed to facilitate measurement of Young’s and
shear moduli, Poisson’s ratio, and film density. This could have significance in ultrathin film analysis,
relevant in photovoltaic, optical, microelectronic and sensor applications.

In their paper, Tillmann et al. [30] discuss a combination of thermal spraying and PVD
(magnetron sputtering) for the manufacture of Ni/Ni-20Cr thin film thermocouples for use in process
monitoring of flat plastic film extrusion. Polypropylene foils of good surface quality are shown to be
producible using such devices, which are also highly stable in operation. This work demonstrates
that PVD-deposited thermocouples are a promising approach for automated manufacturing
process monitoring.

Zhang et al. [31] investigated the use of an oxygen ion beam to improve the performance
of magnesium fluoride (MgF,) as an optical coating layer in the visible, near infrared (NIR) and
mid-wavelength infrared (MWIR) spectral regions. They report that as oxygen flow increases, the film
density and refractive index increases; an MgO phase is formed within the MgF, matrix, with oxygen
filling F~ ionic vacancies. This hinders the combination of magnesium ions with hydroxyl groups
present in the atmosphere, and water adsorption is also decreased and thus reducing optical absorption
of the film in the infrared. This also, however, has the undesirable effect of increasing film stress
and weakening adhesion to the substrate. To circumvent this issue, the authors propose a solution
involving a very thin MgF, layer being deposited first, without ion assist, followed by a second oxygen
ion beam-assisted MgF, layer. MgF, is a commonly used material in optical coatings, particularly in
anti-reflection coatings, and so this research is likely to be of great interest in the optical coating field.

In their paper, Zhang et al. [32] propose a metal-insulator-metal structure, designed to operate as
a dual-function metalens. This metalens has a focal length of 5 um for x-polarisation and 15 um for
y-polarisation, and functions within the 750-850 nm waveband. The structure may also function as a
type of beam splitter. This is likely to be of interest within the field of metamaterials research.

In the area of tribological coatings research, Smolik et al. [33] investigate the effect of tungsten
doping of magnetron sputtered titanium diboride coatings. They report improvement of brittleness and
fracture toughness of such coatings by addition of tungsten in the range of 0-10% at. This has the effect of
changing the coating’s microstructure, from a typical columnar structure to a nanocomposite structure,
decreasing the energy of individual cracks during fracture testing and consequently increasing the
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fracture toughness. This could have many potential applications, including in armour manufacture,
wear-resistant coatings and cutting tools.

Finally, and staying on the topic of tribological coatings, Skordaris et al. [34] describe the reduction

in residual stresses in 5 pm-thick nanocrystalline diamond coatings deposited on cemented carbide
insert tools, via an optimised annealing process. This results in an impressive enhancement of fatigue
strength and milling performance of such tools, increasing the components’ service life by up to four
times that of a non-annealed coated tool. This is likely to be of great interest in diamond coating
research and industrial cutting applications.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: We report plasma-enhanced chemical vapor deposition (PECVD) hydrogenated
nano-crystalline silicon (nc-Si:H) thin films. In particular, the effect of hydrogen dilution ratio
(R = Hy/SiHy) on structural and optical evolutions of the deposited nc-Si:H films were systematically
investigated including Raman spectroscopy, Fourier-transform infrared spectroscopy (FTIR) and
low angle X-ray diffraction spectroscopy (XRD). Measurement results revealed that the nc-Si:H
structural evolution, primarily the transition of nano-crystallization from the amorphous state to
the nanocrystalline state, can be carefully induced by the adjustment of hydrogen dilution ratio (R).
In addition, an in situ plasma diagnostic tool of optical emission spectroscopy (OES) was used to
further characterize the crystallization rate index (Hy*/SiH*) that increases when hydrogen dilution
ratio (R) rises, whereas the deposition rate decreases. Another in situ plasma diagnostic tool of
quadruple mass spectrometry (QMS) also confirmed that the “optimal” range of hydrogen dilution
ratio (R = 30—40) can yield nano-crystalline silicon (n-Si:H) growth due to the depletion of higher
silane radicals. A good correlation between the plasma characteristics by in situ OES/QMS and the
film characteristics by XRD, Raman and FTIR, for the transition of a-Si:H to nc-Si:H film from the
hydrogen dilution ratio, was obtained.

Keywords: PECVD; plasma diagnostics; nc-Si:H; RF-PECVD; Fourier-transform infrared
spectroscopy (FTIR); quadruple mass spectrometry (QMS); optical emission spectroscopy (OES);
X-ray diffraction spectroscopy (XRD)

1. Introduction

Hydrogenated nanocrystalline silicon (nc-Si:H) is a promising material to have distinguishing
characteristics of higher carrier mobility, greater doping efficiency and efficient visible
photoluminescence [1-3]. Generally, the re-crystallization technique such as rapid thermal
annealing [4], excimer laser [5], and aluminium induced crystallization [6] were typically used to
obtain the nc-Si:H films with a variety of applications in silicon-based tandem device solar cells [7,8],
photovoltaic and optoelectronic devices [9].

On the other hand, several chemical vapor deposition (CVD) techniques have been widely used
to deposit the thin films include hot wire CVD (HW-CVD) [10], layer-by-layer (LBL) deposition [11],
magnetron sputtering [12], electron cyclotron resonance CVD [13], and plasma enhanced CVD
(PECVD) [11] and its variant, very high frequency plasma-enhanced chemical vapor deposition

Coatings 2018, 8, 238; doi:10.3390/ coatings8070238 5 www.mdpi.com/journal/coatings
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(VHF-PECVD) [14]. In particular, PECVD is the one of the standard industrial processes in the solar
cells and Thin-Film Transistor (TFT) technology.

In the PECVD growth of thin films, critical process conditions, including the gas flow composition,
chamber environment, RF power density [15,16], process gas mixtures of hydrogen (H;) and silane
(SiHy) [17,18], should be carefully monitored. Therefore, plasma diagnostics is essentially useful for
investigations of thin film growth plasma conditions. Several diagnostic tools such as optical emission
spectroscopy (OES) [19,20] and quadrupole mass spectrometry (QMS) [21-23] were previously reported
to in situ monitor the plasma chemistry. The deposited thin films can be further characterized by
Fourier-transform infra-red spectroscopy (FTIR) [24,25], X-ray diffraction spectroscopy (XRD) and
Raman spectroscopy such that the structure of the materials can be extensively investigated. For the
low temperature deposition of polycrystalline silicon and solar cell applications, a thorough review
had been reported and the characteristics of deposition and physical properties were comprehensively
indicated to be the guiding parameters for achieving poly Si films at high deposition rates [26].

In this paper, we present the effect of hydrogen dilution ratio (R = H, /SiHy) on structural and
optical properties of PECVD nc-Si:H films. In addition, Raman spectroscopy and XRD tools are
performed to study the growth of a-Si:H transition to nanocrystalline silicon (nc-Si:H). By varying
the hydrogen dilution ratio, the film properties were experimentally correlated with the emission
intensities of the excited radicals from plasma diagnostic tools of OES and QMS. The obtained results
demonstrated that hydrogen dilution ratio (R) played a critical role in PECVD nc-Si:H films.

2. Experimental

Intrinsic hydrogenated nanocrystalline silicon (nc-Si:H) films were PECVD deposited with silane
and hydrogen which were used as a source gas and diluent, respectively. The main purpose of
this study aims to quantatively characterize the amorphous to nano-crystalline transition, therefore,
a systematic variation of hydrogen dilution ratio (R = Hp /SiHy4) of 5-40 was carried out with RF power
frequency 13.56 MHz and substrate temperature (210 °C). For characterization purpose, films were
deposited on 2 x 2 cm? Cz(100) n-type 1-5 Qcm? single-side polished wafer and Corning eagle XG
glass (Corning Incorporated, Corning, NY, USA). Prior to deposition, the wafers were cleaned using
H,0,:H,S04 = 1:2 solution for 5 min, followed by dipping in 2% HF for 1 min to remove native oxide,
rinsed in DI water, dried in N, atmosphere and then the wafers were immediately transferred into
vacuum chamber to prevent wafers from the native oxide layer growth.

Raman spectroscopy (Horiba iHR550, Irvine, CA, USA), Fourier-transform infrared spectroscopy
(FTIR-Perkin Elmer Spectrum 100, Shelton, CT, USA), Quadruple mass spectrometry (QMS-Hiden
PSMO003P, Warrington, United Kingdom), Optical emission spectroscopy (OES-ocean optics usb2000+,
Winter Park, FL, USA), X-ray diffraction spectroscopy (XRD-PANalytical Empyrean, Royston,
United Kingdom) measurements were performed. The film thicknesses were measured using a
profilometer of Alpha-step (KLA-Tencor D-300, Milpitas, CA, USA). OES measurement was primarily
used to investigate the in situ excited radicals inside plasma. QMS is adopted to quantitatively monitor
the plasma condition in assisting the development of deposition process.

Films were deposited in a commercially available PECVD unit (Creating Nano-Technologies,
PE-001, Tainan, Taiwan) as schematically shown in Figure 1. This parallel plate PECVD reactor with
two attached plasma in situ diagnostics of OES and QMS on the side is used. The in situ QMS was
applied and the position of the QMS orifice is fixed to the chamber wall quartz window. Threshold
ionization mass spectrometry (TIMS) was also used to detect atomic mass unit (amu) in the range
of 0-90 and the time resolution is set at ~240 s sweeping time during measurements. The process
chamber was kept at a base pressure less than 10~° Torr via the coupled turbo molecular pump (TMP).
The detailed deposition parameters are illustrated in Table 1.
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—

(

Figure 1. Schematic diagram of the PECVD equipment with a 13.56 MHz radio frequency (RF) and in
situ plasma diagnostic tool of OES and QMS on the side. H, gas, SiH4 gas and Ar gas are introduced in
the chamber from upstream of the plasma zone.

Table 1. Main process parameters used of the deposition of intrinsic nc-Si:H thin films by PECVD.

Source Gas Flow Ratio Deposition . Substrate
Pressure Power . Distance
Gases M Ar (2 SiH, (3)Hy Time Temperature
. 300 25, 50, 100, . o
Ar, SiHy, Hy mTorr 100 W 3 sccm 5 scem 150, 200 scem 60 min 25 mm 210°C

3. Results and Discussion

3.1. Effect of the Hydrogen Dilution Ratio on the Deposition Rate

Figure 2 shows the relationship between the deposition rate (black circle line), SiH*/Ar and
H*/ Ar ratio as extrapolated from optical emission spectra as a function of different hydrogen dilution
ratio (R = Hp/SiHy). In Figure 2, the intensity of the Hy*/Ar ratio is comparatively higher than
that of the SiH*/ Ar counterpart for the hydrogen dilution ratio (R), which is greater than 20. It was
experimentally observed that the deposition rate decreases with the increase in hydrogen dilution
ratio (R). Similar trends between the SiH* intensity and the deposition rate were reported [27], and,
furthermore, ion bombardment [28] and hydrogen etch (H*/Ar ratio) [29] impact will result in heavy
defects and easily crumbled film. Thus, the deposition rate decreases as hydrogen dilution ratio
increases, as shown in Figure 2.
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Figure 2. Effect of the hydrogen dilution ratio (R) on the deposition rate (black line) the SiH* emission
intensity (blue circle line) and Hy* emission intensity (blue triangle line).

3.2. Low Angle XRD Analysis

XRD patterns of five typical samples under the same RF power (100 W) but different hydrogen
dilution ratios are presented in Figure 3. The transformation from the amorphous to the partially
crystalline state can be observed for peaks at angles 28.5°, 47.2° and 56.2°, as assigned to Si(111), Si(221)
and Si(311) reflection planes of faced-centered cubic silicon, respectively.
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Figure 3. Low angle XRD pattern of nc-Si:H films deposited under different hydrogen dilution ratio
(R) using the PECVD method.



Coatings 2018, 8,238

In the case of low hydrogen dilution ratio (R = 5), no crystal grains and apparent structural
evolution were detected in the a-Si:H thin films. Further increasing the hydrogen dilution ratio
(R =10 and 20) still shows amorphous films centered at 20 ~27.5°. On the other hand, films deposited
with higher hydrogen dilution ratio (R = 30 and 40) the XRD pattern show three peaks at 26 ~27.3°,
46.8° and 56.5°, respectively, vividly showing the existence of nanocrystalline-Si phase. This results
are in good agreement with the other XRD patterns of three peaks at 26 ~28.4°, 47.5° and 56.1° [30].
The higher the dilution ratio R, the crystal grain size increases (as evidenced from Raman spectra) with
higher crystallinity (the volume fraction of partially nanocrystalline structure) with the increase of
the hydrogen dilution ratio. Therefore, it is concluded that the hydrogen dilution ratio in PECVD is a
critical processing factor for the growth of nc-Si:H films.

3.3. Raman Spectroscopy Analysis

Raman spectroscopy is used to investigate the nanocrystalline structure of deposited films.
Figure 4 shows the Raman spectra of the nc-Si:H films deposited at different hydrogen dilution
ratio (R) ranging from 5 to 40. The volume fraction of crystallites (Xraman) and crystallite size (drRaman)
of nc-Si:H films can be calculated using the Levenberg-Marquardt method by de-convoluting into
three peaks as a crystalline peak (~510 cm™!), an amorphous peak (~475 cm™!) and an intermediate
peak (~490 cm™1), respectively [31]. Typical de-convoluted Raman spectra for nc-Si:H film deposited
at R = 40 are shown in Figure 5. The crystalline fraction (Xraman) can be calculated [31]:

IC+Im

—_— 1
IC+Im+Ia ()

XRaman =
where I¢, Iy and I, are the integrated intensity of 520 cm~ ! (the crystalline phase), 500 cm~ ! (the
intermediate phase) and 480 cm™! (the amorphous phase). The crystallite size (dRaman) can also
be calculated:

dRaman = 270 % ()
where Aw is the peak shift compared to c-Si peak located ~520 cm ! and =20 cm ! nm? [8].
Atalow hydrogen dilution ratio (R = 5, 10 and 20) as seen in Figure 4, the deposited films show the
typical a-Si:H absorption peak centered ~480 cm ™. However, the onset of nanocrystallization can be
experimentally observed of the film deposited at a hydrogen dilution ratio (R = 30), which corresponds
to the Transverse Optic (TO) phonon peak centred —507 em~! of the nanocrystalline phase [32]. For this
film, XRaman is calculated ~86.13% and draman is ~2.46 nm. Further increasing in hydrogen dilution
ratio (R = 40), the peak shifts towards ~509 cm~! which indicates the increase in the volume fraction
of crystallites and its size. For this film, Xraman i ~89.25% and draman is ~2.68 nm. The increase
in hydrogen dilution ratio (R) in PECVD results in an amorphous-to-nanocrystalline transition in
the film. Previously reported similar results for nc-Si:H films deposited by using layer-by-layer
(LBL) deposition [33] and increasing RF power [30] concurrently promotes the hydrogen etching
and nano-crystallization in the films. Therefore, Raman spectroscopy analysis indicates that the
critical process parameter includes both hydrogen dilution ratio and RF power in PECVD, which are
functionally equivalent to induce nc-Si:H films. The Raman spectra of the amorphous Si films for the
peak at 480 cm ™! for the dilution ratio (R = 5, 10 and 20) were measured and the full width at half
maximum (FWHM) was calculated as 46.8 ecm 1,484 cm~!, and 543 cm ™}, respectively. The above
measurement is in agreement with the reported Raman spectra [34] of the amorphous Si films such
that the FWHM is around 53 & 7 cm .
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Figure 4. Raman spectra of nc-Si:H films deposited as a function of different hydrogen dilution ratio
(R) using the PECVD method.
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Figure 5. Typical Gaussian de-convoluted Raman spectra of nc-Si:H films deposited at hydrogen

dilution ratio (R = 40) using PECVD; Raman spectra of the nano-crystalline silicon intrinsic layers
(yellow line), and the red line is fitted lines from three Gaussian peaks at ~475, ~490, and ~510 em~ L
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3.4. Fourier Transform Infra-Red (FTIR) Spectroscopy Analysis

In order to investigate the hydrogen bonding and resultant total hydrogen content in the nc-Si:H
film, FTIR spectra of different dilution ratios are performed in Figure 6. It can be measured that two
major absorption bands centered at ~620 and ~2000 cm! (wagging/stretching modes, respectively),
which are closely related to the vibrations of mono-hydrogen (Si-H) bonded species [35]. The spectra
also exhibit an absorption peak centered at ~1060 cm !, which can be Si-O-Si stretching vibrations of
a typical undoped nc-Si:H thin films [36]. In addition, a lesser intensity peak centered at ~885 cm ™! has
been observed as the bending vibrational modes of Si-H; [37]. With the increase in hydrogen dilution
ratio (R), the intensity of absorption band at ~620 cm~! also incrementally increases. In summary,
the increase of hydrogen dilution ratio (R) will promote the increased intensity at ~620 cm~! while
as absorption band centered at ~2000 cm™! shifts incrementally toward the peak at 2100 cm™!.
The di-hydride (Si-Hy) and poly-hydride (Si-Hy), bonded species can be assigned as ~2100 cm ™!
stretching vibrational modes [38]. The experimental results indicate that, with an increase in hydrogen
dilution ratio (R), the absorption peak shifts from Si-H to Si-H, and (Si-H;), bonded species in films.
In addition, it has been reported that the integrated intensity of the peak at 620 cm ™! is the best reliable
measure of hydrogen content (Cyy) [39] by taking the oscillator strength value [37].
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Figure 6. FTIR absorbance spectra of nc-Si:H films (at normalized thickness) deposited by PECVD at

different hydrogen dilution ratios (R). The signal located 620 cm ™! and 2100 cm~! are assigned as the
wagging/rocking and stretching mode of nc-Si-H bond, respectively (see the text).
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Figure 7 shows the relationship between the hydrogen content (Cy) and different hydrogen
dilution ratio (R). It is experimentally demonstrated that hydrogen content initially increases with the
increase in dilution ratio (R) from 10 to 20, then drops abruptly in the R range of 20-30, and follows
the gradually increasing hydrogen content as R values from 30 to 40. A previously reported hydrogen
rich study indicated that an increase in RF power promotes the silane dissociation and produces
more SiH, (x = 1, 2, 3) radicals [40] as well as the increased electron temperature [41]. In our
study, RF power is set at 100 W, while the hydrogen dilution ratio (R) shows the similar impact
such that the hydrogen rich precursors have higher sticking probability as the hydrogen content
increases. A similar trend also indicates that an increase in hydrogen dilution ratio (R) also boosts
the density of atomic H in the deposition chamber and further enhances the surface diffusion with
a hydrogen-accumulated growing surface [42]. Both the synergetic effect of the hydrogen etching
effect [43] and amorphous-to-nanocrystalline transition can be observed in a hydrogen dilution ratio
(R) range of 30—40, which is in agreement with the Raman shift in Figure 4.
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Figure 7. Variation of hydrogen content as a function of hydrogen dilution ratio (R) for nc-Si:H films.

3.5. Optical Emission Spectra (OES) Spectroscopy Analysis

Figure 8a shows a series of OES of RF glow discharges of H*/SiH* and Si*/SiH* with a different
dilution ratio (R). The main characteristic spectra of excited radicals correspond to the emission of
SiH* (414.30 nm), Hy (486.10 nm), Hg (656.30 nm), Ar* (750.30 nm) and O* (844.30 nm), which is
directly correlated with the SiHy electron collision and dissociative excitation. Spatially resolved
OES measurements can be used to record the SiH radicals in axial concentration profiles. Plots of
crystallization rate indexes (Hq*/SiH*) and electron temperature indexes (Si*/SiH*) versus dilution
ratio (R) are shown in Figure 8b. The result shows that the crystallization rate index (Hq*/SiH*)
increases when the dilution ratio rises, resulting in the opposite trend of the deposition rate. On the
other hand, the electron temperature (Si*/SiH*) is increasing along with a dilution ratio (R) increase,
causing increased ion bombardment [29] and thus decreasing the deposition rate.
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Figure 8. (a) Optical emission spectra measured during the deposition of nc-Si:H thin film as a
function of hydrogen dilution ratio (R). Some prominent optical emission peaks and band structures
for silane-hydrogen plasma are labelled; (b) OES intensity ratio of Hy*/SiH* (red line) and ratio of
electron temperature Si*/SiH* (black line) calculated during the deposition of nc-Si:H thin film as a
function of varying hydrogen dilution ratio (R).
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3.6. Quadruple Mass Spectra (QMS) Spectroscopy Analysis

Measured results of QMS during nc-Si:H deposition in Figure 9 indicates some distinguishably
identified fingerprints of the radicals SiH," (0 < x < 4 ). The TIMS method shows the trends in relative
densities of four mono-silane radicals (SiH3*, SiH,*, SiH* and Si*) by varying the hydrogen dilution
ratio in argon-silane-hydrogen plasmas. PECVD nc-Si:H deposition shows that a critical point of
relative densities is obtained as the SiH* radical reached a threshold value at R ~30 (SiH3* radicals
remain almost unchanged, pink bar). This study shows significantly different plasma composition at
different silane dilution in hydrogen (R = 5-40), validating that SiH* is the dominant radical in the
growth of nc-Si:H layers, [44]. Therefore, in the range of R = 30 and 40 of high silane dilution, QMS
experiments confirmed that nano-crystalline silicon (nc-Si:H) growth is closely related to the depletion
of higher silane radicals [42,45].

Il Si+/SiH4
I SiH+/SiH4
I SiH2+/SiH4
I SiH3+/SiH4

Intensity (Arb.Units)

R=5 R=10 R=20 R=30 R=40
Ratio (H,/ SiH,)

Figure 9. Relative density QMS measured during typical nc-Si:H deposition as a function of varying
hydrogen dilution ratios (R).

4. Conclusions

Hydrogenated nanocrystalline silicon (nc-Si:H) thin films were grown by the PECVD system.
The results show that as hydrogen dilution ratio (R) increases, the deposition rate decreases. It was
also revealed by low angle XRD and Raman spectroscopy that nc-Si:H films can be induced via the
adjustment of hydrogen dilution ratio (R). Moreover, FTIR spectroscopy indicates that the shifts of
predominant hydrogen bonding (from Si-H to Si-H; and (Si-Hj),, bonded species) are closely related
to the increase in the hydrogen dilution ratio (R). At the dilution ratio (R = 40), nc-Si:H films have a
crystallite size of ~2.3 nm with a degree of crystallinity and ~89.2% were obtained with a low hydrogen
content (Cyy = 7.45%) at moderately low deposition rate (0.69 A/ s). Furthermore, the QMS plasma
diagnostic tool also confirmed the existence of a direct correlation between nc-Si:H film growth and the
SiH* radicals film, via the tuning of a hydrogen dilution ratio in the range of 5-40. Overall, this study
shows a good and important correlation of plasma characteristics by in situ OES/QMS and the end
resulted in film characteristics by XRD, Raman and FTIR, for the transition of a-5i:H to nc-Si:H film by
a hydrogen dilution ratio.
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Abstract: The reflective properties of micro glass spheres (MGS) such as Solid Micro Glass Spheres
(SMGS, “glass beads”) and Micro Hollow Glass Spheres (MHGS, “glass bubbles”) are utilized in
various applications, for example, as retro-reflector for traffic road stripe paints or facade paints.
The reflection behavior of the spheres can be further adapted by coating the surfaces of the spheres,
e.g., by titanium dioxide or a metallic coating. Such coated spheres can be employed as, e.g., mid
infrared (MIR)-reflective additives in wall paints to increase the thermal comfort in rooms. As a result,
the demand of heating energy can be reduced. In this paper, the increase of the MIR-reflectance by
applying an aluminum coating on MGS is discussed. Aluminum coatings are normally produced
via the well-known Physical Vapor Deposition (PVD) or Chemical Vapor Deposition (CVD). In our
work, the Liquid Phase Deposition (LPD) method, as a new, non-vacuum method for aluminum
coating on spherical spheres, is investigated as an alternative, scalable, and simple coating process.
The LPD-coating is characterized by X-ray diffraction (XRD), energy dispersive X-ray spectroscopy
(EDX), scanning electron microscopy (SEM), and reflection measurements. The results are compared
to a reference PVD-coating. It is shown that both sphere types, SMGS and MHGS, can be
homogeneously coated with metallic aluminum using the LPD method but the surface morphology
plays an important role concerning the reflection properties. With the SMGS, a smooth surface
morphology and a reflectance increase to a value of 30% can be obtained. Due to a structured surface
morphology, a reflection of only 5% could be achieved with the MHGS. However, post-treatments
showed that a further increase is possible.

Keywords: micro hollow glass spheres (MHGS); solid micro glass spheres (SMGS); liquid phase
deposition (LPD); aluminum coating

1. Introduction

Micro glass spheres (MGS), such as micro solid glass spheres and micro hollow glass spheres,
are utilized in various technical fields due to their excellent physical and chemical properties.
Solid Micro Glass Spheres (SMGS) exhibit high strength, as well as smooth surfaces, and are excellently
suited as grinding and dispersing balls [1]. They are also utilized as fillers in thermoplastics and
thermosets to enhance the physical properties of the matrix, like increasing the Young Modulus and
hardness [2-4]. Micro Hollow Glass Spheres (MHGS) are characterized by a low density, as well as
by low thermal conductivity. Applied as fillers, e.g., in polymers or building materials, a decrease
in weight and minimization of thermal conductivity is possible and could lead to energy savings,
especially in the automotive and building industry [5-11].
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Possible applications of MGS as additives in the building industry are exterior and interior
paints or plasters. MHGS, for example, are processed in facade paints and plasters. SMGS, on the
other hand, are used as reflection pigments in marking strips on motorways for improved night
visibility in rain and fog as a result of their reflective properties [10,12]. The application as reflection
pigment can also be advantageous for wall paints. In the exterior area, reflectance in the visual
and near infrared wavelength range (VIS/NIR, 0.4-2.5 um) plays an important role due to solar
radiation, whereas in the interior area, reflection in the mid infrared wavelength range (MIR, 3-50 um)
is important. An increased MIR-reflectance in the range of human black body thermal radiation
(~5-30 um), for example, can increase the thermal comfort in rooms, and thus contribute to saving
thermal energy. A beneficial aspect is that the reflection behavior of the spheres can be further modified,
e.g., by coating the spheres. For increasing the reflectance behavior in the VIS/NIR range, titanium
dioxide coatings are applicable. To improve the reflectance in the MIR-range, metallic coatings,
like silver coatings can be applied [13-16].

Due to its properties as a noble metal, silver coatings can be applied rather easily on many
materials via electroless deposition [17,18]. Yet there are disadvantages, especially in the application
as reflective coating for fillers in paints. First, silver is one of the more expensive precious metals,
which would lead to high costs when large amounts of materials are required. Secondly, the high
oxidation potential of silver makes silver coatings prone to chemical degradation, which gradually
causes an intolerable visible change in the color of the spheres and so of the paint. This also may
influence the reflectance [19]. Additionally, silver has a poor recyclability as a color pigment.

In the given case, aluminum is a suitable alternative coating material. It also exhibits a high
reflectance in the mid-wave infrared range but is better recyclable and also cheaper than silver.
In addition to a low oxidation potential, aluminum films have a good thermal stability and a good
adherence to substrates [20]. Thus, none or less influence on the reflection behavior by degradation
of aluminum is expected. However, the coating process with aluminum is much more complex
than the process with silver. Because of its properties as not noble metal, aluminum cannot simply
be deposited by means of electroless deposition. Instead, thin films of aluminum on surfaces
are mainly applied via Physical Vapor Deposition (PVD) or Chemical Vapor Deposition (CVD)
methods [21-23]. PVD advantageously produces high quality coatings, but is limited in batch size
and materials to be coated. For an application as filler on the painting industry, large amounts of
coated material are required. However, an upscaling of the PVD process quickly becomes expensive
and very complex, not only because of the necessary vacuum process. With the CVD method a wide
variety of materials can be deposited with a very high purity and without high vacuum conditions.
A disadvantage is that high temperatures (200-1600 °C) are necessary, which results in higher process
and energy costs and a limitation of processable substrates. In addition, to generate metallic coatings,
metallic-organic precursors are necessary, most of which are highly toxic, explosive, or corrosive,
as well as quite costly [23].

A possible alternative to achieve a scalable, more cost-effective process is provided by a chemical
coating method, where a precursor is applied in a solvent and deposited on a substrate by means
of a decay reaction. Lee at al. [24] have already shown that this Liquid Phase Deposition (LPD)
method can be used to produce thin, highly conductive aluminum layers on soda-lime glass and
polyethylene terephtalate.

In this paper, the practicability of the LPD method to coat MGS is examined. Applied to hollow
glass spheres (MHGS, made of borosilicate glass) and micro solid glass spheres (SMGS, made of
soda-lime glass), the achieved coatings are compared to coatings resulting from a PVD process
concerning coating quality and homogeneity. Furthermore, the reflection behavior of the LPD-coated
spheres is compared with uncoated and PVD-coated spheres in the wavelength range of 7.5 to 18 um,
which in part corresponds to the wavelength range of thermal radiation of a human, as well as to the
MIR atmospheric window [25]. The modification of reflection as well as the influence of the different
coating techniques and layer qualities on the reflective properties are discussed.
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2. Experimental
2.1. Materials

2.1.1. Micro Glass Spheres

Three types of spheres were investigated: Micro Hollow Glass Spheres (MHGS) iM16K-ZF and S38HS
from 3M/Dyneon Germany and Micro Solid Glass Spheres (SMGS) Type S from Sigmund Lindner GmbH
(SiLi). Relevant properties of these glass spheres are listed in Table 1. The MHGS possess low density and
high compressive strength, which can guarantee processability and applicability, e.g., as light filler in wall
paints. MHGS type S38HS bear an additional anti-agglomeration agent on their surfaces. To ensure a good
comparability between spheres of different consistence, hollow, and solid spheres with a similar reference
value D 50 (median of particle size, 50 % of the particles are smaller than the declared value) were chosen.

Table 1. Relevant properties of the examined Micro Solid Glass Spheres (SMGS) and Micro Hollow

Glass Spheres (MHGS).
iM16K-ZF * S38HS Type S
Supplier 3M/Dyneon SiLi
Composition soda-lime-borosilicate glass ~ soda lime glass
Sphere type hollow solid
Density [g/cm?] 0.46 0.38 2.50
D 50 [um] ** 20 45 40-70
Compressive strength [MPa] 110 38.5 250-300 ***
Anti-agglomeration agent No Yes unspecified

* laboratory product, not commercially available; ** median of particle size, 50 % of the particles are smaller than
the declared value; *** according to the supplier.

2.1.2. PVD-Coated Reference Spheres

PVD-coated spheres are used as a reference material with regard to layer morphology and
reflectance. As listed in Table 2, batches of all types of the investigated spheres were coated with
different layer thicknesses of aluminum at the University of Vienna. For this purpose, a PVD process
especially designed for spherical particles was utilized [21,22]. During the coating process, a strong
agglomeration behavior especially for sphere type iM16K-ZF, without anti-agglomeration agent on the
surface, was observed. However, these agglomerates could easily be broken up by vibratory plate and
sieving without damaging the MHGS.

Table 2. Coating parameters of the aluminum coated glass spheres via Physical Vapor Deposition
(PVD) at the University of Vienna.

iM16K-ZF S38HS Type S
Coating volume [1] 1 1 0.1
Coating time [h] 4,8,12 8,16, 21 1,2,4

Corresponding layer thickness [nm] 4,12,19 12,29, 34 8,19, 36

Figure 1 exemplarily shows SEM images of PVD-coated spheres with the highest layer thickness
for each type. The entire surface of the spheres is uniformly coated with aluminum and no free spots
are present. The surface morphology of the PVD-coated spheres is almost homogeneous with only
small imperfections that may be caused either by impurities or by the anti-agglomeration-agent on the
surface of the commercial spheres.
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Figure 1. Exemplary SEM-images of the reference micro glass spheres coated via PVD ((a): iM16K-ZF:
19 nm; (b): S38HS: 34 nm; and (c): Type S: 36 nm). An almost homogeneous aluminum coating with
some small imperfections on all three types of spheres is achieved on all three types of spheres.

2.2. Liquid Phase Deposition (LPD)

2.2.1. Pre-Conditioning

In contrast to the PVD-coating process, the anti-agglomeration agent as well as possible impurities
on the surface of the spheres may act as single seed particles during the LPD-coating process,
which favor growth on single spots and thus lead to inhomogeneous layers. To create equal starting
conditions for the LPD process and obtain preferably homogeneous aluminum layers, a two-step
pre-conditioning of the spheres was performed. First, the MGS were washed three times with ethanol
and distilled water, and then dried in a drying cabinet for 24 h at 80 °C to clean the surface of the
spheres from impurities. To further support a homogenous coating with aluminum, a calcium silicate
nanoparticle layer was created. Following Jin et al. [13], 10 g of the cleaned MGS were then dispersed
into a saturated calcium hydroxide solution (Ca(OH),, Sigma Aldrich) for 4 h at 90 °C. Afterwards,
the spheres were filtered and again stored in the drying cabinet for 24 h at 80 °C before coating.

A comparison of untreated MGS to the pre-conditioned MGS is shown in SEM pictures in Figure 2.
The untreated surface of the MGS is nearly smooth. The visible small agglomerates (indicated by
the white arrows) are either impurities resulting of the manufacturing process, or in the case of
the sphere type S38HS, the additional anti-agglomeration agent. After pre-conditioning, calcium
silicate nanoparticles are deposited on the surface of the three sphere types. Nevertheless, it appears
that more calcium silicate nanoparticles are deposited on the MHGS than on the surface of Type S.
This may be due to the different glass types. It was additionally noticed that, for sphere type iM16K-ZF,
it agglomerates with sizes of 10-20 spheres that occur after the pre-conditioning. This is explained by
the absence of the anti-agglomeration agent. It is presumed that these small clusters are broken up by
mechanical means in the later coating process, similar to the reference spheres.
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Figure 2. Comparison of untreated Micro Glass Spheres (MGS) and pre-conditioned MGS with Ca(OH)j,.
The white arrows indicate either impurities resulting from the manufacturing process, or in the case
of the sphere type S38HS, the additional anti-agglomeration agent. After pre-conditioning, calcium
silicate nanoparticles are deposited on the surface of each sphere type. In contrast to the PVD-coating,
the spheres were pre-conditioned to reduce the amount of single seed particles, which would lead
to an inhomogeneous aluminum growth. Untreated MGS: (a) iM16K-ZF, (c) S38HS, (e) Type S;
pre-conditioned MGS: (b) iM16K-ZF, (d) S38HS, (f) Type S.

2.2.2. LPD of Aluminum

The theoretical reaction step for the LPD of aluminum, as proposed by Lee et al [24] and
Brower et al. [26], is shown in Equation (1), the individual reaction steps in Equations (2)—(4).

3 LiAlH, + AICL O 3Lici+ 6 Hy + 4 Al M)

3 LiAlHy + AICl; + 4 O(CyHs), — 3 LiCl + 4 [OAIH;(C4Ho),), o)
4 [OAIH3(C4Hy),] — 4 [OAI(C4Hy),] + 6 Hy, ®)
4[OAI(C4Hs),] — 4 Al | +40(CyHs),, @)

First the precursor aluminum trihydride dibutyl etherate is produced by reacting 3 M lithium
aluminum hydride (LiAlHy, Sigma Aldrich) with 1 M aluminum chloride (AICl3, Sigma Aldrich) in
2 x 50 mL of anhydrous dibutyl ether (Sigma Aldrich) for 120 min at room temperature (2) [21,22].
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The generated precursor is then separated from the byproduct lithium chloride (LiCl) by filtration and
subsequently mixed with the Micro Glass Spheres (MGS). Afterwards the precursor is decomposed
at a reaction temperature of 130 °C (3,4), where, according to Equation (4), the aluminum supply is
related to reaction time as well as the amount of the precursor.

The coating process itself was carried out with two different standard laboratory setups, which also
seem appropriate for a technical scaling. In Setup 1, a round flask with magnetic stir bar and reflux
condenser under nitrogen atmosphere was employed. Setup 2 comprises a rotating round flask also
under a nitrogen atmosphere. For testing and optimizing the coating process of the MGS, several
experiments were carried out (Table 3). First, SMGS were coated with different reaction times (120, 240,
and 300 min) in both setups to determine a reasonable coating time. Due to the preprocessing step,
10 g of SMGS are employed in each attempt. By transferring this amount of spheres in a graduated
cylinder, a bulk volume of 6.5 mL was determined, which has to be taken into account due to the
different bulk densities of the investigated sphere types. In addition, experiments with the MHGS
were also carried out in both setups.

Table 3. Parameters of the individual coating experiments.

Setu Experiment Type Amount Reaction Pre- Post-
P P of Spheres of MGS Time [min]  Conditioning Treatment
120
1 1A SMGS 10g 240 yes no
(with stir bar) 300
1B MHGS 6.5mL 240 yes no
2 2A SMGS 6.5mL 240 yes yes
(rotating flask) 2B MHGS 6.5mL yes

2.2.3. Post-Treatment

As for the PVD-coated spheres, agglomerations were also observed in the PVD process.
As mentioned before, the agglomerated spheres can be broken up by mechanical means. Therefore,
different post-treatments were applied to the LPD-coated spheres to further investigate the
disaggregation of clustered spheres. Simultaneously, a possible influence on the surface morphology
and the stability of the aluminum coating on the sphere surface can be tested.

Turbula®Mixer:

Agglomerates of the PVD-coated spheres could be broken up by vibrational movement, so the
LPD-coated spheres were first treated with a Turbula®Mixer (Willy A. Bachofen AG, Muttenz, Switzerland).
Different mixing times (2, 4, 6, 8, 12, and 24 h) were investigated.

Magnetic Stir Bar Treatment:

To further examine the mechanical influence of the magnetic stir bar utilized in Setup 1, the coated
spheres were placed in water and stirred for 12 h. Water was chosen as solvent as it allowed the
simultaneous investigation of how the coated spheres behave in a slightly alkaline milieu. This behavior
is interesting for a later possible use as additive in water-based wall paints.

Furnace Treatment:

In addition to the mechanical influences, a thermal influence on the coated spheres was
also investigated.

A possible homogenization or smoothing of the coating layer by sintering or melting is pursued
by heating up coated spheres in a furnace to different temperatures with a gradient of 10 °C/min
in a forming gas (Ar/H; 95/5) atmosphere. Two temperatures below (400 and 500 °C) and one
temperature above (750 °C) the melting temperature Ty, of aluminum (approx. 660 °C) were chosen.
The holding time was set to 2.5 h.
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2.3. Experimental Characterization Methods

To determine coating quality and reflective properties, each batch of spheres was subjected to
a detailed experimental investigation by the following characterization methods.

2.3.1. Qualitative Phase Composition

The coating was analyzed by X-Ray structure analysis (XRD) to determine if pure aluminum was
deposited on the surfaces of the spheres. It was carried out with an X'-Pert MPD PW 3040 X-ray diffractometer
from Philips (Philips Co., Netherlands). The individual samples were measured using Cu Ko radiation in
arange from 10-90° 2@. The step speed was 0.03° with a holding time of 30 sec. The obtained spectra were
analyzed with the software X’ Pert High Score Plus 4.1 (Malvern Panalytical, Malvern, UK).

To analyze the elemental phase composition of the coating, an Energy Dispersive X-Ray analysis
(EDX) was conducted. The measurements were carried out with a Thermo Fisher Ultra Dry SDD
Silicium Drift Detector (Thermo Fisher, Darmstadt, Germany) with an excitation voltage of 20 kV.

2.3.2. Morphology Characterization

The morphology of the coated spheres was observed using a Zeiss LEO 1530 FESEM scanning electron
microscope (SEM) (Zeiss, Oberkochen, Germany) at the Bavarian Polymer Institute (BPI) of the University
of Bayreuth. The excitation voltage was set to 3 kV. In advance, the samples were sputtered with a 1.3 nm
thick platinum layer by a 208HR sputter coater (Cressington Scientific Instruments, Dortmund, Germany).

2.3.3. Reflection Measurement

MIR-range reflection measurements were performed with a FTIR instrument (Vertex70 from
Bruker Optic GmbH, Ettlingen, Germany) and an integrating sphere (U-Cricket TM-BR4 from Harrick
Scientific Products, Darmstadt, Germany) under a nitrogen atmosphere against a gold standard.
The measuring range of the Vertex 70 is approx. 600 to 7000 cm ™!, which corresponds to a wavelength
range of approx. 1.5 to 18 um. The samples were applied as a monolayer to an adhesive strip and
then placed on the opening of the integrating sphere. The reproducibility was confirmed by repeated
preparation and measurements of the powder samples. An error of less than 0.01% was determined.

3. Results and Discussion
3.1. Morphological Examination

3.1.1. Setup 1—Round Flask with Magnetic Stir Bar

Experiment 1 was carried out in a round flask with a magnetic stir bar and reflux condenser
under a nitrogen atmosphere. The color change from white to gray after each coating test qualitatively
demonstrates the metallization of the spheres (Figure 3)

Figure 3. Coating of Type S spheres after a coating time of 240 min: The original spheres have a white
color, the Al-coated spheres show a gray coloration.

In Experiment 1 A coating tests with 10 g of spheres of Type S and coating times of 120, 240, and
300 min were performed. As indicated in Figure 4, a coating is achieved for all investigated times.
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However, an increased coating time leads to smoother surfaces. The interaction of the friction of the
magnetic stir bar, which is used for mixing of the coating solution during the coating process, and the
necessary reaction time for a complete decomposition are identified as possible reasons.

Figure 4. SEM images of Type S spheres coated via LPD-process (Experiment 1, 10 g) at different
coating times: (a): 120 min; (b): 240 min; and (c): 300 min. As the coating time increase, the aluminum
coating morphology becomes smoother due to the reaction process and the influence of the magnetic
stir bar; (d) EDX-Mapping of a coated sphere Type S.

After 120 min, the reaction does not seem to be completed, and therefore, additional aluminum
was deposited on the surface of the spheres despite the friction of the stir bar. Between 120 and 240 min,
however, the reaction was completed and the friction of the stir bar smoothed the surface. It also
becomes clear that the aluminum must be firmly fixed to the sphere surface, since no abrasion of the
coating takes place. This will be examined more closely in the section of the post-treatment (3.1.3).
As only little differences are obtained between coating times of 240 and 300 min, the coating time of
240 min was chosen for further experiments.

Compared to the PVD-coated spheres, coating times of 240 and 300 min results in a homogeneous
coating and smooth surface morphology. The uniform application of the aluminum coating is also
confirmed by the EDX mapping. The results of X-Ray diffraction analysis are plotted in Figure 5.
The uncoated spheres show an amorphous halo in the range of 2040 ©, which is characteristic for
amorphous materials like glass. Besides the halo, the aluminum coated samples deliver characteristic
peaks of metallic aluminum at 38° (111), 45° (200), 65° (220), 78° (211), and 82°(222). Thus, it can
be verified that pure metallic aluminum is deposited on the sphere surfaces with the liquid phase
deposition (LPD) method.

Exemplary EDX-Mapping-Measurements (d) of a coated sphere of Type S (Experiment 1) shows
a uniform aluminum coating (red) on the surface of the spheres after a coating time of 240 min.
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Figure 5. Qualitative comparison of X-Ray Diffraction of uncoated and LPD-coated Type S spheres.
Besides the characteristic halo of amorphous materials, all characteristic peaks of metallic aluminum

are detected on the coated spheres.

While for the spheres of Type S a rather homogenous and smooth coating was possible, attempts
to coat the MHGS spheres type S38HS with Setup 1 was not successful. Contrary to the SMGS,
the MHGS are floating on top of the reaction solution due to their significant lower density. To enforce
a complete mixing, the speed of the magnetic stir bar had to be increased. The higher shear forces
caused an increased breakage of the spheres, especially for type S38HS. This is justified by the
low compressive strength of this sphere type (Table 1). Due to the higher compressive strength,
type iM16K-ZF did not show an increased sphere breakage under these conditions, but a strong
agglomeration and a very inhomogeneous coating were observed.

3.1.2. Setup 2—Rotating Flask

To eliminate the damage of the spheres by the magnetic stir bar and the influence of floating, especially
for the MHGS, Experiment 2 A and 2 B were carried out in a rotating flask under nitrogen atmosphere.
Again, 10 g or 6.5 mL of spheres of Type S were coated to obtain a comparison to the results attained with
round flask and magnetic stir bar. Figure 6 left exemplarily shows a SEM image of a coated sphere of
Type S. Compared to Setup 1 partly bigger agglomerations stick on the surface (indicated by white arrows).
In addition, clumping of the spheres take place. This is explained with the absence of the magnetic stir bar,
which smooths the surfaces of the spheres by friction and probably is breaking up agglomerates. This will
be examined in more detail in Chapter 3.1.3. Nevertheless, also uniform coated spheres could be obtained
with Setup 2, which is confirmed by the EDX mapping (Figure 6b).

(a) (b)

Figure 6. (a): SEM image of Type S coated via LPD-process in a rotating flask (Experiment 2 A). A complete
aluminum coating with bigger agglomerates was achieved; and (b): EDX-Mapping of a coated sphere Type S
(Experiment 2 A). A homogenous aluminum coating (red) could be proven on the surface of the sphere.
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In Experiment 2 B a defined volume of 6.5 mL of each type of MHGS was coated. The color
change of the spheres from white to gray after each coating test once again also indicates a successful
metallization of the spheres (Figure 7).

iM16K-ZF/S38HS

( coated-S38HS

Figure 7. Qualitative verification of the coating of the MHGS with Setup 2: The original spheres have
a white color, the coated spheres show a gray coloration.

SEM images and EDX mappings in Figure 8 confirm that a homogenous coating on both types
of MHGS can be reached in Experiment 2B. No ball breakage occurs. The XRD results again indicate
a metallic aluminum coating (Figure 9).

In comparison with the reference spheres and the coated spheres of Type S of Experiment 1 A,
however, a more structured morphology results. This is explained by the reduced friction in the rotary
flask compared to the stirring, which led to a smoother surface structure in Experiment 1. In addition,
both types of MHGS now show a partly agglomeration (10-20 spheres). This, nonetheless, is not
a problematic result as the post-treatment is intended to break up these agglomerates.

Figure 8. SEM images and EDX-Measurements of MHGS ((a,b): iM16K-ZF and (c,d): S38HS) coated
via LPD-process in a rotating flask (defined volume: 6.5 mL, Experiment 2 B). In comparison to the
reference spheres, a more structured aluminum coating could be obtained on both types of spheres.

28



Coatings 2019, 9, 187

Al-coated Hollow Glass Spheres S38HS
A A—--r-..._

Al-coated Hollow Glass Spheres iM16K-ZF

Aluminury

(220)
=(211)
(222)

_“/M.-‘ Micro Hollow Glass Spehres

20 40 60 80
Angle 26

Figure 9. Qualitative comparison of X-Ray Diffraction of uncoated and LPD-coated MHGS. Besides the
characteristic halo of amorphous materials, all characteristic peaks of metallic aluminum are detected
on the coated spheres.

3.1.3. Post-Treatment

In the previous chapters, it was shown that, with the LPD-method, it is possible to metallize
a rather uniform aluminum layer on micro hollow and micro solid glass spheres. Different results
regarding layer morphology were achieved and partly agglomeration was observed. As agglomerates
of PVD-coated spheres could be broken up by mechanical means, additional post-treatments were
carried out to investigate whether the small agglomerates of the LPD-coated spheres can also be broken
up by mechanical means. In addition, the stability of the coating as well as the surface morphology
after the treatments were examined. Coated sphere types iM16K-ZF and Type S of Experiment 2 were
used for the post-treatments.

As already investigated, friction by the magnetic stir bar effects a smoothing of the aluminum
coating of the SMGS, whereas MHGS show increased ball breakage. Friction in the rotating flask
caused no breakage of the MHGS but is not sufficient to smooth the aluminum coating. Therefore,
the rotating friction, simulated in a Turbula®Mixer, is increased by raising the time in order to achieve
a smoothing effect. In addition, agglomerated spheres could be broken up. Hence, the coated spheres
were first treated in a Turbula®Mixer for different times (2, 4, 6, 8, 12, and 24 h).

Figure 10 exemplarily shows SEM-images of spheres of Type S treated for 24 h. The agglomerates
present in the untreated sample are almost completely broken up by the treatment. This can also
be seen with sphere type iM16K-ZF. Thus, with Setup 1 and Setup 2, single coated spheres can be
obtained. This is advantageous, because single coated MGS can be processed more easily. Further,
the overall surface is increased, which is positive for the reflective behavior. In addition, there is also
a small change in the surface morphology. The previously structured surface can be smoothed slightly,
which in turn again can have a positive effect on the reflective behavior. The aluminum coating is
firmly bonded to the surface of both spheres, and no break off of the coating results by friction. This can
have a positive influence on the potential use in wall paints, where fillers are also included in paints
by mixing.
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Figure 10. SEM images of the untreated ((a,c) and post-treated (Turbula®Mixer; (b,d)) SMGS Type S
(Experiment 2 A). Breaking off of the agglomerates and no change in surface morphology is evident.

A second post-treatment method was carried out to investigate the influence of the magnetic stir bar in
Setup 1. It was already shown that the magnetic stir bar breaks up the agglomerates during the coating
process and smooths the surface of the spheres. It was tested whether this is also possible afterwards for
coated spheres of Setup 2. Therefore, coated spheres of Type S (Experiment 2A) were transferred into
distilled water and stirred for 12 h. As explained above, distilled water was used to equally test the influence
of a slightly basic milieu. No color change of the post-treated spheres occurs, which means that no influence
on the aluminum layer results from the slightly basic milieu. Again, the agglomerates could be broken
up by the post-treatment with magnetic stir bar. Additionally, it can be recognized in Figure 11 that there
is a partially significant change of the surface structure. On some spheres, a very smooth surface, like in
Experiment 1, results. The fact that it only occurs partially may be due to different sphere-solvent ratios
(2 g/100 mL) compared to the coating test (10 g/100 ml). Thus, it is possible that not all spheres get the
same level of friction. This treatment, however, could only be carried out with the spheres of Type S, as the
problem of floatation occurred with the sphere type iM16K-ZF.

Considering the stability of the coating, no flaking or destruction of the aluminum layer took
place even after 12 h. Thus, the aluminum coating sticks firmly on the surface of the spheres of Type S
and can also be smoothed by a post-treatment with a magnetic stir bar.

Figure 11. SEM images of the post-treated (with magnetic stir bar, after 12 h) SMGS Type S
(Experiment 2 A). Partially, a significant change in morphology takes place.
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Since the agglomerates can be broken up and the surface morphology can be changed by friction,
a third treatment was carried out to investigate whether a thermal treatment has an influence on the
morphology of the coating, too. As already shown in Experiment 2 the coated spheres showed a more
structured surface morphology. The furnace treatment is intended to show whether smoothing the
coating is possible by sintering or melting. Therefore, the post-treatment method consists of heating
up the coated spheres to different temperatures (400, 500 and 750 °C, 10 °C/min, no holding time,
Ar/H; 95/5 atmosphere) in a furnace.

Exemplarily SEM images of coated Type S spheres are shown in Figure 12. For furnace temperatures
of 400 and 500 °C no significant change of the aluminum layer occurs. Agglomerates of single spheres were
formed, indicating that a sintering of the layer took place. The sticking together could possibly be prevented
by a rotating chamber. However, the temperature is not sufficient to completely smooth the aluminum layer
on the surface of the spheres. For a furnace temperature of 750 °C, in contrast, a noticeable change in the
aluminum layer can be detected. Smaller crystal-like and worm-like structures were formed, which makes
the sphere surface much more inhomogeneous than it was before. This structural change is caused by the
recrystallization of aluminum, as was also described from K. D. Vanyukhin et al. [27]. A melting and thus
a smoothing of the coating does not take place.

Figure 12. SEM images of the post-treated (furnace) SMGS Type S (Experiment 2 A). No significant change
in surface morphology at a temperature of 400 °C (a) and 500 °C (b) is apparent. For a temperature of
750 °C (¢,d) a more inhomogeneous surface occurs due to the recrystallization of aluminum.

Since neither friction nor heat causes a break off or flaking of the aluminum layer, it can be
assumed that a stable aluminum coating results from the LPD method. A positive effect of the
post-treatment with the Turbula®Mixer and the magnetic stir bar, that agglomerates can be broken,
which makes the spheres more easily processable and increases in reflective surface. Additionally,
a partially significantly change in surface morphology occurred for the coated SMGS. Thus, through
sufficient friction, a smooth coating morphology, similar to that of the reference spheres, can be
achieved on solid glass spheres.

3.2. Reflection Measurements

In Chapter 3.1, it was shown that it is possible to get a rather homogeneous aluminum coating on
micro hollow and solid glass spheres with the LPD method. Since the aim of the work is not only to
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investigate the possibility to metallize the MGS, but also to explore the increase of the reflection in
the MIR wavelength range, reflection measurements were carried out in addition to the optical and
morphological evaluation using SEM images and as well as XRD and EDX. The question whether
the reflection can be increased due to the properties of aluminum in contrast to the uncoated MGS
was investigated. Further, the reflectance of the LPD-coated spheres and PVD-coated spheres was
compared to examine the influence of different surface morphologies.

As an adhesive strip is utilized to apply the powdery samples to the opening of the integrating
sphere of the measurement device, a possible influence of the strip was first examined. As can be seen
in Figure 13 (black curve), the adhesive strip has a nearly 0% reflectance in the chosen measurement
range between 7.5 and 18 um and thus can be neglected. The samples were sieved beforehand to
ensure that only coated spheres and no Al dust were measured. Furthermore, the influence of the
pre-conditioning with Ca(OH), was investigated by comparing the reflectance of pre-conditioned
MHGS and SMGS with untreated spheres in the same range (Figure 13). Below 10 um, soda-lime and
borosilicate glasses have absorptions bands, above reflectance values between 3% and 10% arise.

The influence of the pre-conditioning can be neglected for the sphere type Type S, since the
pre-conditioned micro spheres exhibit nearly the same reflectance in the wavelength range of interest
as the original spheres (Figure 13, blue curves). For the sphere types iM16K-ZF (Figure 13, red curves)
and S38HS (Figure 13, green curves), a slight difference in the reflection can be observed between 9 and
11 pm and for wavelengths greater than 17 um. The latter one is explained by the resolution limit of
the device, the differences in the smaller wavelength range may be due to an inhomogeneous coating.

0.40
—— adhesive strip
0.354 — IM16K-ZF
050 — — iM16K-ZF-Ca(OH),
7 —— S38HS
8 025 — — 838HS-Ca(OH),
s — Type S
O 0.20 = = Type S-Ca(OH),
<
© 015+
0.10 4
0.05+
0.00
T T T

8 9 10 11 12 13 14 15 16 17 18
wavelength [um]
Figure 13. Reflectance behavior of the adhesive strip, the original spheres and the pre-conditioned

spheres in the wavelength range of 1.6 to 25 um. Less or no influence of the adhesive strip and
pre-conditioning in the wavelength range of interest (10 to 18 pm) is assumed.

3.2.1. PVD-Coated Spheres

First, the reflectance values of the PVD-coated reference spheres were determined with the
described setup and a correlation between different layer thicknesses and reflection was evaluated.
At lower layer thicknesses, the curve still resembles the reflection curve progression of uncoated
spheres. With increasing layer thickness, almost constant reflection values emerge, which is typical for
aluminum (Figure 14a—c). Thus, the almost constant curve-shape indicates a sufficient deposition of
aluminum on the surface of the spheres, as no features of glass reflection are observed any more [23].
The decrease in reflectance observed for wavelength values greater than 17 pum is again related to the
resolution limit of the measurement device.
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Figure 14. Results of the reflection measurements of the PVD-coated MGS (reference spheres, (a): iM16K-ZF,
(b): S38HS, (c): Type S) as well as the reflection at a wavelength of 15 pm of each sphere types plotted over
the layer thickness (d). An increased reflection with increasing layer thickness can be observed.

It becomes apparent that, with the increasing layer thickness, an increase in reflection also takes place
for all three sphere types. To show this more clearly, in Figure 14d the reflectance values of each sphere
type at a wavelength of 15 um is plotted against the layer thickness. A similar behavior was observed by
Lugolole et al. [20]. Interestingly, a similar layer thicknesses of approx. 36 nm lead to different reflectance
values. A higher reflection degree of the SMGS in comparison to the MHGS is achieved.

3.2.2. LPD-Coated Spheres—Setup 1

In Figure 4, it was already shown that a very homogeneous, smooth aluminum coating can
be achieved with Setup 1 and a coating time of 240 min for the spheres of Type S. The results of
the reflection measurements of these LPD-coated spheres and the comparison with the PVD-coated
spheres are represented in Figure 15.

Considering the reflectance measurements, it can be seen that a significant increase in reflectance
is observed as a function of the coating time from approx. 5% to 35%. However, after a coating time of
300 min, no more increase of the reflectance occurs in comparison to a coating time of 240 min. It was
already examined in Chapter 3.1.1, how this is in the line with no change in surface morphology of the
two samples, as the available aluminum has already been completely deposited.

Compared to the reflectance of the reference spheres (layer thickness 36 nm) similar values are
achieved for the LPD-coated spheres. Thus, using the LPD method for Type S, both a similar surface
morphology and reflectance in comparison to the PVD-coated Type S can be obtained.
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Figure 15. (a): Results of the reflection measurements of the LPD-coated Type S spheres (Experiment 1)
with different coating times. Reflection increases with increasing coating time. (b): Comparison of the
reflectance of LPD-coated (Experiment 1 A, 240 min) and PVD-coated (36 nm) spheres of Type S.

3.2.3. LPD-Coated Spheres—Setup 2

The results of the reflectance measurements of the coated spheres from Experiment 2 are shown in
Figure 16. It was already established by SEM images Figures 6 and § that all three types of spheres could be
coated with aluminum, but in comparison to the reference spheres, a partly rougher surface morphology
occurs. Despite the coated layer, for both types of spheres, no or less reflectance increase can be observed.
This behavior was already established by Lugolole et al. [20], where the lowest reflectance was achieved
with the sample, which has a rough surface. Das et al. [28], Moushumy et al [29], and Sharma et al [30]
also show numerical simulations of different nano-structured gratings on GaAs substrates, that the surface
structure has a significant influence on the reflection behavior. With a flat substrate, a reflection of about
28% can be achieved, whereas a structured surface shows only a reflection of about 2% [28].

Nevertheless, the reflectance curves of the coated spheres show an almost constant progress
over the wavelength range and compensate at least partially the reflectance curve of the uncoated
glass. This indicates that at least a sufficient amount of aluminum is coated on the spheres. Therefore,
the uneven layer structure of the aluminum coating must be the determining factor.
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Figure 16. (a): Results of the reflection measurements of the LPD-coated SMGS (Experiment 2 A) with
an amount of 10 g. No increase in reflectance occurs. (b): Results of the reflection measurements of the
LPD-coated MHGS (Experiment 2 B) with a volume of 6.5 mL. Further, no increase in reflection occurs.

34



Coatings 2019, 9, 187

3.2.4. Post-Treated Spheres

As can be seen in Figure 17, the reflectance can generally be increased by all three post-treatments.
They led to a partial change in surface morphology towards smoother surfaces. Only in the case of the
furnace treatment over the melting temperature of aluminum, a surface deterioration was observed.
Here the dependence of reflectivity surface can again be clearly determined. The very inhomogeneous
surface structure (Figure 12a,b) which is reflected in a clear decrease in reflectance to almost 1%. On the
contrary, the furnace treatment below the melting point is associated with a reflection increase of
approx. 3% (Type S) and approx. 2% (iM16K-ZF), despite no change in the SEM images was observed.
The partially smoothed surfaces after magnetic stir bar treatment lead to a slightly better increase
of 5% (Figure 17c). Besides surface smoothening, agglomerates of spheres could be broken up by
mixing. This also should increase the reflection of the spheres due to the enlargement of the total
surface. After 24 h in the Turbula®Mixer, an actual increase in reflection of approx. 3% occurred for the
spheres of Type S (Figure 17d). For type iM16K-ZF a similar increase of 2% could be achieved. Thus,
the dissembling of the agglomerates not only facilitates the processability, but also leads to an increase

in reflectance.
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Figure 17. Measured reflectance of the post treated MGS from Experiment 2 A and 2 B, (a,b): Furnace
treatment; (c): Turbula®Mixer, and (d): Stir bar treatment, an increase in reflection can be determined

for all three post-treatments.

In conclusion, the reflection measurements show that a change in morphology and thus
an increase in reflection can be achieved through post-treatments. Despite the post-treatments, however,
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the result from Experiment 1 could not be tied up. Therefore, further works will be required to find
a post-treatment that adapts the surface morphology for the coated MGS from Setup 2.

4. Summary

In this paper, the Liquid Phase Deposition (LPD) method was examined as an additional coating
method to the Physical Vapour Deposition (PVD) and the Chemical Vapor Deposition (CVD) method
for metallization of micro glass spheres. Two different micro hollow glass sphere types (MHGS,
iM16K-ZF and S38HS) and one micro solid glass sphere type (SMGS, Type S) were coated with
aluminum by the hydridolyse of AlCl;. Measurements of X-Ray Diffraction (XRD), Energy Dispersive
X-Ray Spectroscopy (EDX) and Scanning Electron Microscope (SEM) show, that both sphere types
(MHGS and SMGS) can be coated with metallic aluminum using the Liquid Phase Deposition (LPD)
method. In comparison to reference spheres, coated via the Physical Vapor Deposition (PVD) method,
a similar surface can be achieved for the SMGS, whereas a more structured morphology occurred
for the MHGS. Post-treatments with Turbula®Mixer, magnetic stir bar and furnace exhibit that the
aluminum layer is stable and firmly bonded to the sphere surface. In addition, the post-treatments
were able to break up agglomerates, as well as slightly smooth the surface morphology.

The influence of the coating and the post-treatments on the reflective properties in the
MIR-range of the spheres was examined by additional reflection measurements in a wavelength range
of 7.5 to 18 pm. It was found that in addition to a sufficient amount of aluminum, surface properties
play an important role. With a rather rough surface morphology, only an increase in reflectance of
approx. 5% was observed for SMGS. In contrast, a very homogenous smooth surface resulted in
an increase in reflectance of approx. 30 % compared to the uncoated spheres, which corresponds to the
reflectance of the PVD-coated spheres. However, this cannot be obtained with the MHGS. However,
the post-treatments showed that an adaptation of the surface morphology is possible, leading to double
the reflectance compared to the untreated coated spheres.

The paper showed that the LPD method, as a non-vacuum process, is suitable for an aluminum
coating of spherical particles. It was even possible to achieve coating results comparable to the PVD
process, which was shown by the similar reflection values of the LPD-coated spheres and PVD-coated
spheres. Besides reflection, aluminum coated (hollow) glass spheres can also be interesting for further
application, e.g., the modification of thermal conductivity or dielectric properties, where, unlike in our
case, the surface condition will have less influence.
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Abstract: 3-GaOj3 films were grown on sapphire (0001) substrates with various O/Ga (VI/III) ratios
by metal organic chemical vapor deposition. The effects of VI/III ratio on growth rate, structural,
morphological, and Raman properties of the films were systematically studied. By varying the VI/III
ratio, the crystalline quality obviously changed. By decreasing the VI/III ratio from 66.9 x 10° to
11.2 x 10°, the crystalline quality improved gradually, which was attributed to low nuclei density
in the initial stage. However, crystalline quality degraded with further decrease of the VI/III ratio,
which was attributed to excessive nucleation rate.

Keywords: 3-Ga;O3; MOCVD; VI/III ratio

1. Introduction

3-Gay O3, the most stable phase of Ga;O3, shows great potential because of its excellent material
properties. It is a wide bandgap (WBG) semiconductor with band gap of ~4.9 eV, breakdown field of
8 MV ecm™ and Baliga’s figure of merit of 3444 at room temperature, which offers more advantages in
high-efficiency power device application than SiC and GaN [1]. Moreover, its high transparency in UV
wavelength range, and excellent thermal and chemical stability also have great application potential in
flat panel displays, UV detectors, and high-temperature gas sensors [2—-6]. There are several ways to
produce a 3-GayOj film, which include molecule beam epilayer (MBE) [7], metal organic chemical
vapor deposition (MOCVD) [8], halide vapor phase epitaxy (HVPE) [4], chemical vapor deposition
(CVD) [9], magnetron sputtering [10], and thermal oxidation [11]. Conventional CVD methods [12-14],
especially MOCVD have several advantages, including excellent reproducibility and capability for
scale-up to high-volume production [15]. Impressive studies on the growth of 3-Ga,O3 by MOCVD
have been recently reported. Lv et al. investigated the epitaxial relationship between 3-Ga;O3 and
sapphire substrates [16]. Zhuo et al. studied the control of the crystal phase composition of the Ga;O3
thin film [17]. Sbrockeyet al. demonstrated the large-area growth of 3-Ga,0j3 films using rotating disc
MOCVD reactor technology [15]. Alema et al. studied the growth rates of 3-GayOj3 epitaxial films by
close coupled showerhead MOCVD [18]. Takiguchi et al. studied 3-Ga,Oj3 epitaxial films obtained
by low temperature MOCVD [19]. Chen et al. investigated the effect of growth pressure on the
characteristics of 3-GayOj3 films grown on GaAs (100) substrates [20]. However, the crystalline quality
of heteroepitaxial 3-Ga,Oj films has not been able to meet the requirements of device fabrication so far.

In this paper, 3-GayOj3 films were grown by MOCVD on sapphire (0001) substrates with various
VI/II ratios. In addition, the effects of VI/III ratio on growth rate, structural, morphological, and Raman
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properties were systematically studied. By varying the ratio, the crystalline quality of the films was
effectively improved.

2. Materials and Methods

2.1. Materials

High purity O, (purity, 5 N) and trimethylgallium (TMGa, 6 N in purity, Nata Opto-electronic
Material Co., Nanjing, China) and were used as oxidant and organometallic source, respectively. High
purity Ar (purity, 6 N) worked as a carrier gas.

2.2. Preparation

The (3-Ga,O3 films were grown on sapphire (0001) substrates by MOCVD. The equipment was
modified from an Emcore D180 MOCVD (Emcore, Alhambra, CA, USA). The close coupled showerhead
method is used; the highest growth temperature of the MOCVD was 1150 °C. Before the growth process,
the substrates were cleaned sequentially by acetone, ethanol, deionized water in an ultrasonic bath,
and then dried with Nj. The growth pressure and substrate temperature were kept at 20 mbar and
750 °C during the whole growth process, respectively. High purity O, was injected into the reaction
chamber with a fixed flow rate of 1200 sccm. TMGa was stored in a stainless steel bubbler, maintained
at 1 °C. The pressure inside the bubbler were kept at 900 Torr. Ar carrier gas passed through the TMGa
bubbler and delivered the TMGa vapor to the reactor. To obtain 3-Ga,Oj3 films grown with various
VI/III ratios, the flow rates of Ar carrier gas were varied from 5 sccm to 60 scem (5 scem, 15 scem,
30 scem, 45 scem, 60 scem). The growth time was 30 min.

2.3. Characterization

The structural properties of 3-Ga,Os films were investigated by X-ray diffractometer (XRD,
Rigaku, Ultima IV, Tokyo, Japan, A = 0.15406 nm, graphite filter). The morphological properties of the
-GapOj3 films were studied by field emission scanning electron microscopy (FESEM, J[SM-7610F, JEOL,
Tokyo, Japan) and atomic force microscopy (AFM, Veeco, Plainview, NY, USA). Raman properties of
the films was analyzed by a Raman spectrometer (HORIBA, LABRAM HR EVO, Kyoto, Japan) using a
wavelength of A = 633 nm laser. The thicknesses of the films were measured by a thin film analyzer
(F40, Filmetrics, San Diego, CA, USA).

3. Results and Discussion

The molar flow rates in the experiments can be calculated by Equations (1)—(3) [21,22]:
In (Pmo) =a —b/T )

where Pyjo is the vapor pressure of TMGa, a = 8.07, b = 1703, T is the thermodynamic temperature
of TMGa,
nvo= F X Pyo/ [VinX(Pyy, = Pymo)ls 2

where 110 is the molar flow rate of TMGa, F is the flow rate of carrier gas, Vy, = 22414 cm?®/mol, Poub
is the pressure inside the bubbler,
no= FO / Vm, (3)

where 1 is the molar flow rate of Oy, Fq is the flow rate of O,. The VI/III ratios in the experiments are
shown in Table 1.
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Table 1. The VI/III ratios at various flow rates of Ar carrier gas.

Flow Rate for Ar Carrier Gas (sccm) VI/III ratio (x10%)
5 66.9
15 223
30 11.2
45 7.4
60 5.6

3.1. Growth Rate Analysis

To investigate the growth rates, the thicknesses of the samples were measured by a thin film
analyzer. The sample obtained with VI/III ratio of 5.6 x 10% is unsuitable for such analysis due to
its excessively rough surface [18]. The growth rate showed a strong dependence on the VI/III ratio
(Figure 1). Because the flow rate of oxygen was a constant, the growth rate was mainly limited by
the flow rate of organometallic source. By increasing the flow rates of Ar carrier gas from 5 sccm to
45 scem, the VI/III ratio decreased from 66.9 x 10° to 7.4 x 103, and the growth rate improved from 0.26
to 1.98 um/h.
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Figure 1. Growth rates of the samples obtained with various VI/III ratios.
3.2. XRD Analysis

Figure 2 shows the XRD 6-26 scan patterns of 3-Ga,O; films grown with various VI/III ratios.
For the film grown with VI/III ratio of 66.9 X 103, except the diffraction peaks of Al,O3 substrate, only
three peaks located at 18.76°, 38.10° and 58.84° could be observed, which related to 3-Ga,O3 (-201),
(-402), and (-603). It indicated that the thin film consisted of pure 3-Ga,O3. By decreasing the VI/III
ratio from 66.9 x 103 to 11.2 x 103, the three peaks of 3-Ga,O3 were strengthened and sharpened.
The crystallite sizes along the direction vertical to (-201) plane of the samples obtained with the VI/IIL
ratios of 66.9 x 103, 22.3 x 103, and 11.2 x 103 were calculated to be 11.2,12.2, and 17.5 nm, respectively
(by Scherrer equation). Larger crystallite sizes indicated lower defect density and an improvement
of crystalline quality. Lower VI/III ratio was helpful to reduce the nuclei density in the initial stage
of deposition process and enlarge the size of islands in the subsequent stage, which indicated that
less defects occurred in island coalescence [23,24]. However, further decreasing the VI/III ratio caused
crystalline quality degradation. For the film grown with VI/III ratio of 7.4 x 103, the intensities of
the three 3-Gap O3 peaks declined, and peaks related to 3-GayO3 (401), (-601), (601), and (-801) were
observed, indicating the polycrystalline structure of the film. The change in crystalline structure
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is caused by excessive nucleation rate with this VI/III ratio. At this nucleation rate, the deposited
particles were unable to migrate to the appropriate lattice positions, and the films grew and oriented
in unsuitable directions, which caused random growth. As for the sample obtained with VI/III ratio
of 5.6 x 103, the change in crystalline structure was obvious—15 peaks of $-Ga,O3 showed up. The
crystallite sizes of the films grown with VI/III ratio of 7.4 x 103 and 5.6 x 10® were calculated to be 14.2
and 21.3 nm, respectively.
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Figure 2. XRD 6-26 scan patterns of 3-Ga,Oj3 films grown with various VI/III ratios: (a) 66.9 x 103; (b)
22.3 % 10%; (c) 11.2 x 103; (d) 7.4 X 10%; (e) 5.6 x 10%. A the peaks of the sapphire substrates.
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3.3. AFM Analysis

To investigate the effects of VI/III ratios on the surface morphology of 3-Ga,O; films, AFM was
carried out; the images are shown in Figure 3. The surface roughness of the films depended highly on
the VI/Ill ratios. For the film grown with the VI/IIl ratios from 66.9 x 103 t0 11.2 x 103, root-mean-square
(RMS) surface roughness increased from 3.71 to 7.83 nm. The hillocks on the surfaces enlarged and
decreased in density, in good agreement with the XRD analysis. By decreasing the VI/III ratio to
7.4 x 103, the surface roughness had little change, while the morphology changed greatly. Many
wheat-like structures were observed, which means that excessive nucleation rate hindered particle
migration and caused random growth. For the film grown with VI/III ratio of 5.6 X 103, the roughness
increased greatly, even reaching 56.3 nm (seven times higher than that of any other film), in accordance
with its XRD pattern (Figure 2).
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Figure 3. AFM images (5 um X 5 um) of 3-Gay O3 films grown with various VI/III ratios: (a) 66.9 X 10%;
(b) 22.3 x 10%; (c) 11.2 x 10%; (d) 7.4 x 103; (e) 5.6 x 10°.

3.4. FESEM Analysis

According to XRD analysis of all the films, the sample obtained with VI/III ratio of 11.2 x 103
was measured by FESEM. Figure 4 shows the top and cross-sectional views of FESEM images of the
sample. The surface with minor defects is in accordance with the AFM image in Figure 3. The relatively

smooth cross-sectional image indicates high film quality. In addition, the thickness measured by the
cross-sectional view images is about 0.68 pum.

B-GazOJ

Sapphire

-
X 10,000 — 1pm X740:000

Figure 4. FESEM images of 3-GayOj3 films grown with VI/III ratio of 11.2 X 10%: (a) Top-view; (b)
cross-sectional view.
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3.5. Raman Analysis

Figure 5 presents the Raman spectra of -Ga,O; films grown with various VI/II ratios.
For comparison, the Raman spectra of the sapphire substrates is also shown in this figure. Except for
the peaks related to the substrates, only one Raman peak related to 3-Ga,O3 was observed. For the
film grown with VI/III ratio of 66.9 x 103, due to poor crystalline quality and a smooth surface, only
one peak related to 3-Ga,;O3 was clearly observed. By decreasing the VI/III ratio, due to the change in
crystalline quality and roughness, more peaks related to 3-GayO3 showed up, which were gradually
enhanced. However, when the VI/III ratio was decreased to 5.6 X 103, owing to the excessively rough
surface of the obtained sample, its surface area increased and its Raman spectrum changed greatly.
Ten peaks related to 3-Ga;O3 showed up and the peaks were enhanced greatly. The 10 peaks were
divided into three categories [25-27]—the peaks located at 115, 147, 171, and 201 cm~! were attributed
to libration and translation of tetrahedral-octahedra chains; the peaks located at 322, 349, and 476 cm™?
were attributed to deformation of GaOg octahedra, and the peaks located at 631, 655, and 768 cm?
were attributed to stretching and bending of GaO, tetrahedra. The Raman results confirmed that all
the obtained films consisted of pure 3-GayOs.
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Figure 5. Raman spectra of 3-GayOj3 films grown with various VI/III ratios: (a) sapphire substrate;
(b) 66.9 x 10%; (c) 22.3 x 10%; (d) 11.2 X 10%; (e) 7.4 x 10%; (f) 5.6 x 10°. %, the Raman peaks related to
sapphire. A, the Raman peaks related to tetrahedral-octahedra chains. #, the Raman peaks related to
GaOg octahedra. O, the Raman peaks related to GaOj tetrahedra.

4. Conclusions

In summary, 3-Ga, O3 films were grown on sapphire (0001) substrates with various VI/III ratios by
MOCVD. By varying the VI/Ill ratio, the crystalline quality obviously changed. For the film grown with
VI/III ratios from 66.9 x 103 to 11.2 X 103, the crystalline quality improved gradually, attributed to low
nuclei density in the initial stage. However, further decreasing the VI/III ratio caused degradation of
crystalline quality, and the morphological and Raman properties changed greatly, which was attributed
to excessive nucleation rate. This work offers a feasible way to improve the crystalline quality of
heteroepitaxial 3-GayOj3 films and is beneficial for device fabrication.
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Abstract: In this work, scandia-doped zirconia (5cSZ) and scandia—alumina co-doped zirconia
(ScSZAl) thin films were prepared by electron beam vapor deposition. X-ray diffraction (XRD) results
indicated a presence of ZrO, cubic phase structure, yet Raman analysis revealed the existence of
secondary tetragonal and rhombohedral phases. Thus, XRD measurements were supported by Raman
spectroscopy in order to comprehensively analyze the structure of formed ScSZ and ScSZAI thin
films. It was also found that Al dopant slows down the formation of the cubic phase. The impedance
measurements affirmed the correlation of the amount of secondary phases with the conductivity
results and nonlinear crystallite size dependence.

Keywords: scandium stabilized zirconia thin films; e-beam physical vapor deposition; thin films
ceramics; Raman spectroscopy; X-ray diffraction

1. Introduction

Zirconium oxide-based materials have been extensively studied for a few decades as electrolytes
and fulfill almost all requirements: high oxide ion conductivity (0.1-0.01 S/cm), low electronic
conductivity, chemical stability, mechanical strength, and low cost [1].

Pure ZrO,, due to its low number of vacancies, has a low specific ionic conductivity and has
amonoclinic structure, and up to 1170 °C does not exhibit high ionic conductivity. The highly-conductive
cubic phase forms only at 2370 °C [2]. A tetragonal phase exists in the middle-temperature range
(1170-2370 °C). The monoclinic—tetragonal (m — t) phase transition is produced by a condensation of
two phonons at point M of the Brillouin zone of the tetragonal phase (P42/nmc) and the tetragonal-cubic
(t = ¢) phase transition is produced by a condensation of phonons at point X of the Brillouin zone of
the cubic phase (Fm3m) [34].

To improve ionic conductivity and stabilize the cubic lattice at low temperatures, zirconia is doped
with trivalent or bivalent elements, such as Ca, Mg, Y, and Sc, etc. [5,6]. The stabilization process can
be explained by crystal chemistry, i.e., oxygen vacancies associated with Zr can provide stability for
cubic zirconia. Vacancies introduced by the oversized dopants are located as the nearest neighbors
to the Zr atoms, leaving the eightfold coordination to dopant cations. Undersized dopants compete
with Zr ions for oxygen vacancies in zirconia, resulting in six-fold oxygen coordination and a large
disturbance to the surrounding next nearest neighbors [7-9].

Scandia-doped zirconia (ScSZ) is considered the most suitable material at intermediate
temperatures because it has much higher ionic conductivity than yttria-doped zirconia [10]. However,
four different phases can be observed below 600 °C for ScSZ systems depending on the concentration
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of Scp03, i.e., cubic-tetragonal (5-7 mol %), cubic (8-9 mol %), and thombohedral (10-15 mol %) [7,11].
Transitions between the highly conductive cubic phase and tetragonal or rhombohedral phases cause an
abrupt decrease in ionic conductivity and suspend the application of ScSZ for intermediate temperature
solid oxide fuel cells (IT-SOFC) [7,12]. Co-doping can be a possible solution. Adding dopants like
CeOy, BiO3, Al,O3, and etc., has already been attempted [13-15]. Results vary for different dopants.
Mostly, the cubic phase has been mixed with other phases (thombohedral, monoclinic, or tetragonal)
except for co-doping 0.5 mol % of Al,O3. It has been demonstrated that 0.5 mol % of Al,Os stabilizes
the cubic phase of ScSZ to room temperature [13]. The mechanism of cubic phase stabilization is
not well known. It has been suggested that the strain in the crystalline, which is induced by adding
a secondary dopant with a different radius to the Sc3*, is involved [13,16]. However, this research was
based only on the X-ray diffraction (XRD) method, which cannot fully prove the existence of a fully
stabilized cubic structure. In a mixture of phases, XRD peaks of the main cubic phase and secondary
phases (tetragonal and rhombohedral phases) can overlap and the presence of secondary phases is not
reflected ine XRD analysis [17], indicating that XRD analysis should be supported by an additional
characterization method, e.g., Raman spectroscopy. Raman spectroscopy is a powerful analysis tool
used to study the fundamental vibrational characteristics of molecules and is very sensitive to phase
changes in the material. It can provide information about the phase, the chemical composition of
the material, and oxygen vacancies [18,19]. Light scattering occurs and a small percentage of the
scattered light may be shifted in frequency when monochromatic light is incident on the material.
This frequency shift of the Raman scattered light is directly related to the structural properties of
the material. The change in the phonon frequency of the vibrational mode will be produced in the
presence of discontinuation of translational symmetry in the crystalline material due to the doping
and secondary phases. It is known that the wavenumber of the vibrational modes follows a linear
relationship with chemical composition as well as with strain induced in the crystalline lattice [20].
In the case of phase transformation of ZrO,, Raman spectroscopy can determine the change of the
bond length and the angle between cation and anion [21]. Based on the reports of other authors,
monoclinic [12,18,22], tetragonal [15,21-24], rhombohedral [12,24], and cubic [12,15,18,24] phases can
be identified from Raman spectra for ZrO,. Moreover, the great majority of investigations analyzing
co-doping of ScSZ have been focused on the powders and pellets. The properties and phase transitions
of co-doped ScSZ thin films have not been studied enough. Thin films can be formed using a variety of
deposition techniques, such as screen printing [25], wet powder spraying [26], and electrostatic spray
deposition [27], etc. Electron beam vapor deposition allows producing a dense and homogenous thin
film with a strictly controllable thin film growing process during the deposition [28]. Furthermore,
it is a particularly appropriate formation method for ceramic thin films, which are distinguished by
their high melting temperature. In e-beam evaporation, Sc-doped and Sc and Al co-doped ZrO,
evaporate by partial dissociation [29-31], causing the different structure and crystallographic phases of
the formed thin films than powders. In this paper, the structure and ionic conductivity of thin ScSZ
and scandium alumina stabilized zirconia films (ScAISZ) are analyzed using XRD, energy dispersive
X-ray spectrsoscopy (EDS), Raman, and electrochemical impedance spectroscopy (EIS) methods.

2. Materials and Methods

ScSZ and ScAISZ thin films were formed using an e-beam physical vapor deposition system (Kurt
J. Lesker EB-PVD 75, Hastings, UK). The formation was carried out on crystalline Alloy 600 (Fe-Ni-Cr)
and polycrystalline Al,O3 substrates using deposition rates from 0.2 to 1.6 nm/s in steps of 0.2 nm/s.
The thickness (~1500 nm) and deposition rate were controlled with an INFICON (Inficon, Bad Ragaz,
Switzerland) crystal sensor. The temperature of substrates was changed from room temperature
(20 °C) to 600 °C temperature. In order to get a homogenous thin film, substrates were rotated at
8 rpm speed. The acceleration voltage of the electron gun was kept at a constant of 7.9 kV and the
required deposition rate was achieved by adjusting the e-beam current in the range of 60-100 mA.
An initial pressure of ~2.0 x 10~ Pa and working pressure of ~2.0 x 1072 Pa was used in the vacuum
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chamber during the experiments. The substrates were cleaned in an ultrasonic bath and treated
in Ar* ion plasma for 10 min before deposition. The powders of (Scz03)0.10(ZrO2)0.90 (ScSZ) and
(5¢203)0.10(A1503)0.01(ZrO7)0.89 (ScSZAI) (Nexceris, LLC, Fuelcellmaterials, Lewis Center, OH, USA)
were pressed into pellets and used as evaporating material. Pellets were evaporated using a single
e-beam configuration. Elemental analysis was performed using energy-dispersive X-ray spectroscopy
(EDS, BrukerXFlash QUAD 5040, Bruker AXS GmbH, Karlsruhe, Germany) and the atomic ratios of Sc,
Al, and Zr are presented in Table 1.

Table 1. Atomic ratios of Sc, Al, and Zr in the initial powders.

Initial Powders cse, %o cal, % czr, %

ScSZ 0.19 - 0.81
ScAISZ 0.19 0.02 0.79

The crystallographic nature of the formed thin films was determined using XRD (D8 Discover
(Bruker AXS GmbH, Billerica, MA, USA) standard Bragg focusing geometry with Cu Koy (A =
0.154059 nm) radiation, 0.01° step, and Lynx eye PSD detector). Rietveld analysis was performed
to calculate ratios of cubic and rhombohedral phases in the ScSZALl thin films. The refinement was
conducted with isotropic atomic thermal parameters [32]. The size of the crystallites and lattice
constants were estimated with the software Topas 4-1. The Pawley method was used to fit XRD patterns
and the crystallite size was estimated using the Scherrer equation [33].

Raman scattering measurements were performed using the Raman microscope inVia (Renishaw,
Gloucestershire, UK). The excitation beam from a diode laser of 532 nm wavelength was focused on
the sample using a 50x objective (NA = 0.75, Leica, Wetzlar, Germany) and the diameter of the laser
spot was 4 um. Laser power at the sample surface varied from 1.75 to 3.5 mW. The integration time
was 15-30 s and the signal was accumulated five times and then averaged. The Raman Stokes signal
was dispersed with a diffraction grating (2400 grooves/mm) and data was recorded using a Peltier
cooled charge-coupled device (CCD) detector (Renishaw, Gloucestershire, UK) (1024 x 256 pixels).
This system yields a spectral resolution of about 1 cm™!. Silicon was used to calibrate the Raman setup
for both the Raman wavenumber and spectral intensity. Positions of Raman peaks were determined by
fitting the data to the Lorentz line shape using a peak fit option in OriginPro 2016 software. The phase
ratio was calculated using the formula [18]

Ic
Se=—"7"—— 1
¢ Ic+ 1 +1p M

where I, I, and I are the scattering intensity of cubic (~620 cm™h), tetragonal (~473 cm™1), and
rhombohedral (~557 cm~!) Raman modes, respectively.

Electrical characterization and impedance spectroscopy measurements were performed using
a Probostat® (NorECs AS, Oslo, Norway) measurement cell in the frequency range 1-10° Hz and
a 200-1000 °C temperature interval. Electrodes of the geometry 3 mm X 10 mm (L X B) were made of
Pt ink and applied on top of the thin films using a mask reproducing the geometry of the electrodes
(the two-probe method). The total conductivity was calculated according to:

Le Le

T RA Rl @

where L. is the distance between the Pt electrodes, R; is the resistance obtained from the impedance
spectra, A is the cross-sectional area, / is the thickness of the thin films, and [ is the length of
the electrodes.
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3. Results

XRD measurements revealed that ScSZ and ScSZAl powders have a mixture of ZrO, rhombohedral
(JCPSD No. 01-089-5482) and monoclinic (JCPSD No. 01-089-5474) phases (Figure 1a). It can be seen
that the prevailing phase is rhombohedral, showing sharp (003), (101), (012), (104), (110), (015), (11-3),
(021), (006), and (202) peaks. Raman spectra of investigated powders are in good agreement with the
XRD results (Figure 1b). The peaks detected at 147, 148, 176, 190, 191, 259, 260, 315, 321, 384, 386, 422,
471,473,507, 517, 552, 554, 585, 597, and 640 cm ™!, and around 800-1100 cm™! showing a polymorphism
of ZrO,, can be assigned to monoclinic, tetragonal, and rhombohedral phases. The peaks at 507-517,
552-554, 585, and 597 cm™! belong to the 3-rhombohedral phase [12], the peaks at 147-148, 259-260,
315-321, 384-386, 422, 547, 551, and 640 cm ™! are indicative of the tetragonal phase and the peaks at
176,190, 191, and 469—473 cm ™! belong to the monoclinic phase [18,22]. Peaks observed above 800 cm™!
correspond to the second-order active Raman modes wave numbers combination [34]. The Raman
spectra of cubic zirconia should consist of a weak broad line peak assigned to a single Raman mode
F2g symmetry centered between 605 and 630 cm™!. Peaks corresponding to the cubic phase of ZrO,
were not observed in Raman spectra of the powders [12,15,18,21,24]. The obtained results agree with
the results of other authors [24,35]. The material should have a rhombohedral structure if the Sc,O3
concentration is above 9% [5,11]. Raman peaks corresponding to the tetragonal phase (Figure 1b)
indicate that the tetragonal structure is deformed and is predominant mostly at the grain boundary [15].
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Figure 1. ScSZ and ScSZAl powders: (a) X-ray diffraction (XRD) patterns and (b) Raman shifts.

It is known that ZrO, evaporates by partial decomposition during e-beam evaporation
process [29,31]:

ZI‘Oz(S) = Zl‘Oz(g) (3)
ZI‘OZ(S) = ZrO(g) + O(g) 4)
ZrOx) = Zrg) + Oz(g) 5)

Therefore, the vapor phase of S¢SZ and ScSZAl powders could consist of ZrO,, ZrO, O,, O, Sc;03,
5S¢0, 5O, Sc, Al,O3, Al,O,, AlO, Al atoms, molecules, and molecule fragments. The atoms and
molecule fragments landed on the surface of the substrate migrate and form grains. The grains with
the densest planes are selected, e.g., (111) for face-centered cubic. However, surface diffusivity plays an
important role in the formation of textured thin films. Adatoms deposited near grain boundaries have
a higher probability of becoming incorporated at a low diffusivity surface in comparison to adatoms at
high diffusivity planes having longer mean free paths with correspondingly higher probabilities of
moving off the plane and becoming trapped on the adjacent grains [36]. Therefore, grains with low
surface diffusivities grow faster. A similar growth mechanism was observed in the ScSZ and ScSZAl
thin films. The thin films have a cubic structure (Figure 2a) and the positions of (111), (200), (220),
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(311), and (222) orientation peaks in the XRD patterns (measured at room temperature) confirm this
(JCPSD No. 01-089-5483). The preferential orientation is (200) at low temperature (up to 450 °C) and
preferential orientation is (111) at high temperatures because adatoms have high enough diffusion
energy to move on the surface and become trapped on the high diffusivity surfaces. Moreover, the
positions of the peaks of the ScSZALl thin films are shifted to higher angles by 0.2° in comparison to the
positions of the peaks of the ScSZ thin films (Figure 2b) due to distortions in the crystal lattice. The ion
of Al (~0.53 A) is smaller than the ion of zirconium (0.84 A).
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ScSZAI1 450 °C
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Figure 2. XRD patterns (measured at room temperature) of (a) ScSZALl thin films and (b) ScSZ and
ScSZAl thin films deposited on Alloy 600 substrates using a 0.4 nm/s deposition rate.

However, Rietveld analysis showed that a mixture of cubic (87.8%) and rhombohedral (12.2%)
phases can be found in the ScSZAI thin films (Figure 3) with equal probability as a pure cubic phase. The
weighted profile R-factors (Rwp) are almost the same for pure cubic (1.45) and the mixture of cubic and
rhombohedral (1.35). Therefore, the peaks of cubic and rhombohedral phases can be overlapped [17,35].
In this case, XRD patterns require a complimentary analysis and Raman spectroscopy can be a quick
solution [15,21].
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Figure 3. Rietveld analysis of XRD patterns of ScSZAI thin films deposited on Alloy 600 substrates
using a 0.4 nm/s deposition rate.

The Raman spectra of ScSZ and ScSZAl thin films indicate mixed phases (Figure 4). Raman
peaks are detected around 140, 262, 354, 382, 475, 540, 618, 726, 954, and 1000 cm~!. The broad peak
observed between 100 and 200 cm™! consists of several peaks, indicating different ZrO, phases. The
peaks at 354 and 382 cm™! belong to the monoclinic phase [12,18,22], peaks detected at 147, 260, and
475 cm™! belong to the tetragonal phase [15,21-24], and peaks detected around 540 cm™! belong to the
rhombohedral phase [12,24]. The broad peak expressed around 620 cm™! consists of several peaks
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indicating the presence of cubic (c), tetragonal (t), and monoclinic (m) phases. On the other hand,
Raman peaks near 620 cm™! can be shifted due to a disordered oxygen sublattice after doping and
co-doping by Sc and Al. Substitution of Zr** by Sc®* results in the formation of high quantities of
oxygen vacancies [37] and such a high defect concentration can lead to a violation of the selection rules
and the appearance of additional modes that are forbidden for the cubic fluorite structure [38].
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Figure 4. Raman spectra of (a) ScSZ and (b) ScSZAl thin films deposited on Alloy 600 substrates using
a 0.4 nm/s deposition rate.

The Raman spectra of ScSZ and ScSZAl are of a similar shape; however, the intensities of peaks at
620 cm~! are lower for the ScSZAI thin films (Figure 4). In the case of thin films with an Al dopant
(Figure 4b), the cubic phase begins to form at a temperature higher than 50 °C and further increase of
the temperature does not significantly influence the amount of the cubic phase. This means that Al
slows down the cubic phase formation and stabilizes it at higher than 300 °C substrate temperatures.
Quantitative calculations give the same substantiation (Table 2). The ratios of the cubic phase to
the tetragonal and rhombohedral phases are from 42% to 53% for ScSZ and around 42% for ScSZAIl.
Calculations reveal that the amount of cubic phase increases by 10% for ScSZ and by 2% for ScSZAl
with increasing substrate temperature. Finally, Raman analysis shows that thin films have a mixture
of cubic (~44%), tetragonal (~18%), and rhombohedral (~38%) phases (Table 2). The obtained results
demonstrat that a polymorphous transition from rhombohedral to cubic phase occurred in the formed
thin films, indicating a typical behavior for the doped ZrO; [39]. According to the XRD spectra,
the ZrO, rhombohedral phase is not significantly expressed and the tetragonal phase is not observed,
while Raman spectra show large amounts of these phases, meaning that both phases could be located
in the grain boundaries [15,39].

Table 2. The ratio of cubic, tetragonal, and thombohedral phases in the ScSZ and ScSZAl thin films.

Substrate Temperature ("C)  Cubic  Tetragonal = Rhombohedral

ScSZ
50 43% 15% 42%
150 42% 19% 39%
300 45% 18% 37%
450 46% 17% 37%
600 53% 17% 30%
ScAISZ
50 - 22% 78%
150 41% 13% 46%
300 42% 19% 39%
450 43% 20% 37%
600 43% 23% 34%
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The average crystallite size dependence on the substrate temperature shows a nonlinear behavior
(Figure 5). Crystallites grow larger (17.4-69.9 nm) with increasing substrate temperature (50-300 °C)
during deposition. At 450 °C temperature, a sudden decrease of crystallite size occurs (~45-30 nm).
This can be related to the changes in preferential orientation and to the changes in the ratio of phases.
The preferential orientation changes from (200) at the temperatures up to 450 °C to (111) at high
temperatures due to the higher diffusion energy of adatoms which allows them to move on the surface
and become trapped on the high diffusivity surfaces.
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Figure 5. Crystallite size dependence on substrate temperature of ScSZAl thin films deposited on Alloy
600 substrates using different deposition rates.

Arrhenius plots show linear dependences (Figure 6a). No obvious breaking or bending points were
observed. This means that no phase transitions occurred during the measurements. Moreover, ionic
conductivity (600 °C measurement temperature) is observed to be related to the substrate temperature
(Table 3). Ionic conductivity is higher for the thin films deposited on higher temperature substrates.
The highest value of ionic conductivity of 4.2 x 1073 S/cm (substrate temperature 600 °C and deposition
rate 0.4 nm/s) is similar to other authors’ results (~7 x 1073 S/cm) [13,16,24]. Crystallite size has a similar
dependence on temperature. Crystallites were observed to grow larger (17.4-69.9 nm) with increasing
substrate temperature (50-300 °C) during deposition. At 450 °C, a sudden decrease of crystallite size
occurs (~45-30 nm). This may be related to the changes in preferential orientation and to the changes in
the ratio of phases. It is known that ionic conductivity is strongly related to crystallite size. According
to the brick layer model, materials consisting of larger crystallites exhibit higher ionic conductivity
because grain boundaries slow down oxygen ion diffusion [40-42].
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Figure 6. (a) Arrhenius plots of ScSZAl thin films deposited on Al,O3 substrates using a 0.4 nm/s
deposition rate and (b) vacancy activation energy dependence on the substrate temperature of ScSZAl
thin films deposited on Al,O3 substrates using a 0.4 nm/s deposition rate.
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Table 3. Ionic conductivity (S/cm) of ScSZ and ScSZAl thin films deposited using different substrate
temperature and a 0.4 nm/s deposition rate.

Substrate Temperature
50 °C 150 °C 300°C 450 °C 600 °C

ScSZ 1.7%x107° 25x107° 74x107% 36x10° 42x107
ScAlISZ 41x107° 23x107* 11x10°% 19x1073 24x1072

Thin Films

Co-doping of aluminum was observed to have a minor effect on the ionic conductivity of thin
films, although conductivity is slightly lower for the ScSZAl thin films deposited on higher temperature
substrates. The lower ionic conductivity is a result of a lower amount of cubic phase and a higher
amount of tetragonal phase (Table 2).

It was noticed that vacancy activation energy increased from 0.91 to 1.22 eV using higher
temperature substrates (Figure 6b). This increase also occurred due to the higher amount of tetragonal
phase in those thin films (Table 3).

4. Conclusions

In this work, thin films of ScSZ and ScSZAl were deposited using electron beam vapor deposition,
which allows the production of a dense and homogenous thin film. Structure and conductivity studies
of the formed thin films were performed. It was found that the structure of the formed thin films does
not repeat the structure of the initial evaporated material. Analysis of XRD patterns and Raman spectra
of the initial evaporated powders of ScSZ and ScSZAl shows that they exhibit a polymorphism of ZrO,
monoclinic, tetragonal (in Raman spectroscopy), and rhombohedral phases. Contrarily to the structure
of evaporating material, XRD of ScSZ and ScSZAl thin films depict only a pure ZrO, face-centered cubic
phase of a preferential orientation (200) at temperatures up to 450 °C, with a change in preferential
orientation (100) at higher temperatures. In order to investigate the influence of an Al dopant, Rietveld
analysis was performed, demonstrating that a pure cubic phase can be found in the ScSZAI thin films
with equal probability as a mixture of cubic (87.8%) and rhombohedral (12.2%) phases. Raman spectra
of ScSZ and ScSZAI thin films also indicate a polymorphism of ZrO, phases. Raman peaks detected
around 140, 262, 354, 382, 475, 540, 618, 726, 954, and 1000 cm™! indicate the presence of cubic (~44%),
tetragonal (~18%) and rhombohedral (~38%) phases, showing a transition from a rhombohedral to
a cubic phase. In ScSZAl thin films, co-doping with Al delays and slows down the formation of a cubic
phase and stabilizes it at higher than 300 °C substrate temperatures. The ratios of the cubic phase to
the tetragonal and rhombohedral phases are from 42% to 53% for ScSZ and around 42% for ScSZALl.
It was found that the crystallite size depends on substrate temperature, demonstrating a nonlinear
behavior. Crystallites grew larger (17.4-69.9 nm) with increasing substrate temperature (50-300 °C)
and a sudden decrease of their size occurred (~45-30 nm) at a 450 °C deposition temperature due to
the changes in preferential orientation and phase ratio. On the other hand, Arrhenius plots showed
linear dependences and exhibited the highest value of ionic conductivity of 4.2 x 1073 S/em for thin
films deposited on 600 °C temperature substrates using a 0.4 nm/s deposition rate. The increase in the
amount of tetragonal phase in the formed thin films influences the vacancy activation energy which
increases from 0.91 to 1.22 eV using higher temperature substrates.
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Abstract: Most superhydrophobic surface fabrication techniques involve precise manufacturing
process. We suggest initiated chemical vapor deposition (iCVD) as a novel CVD method to
fabricate sufficiently durable superhydrophobic coating layers. The proposed method proceeds
with the coating process at mild temperature (40 °C) with no need of pretreatment of the substrate
surface; the pressure and temperature are optimized as process parameters. To obtain a durable
superhydrophobic film, two polymeric layers are conjugated in a sequential deposition process.
Specifically, 1,3,5,7-tetravinyl-1,3,5,7-tetramethylcyclotetrasiloxane (V4D4) monomer is introduced to
form an organosilicon layer (pV4D4) followed by fluoropolymer formation by introducing 1H, 1H,
2H, 2H-Perfluorodecyl methacrylate (PFDMA). There is a high probability of covalent bond formation
at the interface between the two layers. Accordingly, the mechanical durability of the conjugated
fluoropolymer film (pV4D4-PFDMA) is reinforced because of cross-linking. The superhydrophobic
coating on soft substrates, such as tissue paper and cotton fabric, was successfully demonstrated,
and its durability was assessed against the mechanical stress such as tensile loading and abrasion.
The results from both tests confirm the improvement of mechanical durability of the obtained film.

Keywords: initiated chemical vapor deposition (iCVD); superhydrophobic; fluoropolymer

1. Introduction

Superhydrophobic surfaces attracts considerable research attention as they are used in many
industrial applications, including water repellents, antifouling, and self-cleaning surfaces [1-12]. There
are many methods and techniques to produce superhydrophobic surfaces such as metal etching [2,3],
sol-gel processing [4], dip-spraying [5], electro-spray and spinning [6,11], combining solution and
phase inversion process [7,8], solution method [9], ultrasound-assisted method [10], and plasma-based
method [12]. However, most of these techniques are only suitable for nanostructures with fine surface
roughness and are further limited to specific substrates such as metals. A hierarchical structure is
always better for a superhydrophobic surface because it can reduce the contact area between the water
and the surface. This surface can be obtained using a combination of the topographical properties of the
surface texture and the chemical properties of low surface energy. To demonstrate this, Zhou et al. have
synthesized nanostructured ZnO film with super-hydrophobicity using a chemical vapor deposition
(CVD) method [13].

In comparison with other methods, the CVD process can produce large area of homogeneous
thin films. However, it is not readily available for flexible substrates such as cotton fabrics and papers
because it requires the use of high temperature and high vacuum pressure. For commercial purposes,
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a superhydrophobic surface needs to be mechanically and chemically durable. For instance, Zhou et al.
fabricated a durable superhydrophobic polyester fabric with fluoroalkyl silane-modified silicone
rubber, which is a nanoparticle composite, using the dip coating method [14]. Yan et al. also fabricated
hydrophobic and hydrophilic surface of cotton fabric using a plasma-induced graft method [15].
Recently, Heydari Gharahcheshmeh and Gleason reported the fabrication of an antifouling surface on
conductive polymer film via the oxidative chemical vapor deposition (0CVD) process that improves
signal-to-noise ratio of the neural recording electrodes against blood or tissue contamination [16].
In this study, we use an iCVD process to generate fluoropolymer film for super hydrophobicity because
this is relatively simple process in comparison with the previous methods. Unlike the conventional
CVD process, the iCVD is achievable at a low temperature and vacuum pressure and shows excellent
step coverage at high aspect ratio structure [17].

Figure 1 shows the iCVD process. The process begins with canisters containing an initiator
(I) and one or more monomers (M), which are the building blocks of the desired polymer coating.
These materials are vaporized, either by heating or reducing the air pressure, and are introduced
simultaneously into a vacuum chamber with the substrate to be coated. Once vaporized, the initiator
molecules are thermally decomposed upon the contact with a hot filament to become radicals (I*).
The radicals activate the vaporized monomer to link in chains that form polymers on the surface of the
substrate kept at mild temperature (2540 °C). This is a one-step, solvent-free process to grow polymer
films uniformly onto complex substrates structures, regardless of the substrate material. The functional
performance of the polymer thin film is attributed to the properties of the monomers used [18].

Myl
l ’%‘
I

M M Iz

Figure 1. A schematic of iCVD process.

To obtain the fluoropolymer film with the iCVD process, tert-butyl peroxide (TBPO) and 1H,
1H, 2H, 2H-perfluorodecyl acrylate (PFDA) are typically used as the initiator and the monomer,
respectively [19-22]. In particular, 1H, 1H, 2H, 2H-perfluorodecyl methacrylate (PFDMA) is of great
interest because of its exceptionally low surface energy (3.5 mN-m™1), similar to PFDA and more efficient
commercialization possibilities [23,24]. These monomers are synthesized in a one-step iCVD process
and show more than 150° of water contact angle. Previously, mechanical and chemical robustness
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of the iCVD superhydrophobic coating had not been studied. Therefore, 1,3,5,7-tetravinyl-1,3,5,7-
tetramethylcyclotetrasiloxane (V4D4) was introduced as a cross linker, which improves mechanical
strength. Finally, a conjugated polymer film was obtained with a successive deposition of an
organosilicon polymer, pV4D4 (poly-tetramethylcyclotetrasiloxane) and a fluoropolymer, pPFDMA
(poly-perfluorodecyl methacrylate) using the customized iCVD reactor. Because pPFDMA is strongly
bound on the pV4D4 layer, the durability of the conjugated film (pV4D4-PFDMA) improves due to
increasing adhesion strength between the substrate and the fluoropolymer film. In this study, only
pPFDMA, pV4D4-PFDA, and pV4D4-PFDMA were synthesized with iCVD, after which the durability
of the each film was evaluated using the rubbing test. In addition, infiltration capability was examined
after coating the folded copper sheet.

2. Experiment

2.1. iCVD Process Basics

The iCVD reaction mechanism is initiated by pyrolysis of the initiator to radicalize non-covalent
electrons to bond with the vinyl group of the monomer and to grow the polymer thin film through the
sequential chain bonding [25,26]. Notably, the initiator TBPO is radicalized through the pyrolysis and
polymerized with the vinyl groups of monomers such as V4D4 and PFDMA, resulting in thin film
growth. As shown in Equations (1)-(3), the parameter of iCVD process is defined as an optimal value
of Pyi/Psat. The Py and Psyy values are derived from the Antoine Equations (1) and (2), where Py is the
ratio of the incoming gas amount controlled by the vaporization temperature of the monomer and the
initiator, and the Ps,; value is determined by monomer’s characterization and the temperature of the
substrate (Tsypstrate)- The optimized Pyy/Ps,; is between 0 and 1, which is the rate of polymerization.
When Pj1/Psy; is close to 0, the growth rate is very slow. When it is close to 1, condensation occurs
instead of polymerization. Also, the duration of the deposition affects the thickness of the polymerized
film. Optimized Pyi/Ps,t varies depending on monomers.

m
Py =P, _— 1
M Chamber X Fy +F ( )

B
log Psyt = A= ——— 2)
Tsubstrate
P

0<=- <1 3)

Sat
where, Fy; (sccm) is a gaseous monomer input flow, Fy (sccm) is a gaseous initiator input flow, Py
(mTorr) is the partial pressure of the monomer in the chamber, Pg,; (mTorr) is the saturated vapor
pressure at the Tsypstrates PChamber (mTorT) is the total pressure of the chamber, and Tsypstrate (°C) is the
temperature of substrate.

The customized iCVD reactor system uses canisters for monomers and the initiator. The canisters
are heated to efficiently vaporize the materials into the vacuum chamber. Also, there are filaments
arrayed in the vacuum chamber to instantly apply the elevated temperature for decomposing the
initiator into radicals.

2.2. Fabrication of Superhydrophobic Film and its Characteristics

Table 1 shows the monomers and the initiator examined in this study. The deposition of pV4D4-PFDMA
was performed in the iCVD reactor. V4D4 and PFDMA monomers were heated to 55 and 75 °C,
respectively, and TBPO was heated to 35 °C through each canister. Each flow rate of the vapor was
controlled by needle valves, and the flow was monitored by a pressure gauge installed at the inlet of the
reactor. In this study, for all monomers and initiator, the vapor saturation ratio (Fy:F1) was maintained
to be 1:1 as empirically optimized Pyy/Psat. First, V4D4 and TBPO were delivered into the reactor at
0.6 sccm while maintaining 270 mTorr vacuum pressure in the reactor. The substrate and the filaments
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temperature were held at 40 and 180 °C, respectively. Then, a homopolymer of pV4D4 was grown
from the surface of substrate. Once the desired thickness of pV4D4 was obtained, the next vaporized
PFDMA was introduced into the reactor together with V4D4 for 2-3 min. This period ensures strong
adhesion at the film interface between the top pV4D4 layer and the bottom pPFDMA layer. Then, the
flow of V4D4 was stopped, and the deposition of pPPFDMA continued to the top layer. With PFDMA,
only the vacuum pressure in the reactor was changed to 100 mTorr to maintain the optimal Py value;
other temperature settings remained the same. As a result, a conjugated fluoropolymer film was
obtained as a superhydrophobic surface, as shown in Figure 2a. The film was sequentially stacked
pV4D4 and pV4D4-PFDMA on a silicon wafer substrate. Figure 2b shows the morphology of the
fluoropolymer film; one can see about 5 um size fluorocarbon structures tangled from the top view.
To confirm the super-hydrophobicity of film, the contact angle was measured with 50 uL of deionized
water droplets using a contact angle meter (SmartDrop, FEMTOBIOMED, Seongnam, Korea). As a
result, the water contact angle of 150.1° + 3.6° was obtained while the sliding angle was only 8.5°.
This means that the pV4D4-PFDMA film exhibits a highly non-stick super-hydrophobic surface.

Table 1. Chemical structures and functions of the initiator and the monomers.

Structure Name (Abbreviation) Function Chemical Formula

%ﬁ 4% tert-butyl peroxide (TBPO) Initiator CgHy30,
.
1H,1H,2H,2H-Perfluorodecyl .
W \[(\ acrylate (PFDA) Super-hydrophobic Cy3H7F170,
1H,1H,2H,2H-Perfluorodecyl .
)H‘/ W; methacrylate (PEDMA) Super-hydrophobic Cy14HoF170,

¢ o FY
e
H,c]/s,/°\.f\j\ 1,3,5,7-tetravinyl-1,3,5,7-
{ /c o, tetramethylcyclotetrasiloxane Cross-linker C12H404Siy
Vo e (V4D4)
w4 ~ocn.

Because the temperature of the substrate was kept at 40 °C, relatively flexible substrates were
considered such as paper and fabric. Accordingly, we choose tissue paper and cotton fabric as substrates
and proceeded with the pV4D4-PFDMA coating process in the iCVD reactor. At this time, the total
thickness of the film was 200 nm so there were no significant changes in dimensions of the fiber
structures. Both tissue and fabric are known to easily get wet. After coating, however, blue ink was
dropped on the surface, and excellent repellency to the droplet was observed, as shown in Figure 3a,b.
In addition, we performed SEM analysis (FE-SEM, S-4800, Hitachi, Tokyo, Japan), on both substrates
before and after coating as shown in Figure 3b—f, respectively. No noticeable changes were observed.

Another advantage of the iCVD process is that it shows ultra-step coverage on high aspect ratio
of up to 1:40 for the opened area [27]. Therefore, we made a quantitative analysis of the capability
of coating with shadow area. A manifolded copper sheet was subjected to the iCVD process and
coated with 200 nm of the pV4D4-PFDMA, as seen in Figure 4a. The thickness and the width of the
copper sheet were 0.02 and 25 mm, respectively, and it was firmly folded seven times, as seen in
Figure 4b. Next, the gap between each surface was measured about 0.1 mm. The pure copper sheet had
a hydrophilic surface, as seen in Figure 4c; therefore, water droplets on various places of the unfolded
sheet indicated the successful coating, as seen in Figure 4d. Additionally, Fourier transform infrared
spectra (Nicolet 6700 FI-IR Spectrometer, Thermo Scientific, Waltham, MA, USA) analysis has proven
an infiltration capability, as shown in Figure 4e. Although the peaks are not so obvious due to an
extremely high aspect ratio for the shadow area, the result verifies the presence of the fluorocarbon
functional group.
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Figure 2. (a) A schematic of the fluoropolymer (pV4D4-PFDMA) coating; (b) surface morphology using
scanning electron microscope (FE-SEM, S-4800, Hitachi, Tokyo, Japan) imaging before and after coating
on wafer substrate; (c) static and dynamic water contact angles of the pV4D4-PFDMA surface.
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Figure 3. (a) Blue ink droplet on tissue paper before and after pV4D4-PFDMA coating; (b) SEM image
of the tissue paper; (c) SEM image of the tissue structure after coating; (d) blue ink droplet on cotton
fabric before and after pV4D4-PFDMA coating; (e) SEM image of the cotton fabric; and (f) SEM image
of the cotton fabric after coating.
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Figure 4. (a) A manifolded copper sheet in the iCVD reactor; (b) schematic of the folded copper sheet
and FT-IR Spectrometer measurement locations; (c) water droplets on bare copper sheet; (d) water
droplets on unfolded copper sheet after coating; and (e) FI-IR analysis before and after coating.

2.3. Examination of Durability

The development of a thin film that is resistant to various mechanical stresses is the key for
successful commercialization of the superhydrophobic surfaces. The proposed film was obtained
using the iCVD process, with a mechanically robust organosilicon polymer and a fluoropolymer layer.
The two layers were covalently adhered to form a conjugated polymer structure. We evaluated the
durability of the proposed coating against tensile and abrasion tests.

To compare the mechanical durability against deformation under external force between pPFDMA
and pV4D4-PFDMA, we examined optical microscopic images of the cracks developed when the
tensile load is applied. The pPFDMA (500 nm) and pV4D4 (100 nm)-PFDMA (500 nm) were deposited
on the elastomer film (50 um thickness) and subjected to tensile tests using Instron tester (5960 Series,
INSTRON, Chicago, IL, USA) according to ASTM standard [28], as shown in Figure 5a. Tensile tests
for each thin film were proceeded with the strain rate of 2.5 mm/min, and the obtained stress-strain
plots were compared with the bare elastomer film, pPFDMA coated, and pV4D4-PFDMA coated, as
seen in Figure 5d. According to the result, the pPFDMA coating shows the tensile strength was similar
to that of the bare elastomer film; surface cracking was observed when the strain reached about 60%,
as seen in Figure 5b,c. However, for pV4D4-PFDMA coating, crack occurrence was observed at 110%
of strain, indicating an improvement of the adhesion strength between the elastomer film and the
fluoropolymer film, resulting in eventual enhancement of the global tensile strength.

Tensile test of thin film

T 8
e
26
=
n 4 ——pV4D4-PFDMA coated

2 ——pPFDMA coated

——Elastomer film
0
0% 20% 40% 60% 80% 100% 120%
Strain (%)
(d)

Figure 5. Tensile test of the elastomer film with superhydrophobic coating: (a) tensile test set-up;
(b) surface cracks occurred during tensile loading; (c) microscopic image of the surface cracks; and
(d) stress-strain curves.
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The combined pV4D4 and pPFDMA film showed better stability and the super-hydrophobicity
because of the covalent bonding between the interlayers. In this structure, benzene ring of the V4D4 acts
as a cross linker, protecting the conjugated pV4D4-PFDMA from external stresses that normally occur
in daily life. Accordingly, we evaluated the resistance in the abrasion test (CT-RB Series, CORETECH,
Uiwang, Korea) and compared pPFDMA (500 nm) only, pV4D4 (100 nm)-PFDA (500 nm), and pV4D4
(100 nm)-PFDMA (500 nm). For the abrasion test, these films were deposited onto the SUS304 plate; the
comparison was made using a contact angle meter. Figure 6a shows the abrasion test set-up. The coated
sample was placed and firmly fixed in the sample holder. Then, the cotton-covered ball-shape tip was
released to contact the top surface of the coated sample. 1 kgf weight was loaded on the tip, which
was repeatedly rubbed on the surface left- and right-hand side throughout 3000 cycles. The contact
angle was measured at every five cycles in the beginning and intermittently after hundreds of cycles.
In abrasion test, the coated layer appeared to be scratched on the surface, as seen in Figure 6¢ and
contact angle was gradually decreased. Figure 6d shows the comparison of the contact angle change
for each film. According to the results, pPFDMA only showed the lowest abrasion resistance indicating
drastic reduction of the contact angle within less than 10 cycles. However, the other two fluoropolymer
films with pV4D4 conjugation withstood 200 cycles of rubbing and retained contact angle of 120°,
which is considered as sulfficiently high hydrophobicity. The proposed pV4D4-PFDMA showed the
highest abrasion resistance, retaining 120° of the contact angle after 3000 cycles.

Wear resistance test(lkg( ,3000 cycles)

B pPFMDA
~¥-pV4D4/PFDA
~©-pV4D4/PFDMA

Water Contact Angle(°)

0 500 1000 1500 2000 2500 3000
(c) tested surface Sliding Cycles

(d) Contact angle measurement comparison

(a) abrasion tester

Figure 6. (a) Abrasion test set-up; (b) microscopic image of the initial surface; (¢) microscopic image of
the tested surface; and (d) contact angle measurements.

3. Conclusions

A fluoropolymer fabricated using the iCVD process has great advantages such as cost efficiency
and high functionality when compared with other surface modification solutions to obtain super
hydrophobicity. In this study, we examined in detail parametric optimization of the iCVD process
and successfully fabricated a new super-hydrophobic film conjugated with V4D4 and PFDMA.
The proposed superhydrophobic film was applied to tissue paper and cotton fabric and demonstrated
great liquid repellency. In addition, high infiltration capability of the iCVD process was discussed
using manifolded copper sheet. These results provide enough insight for industrial applications in
which superhydrophobic surfaces are needed.

A conjugated film (pV4D4-PFDMA) was achieved by adding the pV4D4 layer before the
introduction of the pPPFDMA and showed exceptional stability and durability. The pV4D4 significantly
enhances mechanical stability of the pPFDMA as it allowed for both monomers to flow into the reactor.
Therefore, the fluoropolymer was reinforced by binding the organosilicon layer. We evaluated the
mechanical and chemical robustness of the proposed film. First, the tensile test was performed using
the deposition on the elastomer film; it showed improvement both in terms of the tensile strength and
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delay in surface cracking. Second, the mechanical abrasion test was performed and the proposed film
showed better rubbing resistance when compared with other films.

The deposition process is applicable to various types and complex shapes of the substrates without
the need of surface pretreatment; is also allows for improved adhesion between the coated film and the
substrate. We found that the proposed superhydrophobic film obtained in the iCVD process provides
an industrial grade of low surface energy with sufficient durability against various mechanical stresses.
In addition, optimization of iCVD process can be further studied to enhance mechanical properties.
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Abstract: Recent progress in nanotechnology has enabled to design the advanced functional
micro-/nanostructures utilizing the unique properties of ultrathin films. To ensure these structures
can reach the expected functionality, it is necessary to know the density, generated internal stress
and the material properties of prepared films. Since these films have thicknesses of several tens of
nm, their material properties, including density, significantly deviate from the known bulk values.
As such, determination of ultrathin film material properties requires usage of highly sophisticated
devices that are often expensive, difficult to operate, and time consuming. Here, we demonstrate
the extraordinary capability of a microcantilever commonly used in a conventional atomic force
microscope to simultaneously measure multiple material properties and internal stress of ultrathin
films. This procedure is based on detecting changes in the static deflection, flexural and torsional
resonant frequencies, and the corresponding quality factors of the microcantilever vibrating in air
before and after film deposition. In contrast to a microcantilever in vacuum, where the quality factor
depends on the combination of multiple different mechanical energy losses, in air the quality factor is
dominated just by known air damping, which can be precisely controlled by changing the air pressure.
Easily accessible expressions required to calculate the ultrathin film density, the Poisson’s ratio, and
the Young’s and shear moduli from measured changes in the microcantilever resonant frequencies,
and quality factors are derived. We also show that the impact of uncertainties on determined material
properties is only minor. The validity and potential of the present procedure in material testing is
demonstrated by (i) extracting the Young’s modulus of atomic-layer-deposited TiO, films coated on
a SU-8 microcantilever from observed changes in frequency response and without requirement of
knowing the film density, and (ii) comparing the shear modulus and density of SizNy films coated on
the silicon microcantilever obtained numerically and by present method.

Keywords: thin film; atomic layer deposition; nanomechanics; Young’s modulus; shear modulus;
resonant frequency; Q-factor; microcantilevers; internal stress

1. Introduction

Functional micro-/nanostructures made of substrate and one or multiple ultrathin films are widely
used in applications like photovoltaics [1], micro-electronics [2], optics [3,4], tunable resonators [5,6],
and various sensors [7-12]. Preparation of these structures involves repeated usage of multiple
fabrication processes such as deposition, lithography, etching, and cleaning. In order to prevent the
mechanical failure or to guarantee that the structures would reach the desired operating conditions,
the material properties of prepared ultrathin films must be known. During film deposition the internal
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stress that often originates from a coefficient of thermal expansion mismatch can be generated [13].
For films of thicknesses ranging from hundreds of nm to about tens of um, the nanoindentation [14],
bulge test [15], and the resonant methods [16] are the most common techniques used to determine the
film material properties. Noticing that for micro-sized samples the density is estimated based on the
known bulk values. However, once film thickness shrinks from micro- to nanoscale (i.e., tens of nm),
the density of particularly polymer, organic, composite, or porous films can start to deviate from the bulk
values (e.g., changes in deposition parameters affect notably prepared film density) [17,18]. In addition,
usage of different film preparation processes can also cause significant variations in the material
properties and density of designed nanostructure. As a result, current procedures of ultrathin film
material properties determination require either simultaneous measurements on multiple sophisticated
devices [19-21] or the specially designed micro-/nanomechanical resonators or experimental setup
with the advanced computational tools [22-26]. For instance, the high-resolution transmission electron
microscope is used to precisely control the force loading/unloading during the nanoindentation of a
nanoscale sample [20,21]. Drawbacks of these procedures are that combined measurements on either
several sophisticated devices or one specially-designed device are difficult to perform, time consuming,
often expensive, and each developed procedure is usually limited to only a specific class of materials.
The resonant methods can be also integrated in situ into the nanomaterial deposition systems [27,28].

In response, here we demonstrate the outstanding capability of common microcantilever to
determine the density, generated internal stress, the Poisson’s ratio, and the elastic properties of solid
and polymer ultrathin films, from measured static and dynamic responses of the microcantilever,
before and after depositing a thin layer film on its surface. Sketch of the microcantilever with
the deposited film is given in Figure 1. We emphasize here that the present procedure utilizes,
in addition to well-established measurements of the cantilever static deflection, the flexural and
torsional resonant frequencies of the cantilever operating in air; also monitoring often neglected
changes in the corresponding quality factors (Q-factors). As a direct consequence, no additional
experimental setup or specially designed microcantilevers are required, enabling non-destructive and
easily accessible material characterization and testing of ultrathin films. Noticing that Q-factor is a
dimensionless parameter describing the efficiency of the designed resonator (i.e., higher Q-factor values
stand for lower dissipation and higher efficiency). Importantly, in air the Q-factor is proportional to
the material properties and dimensions of the designed microcantilever, and a known air damping
that can be precisely controlled by changing the air pressure [29]. Other energy losses, such as the
support, surface or the thermo-elastic loss, have only a negligibly small impact on the Q-factor of
microcantilever submerged in air. When film is sputtered on the resonator surface, it alters the material
properties and dimensions of the microcantilever resonator, yielding changes in Q-factor. As such,
Q-factor provides an additional source of information on prepared ultrathin film(s).

(a) (b)

Figure 1. Sketch of the two-layered microcantilever made of an elastic substrate and coated ultrathin
film performing (a) flexural and (b) torsional oscillations.
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We first derive easily accessible expressions needed to calculate the material properties of an
ultrathin film from observed changes in flexural and torsional resonant frequencies and Q-factors of the
microcantilever operating in air. Then, we analyze the sensitivity of calculated material properties of
ultrathin film on uncertainties in frequency (Q-factor) and dimensions measurements and, afterwards,
we validate our theoretical findings by comparing theoretical predictions with experimental results and
numerical computations. Despite the fact that analysis is carried out on rectangular microcantilevers,
the obtained results and developed procedure of thin film material characterization are valid for other
cantilever shapes. In this case, just the flexural and torsional rigidities and hydrodynamic functions
used in the model must be recalculated.

2. Theory

2.1. Flexural Oscillations of Two-Layered (Multi-Layered) Microcantilever Operating in Air

To begin, we recall a known fact that once a thin layer film is sputtered on an elastic substrate, it
generates in-plane stresses and also alters the overall cantilever resonator elastic properties, particularly
in near vicinity of its clamped end [6,30-33]. These effects, that originate from mismatches in strains
and the coefficient of thermal expansion between substrate and film, have been proven to notably
affect the resonant frequencies of ultrathin cantilever resonators (i.e., thin sheets) [32,33]. Nevertheless,
for relatively thick microcantilevers (e.g., ultrathin film sputtered on a thick elastic substrate), of which
are considered in the present work, the cantilever free end allows the generated internal stress to be
relaxed [31]. Hence, for out-plane flexural vibrational modes, the governing equation for the dynamic
deflection function u(x,t) of the microcantilever consisting of substrate and coated film (see Figure 1a)
is given by
Pu(x,t) Hu(x,t)

or? P ot
where Df = £E; WT;’r(é r,1); subscript 1 and 2 stand for substrate and film, respectively; p, S, W, T
are the density, cross sectional area, width, and thickness, respectively; #(&,n) = [Ep2n* + 4&pn(1 + 1.57
+1%) + 1/(1 + &pn), & = Eo/E1, = Ta/T1, Farive(x, 1) is the external driving force per unit length of
an arbitrary form that set the microcantilever into motion; Frydro (%, t) is the hydrodynamic force of
surrounding air.

It shall be pointed out that detailed theoretical analysis of a homogeneous microcantilever (i.e.,
made of one material layer) performing flexural oscillations in air can be found in [34,35]. In present
work, we extend these theoretical results to account for two material layers required to characterize
the material properties of ultrathin films. Moreover, our results can be also directly applied to the
microcantilever consisting of N material layers just by recalculating linear density, pS (where p can be
viewed as the effective density and S is the cantilever cross-sectional area), and flexural rigidity using
the following general relationships:

(10151 + 9252) = Fdrive(x/ t) + thdro(x/ t)/ 1)

2
N .
N . (Zle Ei iy wds)
s=Y psuDr=Y. Ef wrds— T 2)
P Zz:l piois LF Zi:l ! e Zf\il E;S;

where 1 is the local coordinate in the lateral direction, [T; is the i-th region of cantilever beam cross
section [36].

The general form of the hydrodynamic force obtained by solving the Fourier-transformed
continuity and Navier-Stokes equations (i.e., computations are in the time domain Fourier-transform),
for an incompressible fluid as Fuydro(tlw) = KEPair@?*W2Tr(w)U(xlw), where U(xjw) is the
Fourier-transformed deflection function, kp = §, pjr is the air density, and I'r(w) is the hydrodynamic
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function for flexural vibration mode. Then, taking the Fourier transform of Equation (1) and rearranging
terms yields:

2
AU (xlw) _[ , ] [ KPPair W
)

T V(n)E + mﬁ(w)}u(ﬂflw) = Farive(*lw), ®)

where (1 = p2/p1, Farive (¥lw) = Fasive (xl0)L*/ D, wi’;) = (”T))2 VDr/[p1T1(1 + pn)] is the cantilever
angular resonant frequency in vacuum of the n-th vibrational mode, n =1, 2, 3, ... stands for the
considered vibrational mode, L is the cantilever length, w is a characteristic angular frequency of the
microcantilever oscillations and y ;) is obtained as the positive root(s) of the following characteristic
transcendental equation:

coshy cosy +1=0. 4)

For an arbitrary form of the driving force the general solution of Equation (3) can be found by
the eigenfunction expansion method. In this case, the dynamic deflection function can be obtained
as a linear combination of the microcantilever mode shapes, O, (x) = sin h(y(n)x) - sin(y(n)x) -

sinh(yw ) +sin(y(,,))

b (7 ) 1203 ] X [cos h()/(n)x) - cos(y(n)x)] (see [37]) and the one reads:

U(xdw) = )"~ Brn) (@) O (x), (5)
where Bp(,) (w) is found using the orthonormal properties of O, (x) as
L= -
Iy Far(x|@) Op () (X)dx

_ .
4 (2 w _KEpair W
Vi (V<n> wg:p) |1+ @)

Brny (@) = (6)

The dissipative effect of air is small compared to viscous fluid (i.e., Q(”) >> 1 [34,35,38]); therefore,
in a vicinity of the resonance peaks I'r(w) ~ Tt () + ilg_jm(w), where Tr ,(w) and T'r_j, (w) are the
real and imaginary components of the dimensionless hydrodynamic function for cantilever performing
flexural oscillations. Then, the resonant frequency and Q-factor of n-th microcantilever vibrational
mode in air can be obtained with an analogy to a simple harmonic oscillator as:

(n)

1) er

ol = , ?)
KEPair W (n)
\/1 + p1T1(1+un) rFJ(wF )

p1T1(1+un) (n)

rFJ'm (wl(:n) )
1)

For reader’s convenience, we present dependencies of the real l"p_,(w F ) and imaginary I'r (a)(Fl))

®)

components of the hydrodynamic function on the fundamental mode frequency represented through
the Reynolds number, Re = %cuW2 Pair/ Pair, Where (155, is the viscosity of air, in Figure 2a. Noticing
only that the Reynolds number is a dimensionless parameter used to predict the flow pattern. For
a microcantilever consisting of N material layers, the normalized “effective” density p;T; (1 + un)
in Equations (7) and (8) is replaced by Zf\i 1 piTi. Furthermore, for higher vibrational modes the
hydrodynamic function depends on the following two dimensionless parameters: (i) The Reynolds
number defined now as Re = wWZpair / Uair; and (ii) the normalized mode shape given by x =
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Y(m)W/L [39]. The exact form of the hydrodynamic function for an arbitrary mode number can
be found in [39,40]. The general solution for the dynamic deflection has been obtained using the
eigenfunction expansion method (see structure of Equation (5)); therefore, the obtained expressions for
the resonant frequency and Q-factor represented by Equations (7) and (8) are valid for an arbitrary
vibrational mode (i.e., for higher modes only the hydrodynamic function must be recalculated).

7||||||\|| °‘5|||||||||

0 2 4 6 8 10 5 10 15 20 25 30
Reynolds number (Re) Reynolds number (Re)
() (b)

Figure 2. Calculated dependencies of the real and imaginary components of the hydrodynamic function
on the fundamental resonant frequency of a rectangular two-layered microcantilever (see Figure 1)
immersed in air, represented through the Reynolds number for (a) flexural and (b) torsional oscillations.

2.2. Torsional Oscillations of Two-Layered (Multi-Layered) Microcantilever Operating in Air

The resonant frequency and Q-factor of a two(multi)-layered microcantilever vibrating in air
can be obtained in the same way as done in the previous section for flexural oscillations. Briefly, by
accounting for the membrane analogy proposed by Prandtl in 1903, similarities with the theoretical
model for flexural oscillations of a multilayered beam in vacuum given in Zapomel et al. [36] and
theory of Green and Sader [41], the general governing equation and boundary conditions for torsional
oscillations of a two-layered microcantilever (see Figure 1b) operating in air takes the following form:

Po(x,t) W3T PP(x,t)
O PP (14 S| o = Mae(oh) + Miyaro(50), )
IP(L, t
$(0,t) =0, %x):o (10)

Here ¢(x, t) is the deflection angle about the cantilever major axis, €1 = T1/W is the characteristic
dimensional scale, Dy = 1G; WTfr((STr, n) is the torsional rigidity, 7(&7y, 1) = [(‘;’7-,21]‘1 +4&nn(1 + 1.5n
+12) + 1)/(1 + Epn), £ = Go/Gy, G is the shear modulus; Myrive (%, t) is the driving moment per unit
length and Mipydro (¥, t) is the hydrodynamic torque per unit length, which the general form is obtained
by solving the equation of motion of fluid in complex space [39,41], given by:

T
Mhydro(xlw) = _gpaira’zw4rT((‘))q>(x|w)r (11)
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where I't(w) is the torsional dimensionless hydrodynamic function, ®(x|w) is the deflection angle in
complex space. Plugging Equation (11) into the Fourier-transformed Equation (9) and rearranging
terms yields:

O(rw) = Marive(xl0),  (12)

2
2o W
d(il&)) _ A(n) (;jz) 14 KZT,Dalr — FT((U)
: w prTa[1+ ]+ n1 + P

vIr

_ vl - ) () _ Awm 4G1T3r(Errn) .
where k1 = 37/2, Marive(¥l@) = Marive(Xlw)/Dry, 0, = T WA & (1 )] is the angular
resonant frequency in vacuum of the n-th torsional mode and A,y = n(2n - 1)/2,n=1,2,3, ... .
The general solution for torsional oscillations of the microcantilever driven by an arbitrary form

torque can be again obtained by the eigenfunction expansion method:

O(xw) = Y Bry(u) (@) Ory(u) (%), (13)
n=1
where 07, () (x) = sin[(2n —=1)nx/2],n=1,2,3, ... and B, () is given by
L= _
2](; Mdr(x|w)97"r(n) (x)df

2
@ KT Pair W _ 12
(A<")a(”) ) [1 + p1T1 [1+£§+yq(1+s%q2)] rT(w) /\(n)

)y
VTr

BTr(n)(w) = (14)

Then, in analogy with flexural motion, for small dissipative effects the desired expressions that enable
to accurately predict the torsional resonant frequency and Q-factor of the n-th vibrational mode of
microcantilever consisting of substrate and ultrathin film (i.e., 7 << 1 and &; < 1) operating in air are:

W
o) ~ Ml (15)

Tr
KT Pair W (n)
\/1 + p1T1(1+un) FT—V(Q)TV )

p1T1(1+un) 4Ty y(w;"))

and

KTPair W 4

1—'Tfim ((‘);11,) )

Q) ~ (16)

(n)

where l"TJ(a)gqr;)) and FT_,-m(a)Ty ) are the real and imaginary components of the dimensionless
hydrodynamic function that, for fundamental torsional vibrational mode, are given in Figure 2b.

For a multilayered beam, just coefficients for torsional mass and hydrodynamic effect of fluid must
be recalculated. In general cases, p1T1 (1 + u1) is replaced by Zf\i 1 pilpi, where I, is the polar moment
of inertia and the hydrodynamic effect of air is now represented by (%)pair W# [see Equation (11)].

3. Results

3.1. Method of Determining Material Properties, Density, and Generated Internal Stress of Ultrathin Film(s)

We first evaluate impact of coated film on the microcantilever resonant frequency and Q-factor and,
afterwards, we derive easily accessible expressions enabling calculation of the density, the Young’s and
shear moduli, the Poisson’s ratio and stress of the solid and polymer ultrathin films from experimentally
observed changes in the microcantilever resonant frequencies, Q-factors, and the cantilever static
deflection. Using Equations (7), (8), (15), and (16), the desired changes in resonant frequency and
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Q-factor of the n-th vibrational mode, represented by ratio of the microcantilever made of substrate
and coated film (i.e., @ and Q) to the one of without film (i.e., wg and Qy), are obtained as

1+ erj,r(f‘)(") )

m(ﬂ) )
i jo
= 7’(5]‘/ T]) X I 17)
“)jo 14 un+ le"j_r(w]. )
(n) . (n) T. (n)
Q; F]_,,,,(w o ) 1+ un+ C]T]_r(w. )
j ] j
= ( (18)

Qly rjf,-,,,(wj”) 1+cjrjf,(w§.g)) ’

where subscript j = F (flexural) and Tr (torsional), and C; = x; pf;‘luTVl\/

Once film is coated on the elastic substrate, it alters the microcantilever flexural and torsional
rigidity represented by the dimensionless parameter r(¢j,17) and increases its “effective” linear density
through the coefficient un. According to Equations (17) and (18), changes in the microcantilever
resonant frequency caused by the film differ essentially from those obtained for Q-factor of the same

vibrational mode. Since dissipative effect of air is small [38], changes in the resonant frequency
depend just on interplay between the rigidity and effective linear density of the prepared sample as
r(&,m/(1 + pn). As aresult, an increase, decrease, or even non-monotonic dependency of wwy on
film thickness can be observed depending on the exact film and substrate material properties and
density values. Quality factor is; however, proportional to combination of the linear density and
known hydrodynamic load represented by I'; , and T'; ;. We note that rigidity affects the Q-factor only
indirectly through the resonant frequency used to calculate both components of the hydrodynamic
function (see Equation (18)). As such, with an increase of film thickness only an increase in Q-factor
can be observed. It immediately implies that combined measurements of the resonant frequency and
Q-factor changes enable evaluation of the material properties of ultrathin film, even when no shift in
the resonant frequency can be observed [24]. For example, dependencies of the fundamental resonant
frequency and Q-factor changes of the silicon microcantilever of length L = 300 pm, W =30 um,
and 77 =1 um (p; =2.33 g/cm3, E; =169 GPa, and G; = 42 GPa) on thickness of film made of gold
(p2=19.3 g/cm3, E; =79 GPa, and G, = 27 GPa), platinum (p, = 21.45 g/cm3, E, = 168 GPa, and
Gy = 61 GPa), and silicon nitride (p, = 3.2 g/cm3, E; =350 GPa, and G, = 100 GPa) are given in Figure 3.
As expected, an increase and/or decrease in the frequency ratio can be observed depending on the
density and material properties of coated film (Figure 3a,b). For gold and platinum (silicon nitride),
film density (rigidity) dominates the frequency response, thus with an increase of film thickness the
resonance shifts to lower (higher) values. For a given film thickness, the higher Q/Q values can be
achieved for heavier films (i.e., platinum and gold; Figure 3c,d). Importantly, obtained theoretical
predictions are in a good agreement with published experimental observations carried out on the
microcantilever resonator-based biosensor [42]. In these experiments, the antibody and antigen formed
thin layer films on the cantilever surface, yielding both an increase and decrease in the resonant
frequency depending on the interplay between stiffness and stress effects, and just an increase in
Q-factor as predicted by the present model.
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Figure 3. Dependencies of (a,b) the fundamental resonant frequencies and, correspondingly,
(c,d) Q-factors of the silicon cantilever on film thickness for flexural and torsional vibrational modes.

Rearranging terms in Equations (17) and (18), the density, and the Young’s and shear moduli of
prepared ultrathin film can be determined from the following equations:

Q' ufo”) 1
’<n 7] (1 T /_,(wfg>)) - —(1 ¥ cjrj_,(a)](.”>)), (19)
UQ]O r] zm( ; N
a)(‘n) 2 Q(n) rj,im(w;n))
(&) =| =& | 5w %
@ ) Qjo FJ'J"I(“’;O )

The Young’s modulus is related to the shear modulus as E = 2G(1 + v), where v is the Poisson’s ratio.
Hence, accounting for Equation (20), the Poisson’s ratio of coated film is then calculated by:

(20)

(Rp—1)Br
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where R; = (n) Ol M and Bj =4 + 61 + 4n? - R;. And, finally, the generated internal stress
o ) Q)
/U 70 ],xm( 0
can be obtained from the microcantilever static deflection measurement [7]:
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where zis the detected microcantilever static deflection caused by stress due to film coating. Equation (22)
is obtained using a plate approximation and without accounting for the clamped end effect. Hence,
this equation is strictly valid for microcantilevers with a large aspect ratio L/W >> 5. If the aspect ratio
is small, then the effect of clamping region must be accounted and the microcantilever deflection can
be obtained by following approach given in work of Tamayo et al. [43]. In present work we assume L
>> W >> T and, consequently, Equation (22) describes accurately the relationship between bending of
the cantilever free end and the internal stress [44].

Equations (19) and (20) reveal that the Young’s and shear moduli of prepared film can be determined
even without a requirement for knowing its density and vice versa. Similarly, the Poisson’s ratio of
ultrathin film calculated by Equation (21) does not require previous calculation of the Young’s and shear
moduli of film and substrate. These findings are particularly of value in testing of micro-/nano-electronic
devices, where in order to prevent their mechanical failure, it is of emergent importance to know the
material properties of designed ultrathin films [45]. It shall be pointed out that the present method can
be also extended to determine, in addition to elastic properties and density, the ultrathin film thickness.
In this case, the rarely-measured in-plane flexural resonant frequencies must be taken into account [24].
Then, for in-plane flexural mode r(&,n) = 1 + £pn and, consequently, the density, elastic properties and
thickness of prepared film can be determined using Equations (19) and (20).

3.2. Impact of Errors in Dimensions, Frequency, and Quality Factor Measurements on the Accuracy of the
Present Method

To ensure the proposed procedure of material properties determination is practical, we now
examine impact of the dimensional discrepancy and uncertainties in frequency measurements on
the determined material properties. It is worth noting that thickness of film can be measured by the
ellipsometry with a typical measurement error of sub-nanometer, whereas the cantilever length and
width are often determined by a scanning electron microscope with the common uncertainties ranging
from few nm to tens of nm. In general, the uncertainties in dimensions, frequency, and Q-factor yield
inaccuracies in the determined properties of designed ultrathin films. These inaccuracies expressed
through errors in the dimensionless thickness, A7, density, Ay, modulus parameters, A&;, and the
Poisson’s ratio, Av, can be viewed as a perturbed term in a given quantity. The relative errors calculated
from Equations (19)-(21) for n << 1 (i.e., 7(&j, ) ~ [4&n(1+ 1.5n) + 1]/(1 + &;n)) read:

A 1
e Y 23)
O
n
A& 1
e 1O 2
M=y

- -1, 25
1+ 4An(1.5+2n)/B; (@5)

AT 1+480(15+20)/B;
v

where v = (1 + v2)/(1 + v1), R} and Bj are the measured and calculated properties with due account
for uncertainties in the frequency, Q-factor, and dimensions. The achievable relative sensitivity in
determined material properties and density of gold film sputtered on the silicon substrate, with
dimensions 300 um (L), 30 um (W), and 1 um (T), are given in Figure 4. For example, for 40 nm thick
gold film and the uncertainties in frequency, thickness, and width measurements of 0.5 kHz, 1 and
10 nm, the following properties of gold film are obtained: The Young’s modulus of 78.9 + 3.3 GPa,
the shear modulus of 27.2 + 0.4 GPa, the density of 20.3 + 1.2 g/cm?’, and the Poisson’s ratio of
0.45 + 0.1. These results demonstrate that the present procedure of material properties measurement is
accurate, even for the relatively high uncertainties in thickness and resonant frequencies (Q-factors)
measurements. Importantly, for given measurement errors, the accuracy in determined material
properties can be easily improved just by detecting changes in the resonant frequency and Q-factor of
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the higher vibrational modes (i.e., higher resonant frequencies yield a significant increase in Q-factor
values) [38]. For an illustration, we again extract the material properties of 40 nm thick gold film with
errors in measurements given in the previous example by considering the second vibrational mode.
The calculated properties of gold film using the second vibrational modes are as follows: The Young's
modulus of 78.8 + 1.4 GPa, the shear modulus of 27.2 + 0.2 GPa, the density of 20.1 + 0.9 g/cm3, and
the Poisson’s ratio of 0.43 + 0.1. Different values of film’s Young’s modulus, density and the Poisson’s

ratio mainly originate from the uncertainties in calculated T'; , w(."> and T'; w(.n) [34,39].
y g J- j = j

0.006

0.004 —

Aviv

0.002

Figure 4. The achievable relative sensitivity of (a) the Young’s modulus (Equation (24)); (b) the shear
modulus (Equation (24)); (c) density (Equation (23)); and (d) the Poisson’s ratio (Equation (25)) of gold
film of 7 = 0.01, 0.04, and 0.1 coated on the silicon substrate with dimensions 300 pm (L), 30 um (W),
and 1 pum (T).

4. Discussion

We now assess the validity and versatility of the proposed procedure of material characterization
by extracting the Young’s modulus of the atomic-layer-deposited TiO, ultrathin film, of thickness
20 and 50 nm, sputtered on the microcantilever made of SU-8 photoresist polymer substrate [46].
In contrast to data presented in [46], where the density of TiO, film was estimated based on the X-ray
reflectometry measurements and, then, the Young’s modulus of TiO; film was calculated from changes
in the resonant frequencies before and after conformal coating of the film, we determine the TiO, film
Young’s modulus without requirement for the density measurement. We remind the reader that the
effective linear density of microcantilever vibrating in air can be expressed through measured Q-factor
values and, consequently, the simple flexural resonant frequencies of the n-th vibrational mode can be

accurately predicted by:
2

V4
w Vo 1 Dr 2
= 4 6
fFO 2mL? \/KFPair W2 Q(Fn)rF_im(“)) -
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where f = w/(2n) and the flexural rigidity of a microcantilever with conformal coating (i.e., the TiO,
film covers entire surface area of the microcantilever) is given by:

Dr = %Elwn” + %Ez[Tsz + T3(W +2T5) + 3To(W +2T5) (T + T2)2]. 27)

For a microcantilever of length, width, and substrate thickness of 300 + 1 um, 100 + 1 um, and
5.6 + 0.05 pm, substrate density of 1.2 + 0.01 g/cm®, and the measured fundamental resonant frequency
in air of fé;) =18.2 + 0.32 kHz, the Young’s modulus of SU-8 substrate of 4.04 + 0.3 GPa is estimated
by Equation (26). Importantly, published experimental data from [46] shows that, in accordance
with present theoretical predictions (see Figure 3a,c), coated TiO, film shifts the microcantilever
resonant frequencies to the higher values (i.e., for TiO; film, stiffness dominates and causes an
increase in Q-factor). Accounting for the flexural rigidity given by Equation (27) and structure of
Equation (20), the expression enabling calculation of the Young’s modulus of TiO, film from the
experimentally-detected changes in frequency response reads:

DV A Tp il 0™
1 Q F_im\Wgp
ngz_[fF_] LL_L (28)
70

5] Q) T in(wly)

where 1y = ¢ + r;3(1 + 2¢7) +3n(1 + 2e)(1 + 17)2 and ¢ = T»/W. Table 1 presents a comparison of the
Young’s modulus of 20 and 50 nm thick TiO, films calculated using Equation (28) and determined
previously by Colombi et al. [46].

Table 1. Comparison of the Young’s modulus of atomic layer deposition (ALD) TiO; films calculated
by Equation (28) and determined previously in [46].

Measured Quantity SU-8 20 nm TiO, 50 nm TiO,
Frequency in air (kHz) 18.2 +£0.32 21.0+0.21 27.1+0.18
Qr/Qro None 1.11 +0.018 1.34 +0.019
Young’s modulus (GPa), by Equation (28) 4.04 +0.30 66.3 + 14 969 + 8
Young’s modulus (GPa), [34] 3.82+0.13 60 + 18 91 +15

In addition, comparisons of the shear moduli and densities of 20 and 50 nm thick silicon nitride
(Si3Ny) films, coated on the silicon microcantilevers of length 300 pm, width 30 um, and thickness
of 1 pum, calculated by the present method (i.e., Equations (19) and (20)) and numerically by using
COMSOL Multiphysics, are given in Table 2. The uncertainties in frequency, thickness, and width
measurements are: 0.5 kHz, 1, and 10 nm, respectively.

Table 2. Comparisons of the shear modulus and density of silicon nitride film coated on the silicon
microcantilever obtained by the proposed procedure and numerically. Considered errors in frequency,
thickness, and width measurements are: 0.5 kHz, 1, and 10 nm, respectively.

Measured Quantity 20 nm Si3zNy 50 nm SizNg
wr/wTo, Equation (17)/Numerically 1.024 + 0.003/1.026 + 0.003 1.058 + 0.003/1.061 + 0.003
Qr/Qro, Equation (18)/Numerically 1.045 + 0.002/1.048 + 0.002 1.114 + 0.002/1.116 + 0.002
Density (g/cm3), Equation (19)/Numerically 3.35 +0.01/3.52 + 0.02 3.25+0.01/3.26 + 0.01

Shear modulus (GPa), Equation (20)/Numerically ~ 100.48 + 10.77/107.64 + 11.11  100.39 + 4.67/104.01 + 4.74

The results given in Tables 1 and 2 show that here derived expressions enabling calculation of the
ultrathin film material properties and density are valid and, in addition, the proposed procedure of
material properties determination is relatively simple, practical, universal, and accurate, even for low
accuracies in dimensions and frequency measurements.
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5. Conclusions

We have proposed and demonstrated the non-destructive and easily accessible method of material
characterization utilizing the well-established measurement of static and dynamic modes of the
microcantilevers operating in air. Expressions needed to calculate the film properties from measured
frequency and Q-factor changes are derived. We have showed that by monitoring changes in resonant
frequency and, correspondingly, Q-factor, the Young’s (shear) modulus of film can be determined
without the requirement of knowing the film density. This finding would be of great value in material
testing of ultrathin films of which the density deviates from known bulk values. The usual discrepancies
in dimensions and errors in frequency (Q-factor) measurements were proven to have only a small
impact on the calculated material properties of ultrathin film. In addition, for given errors in dimensions
and frequency measurements, the accuracy in extracted film properties can be easily improved by
using the higher vibrational modes. A good agreement between the Young’s modulus (the shear
modulus and density) determined by the present procedure and previous experimental measurements
(numerical computations) carried out on the microcantilever, consisting of an elastic substrate and
coated ultrathin film(s), has allowed us to confirm the validity of: (a) derived expressions and (b) the
present procedure of the ultrathin film material properties determination.
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Abstract: In the digitalization of production, temperature determination is playing an increasingly
important role. Thermal spraying and magnetron sputtering were combined for the development
of Ni/Ni-20Cr thin film thermocouples for plastic flat film extrusion processes. On the thermally
sprayed insulation layer, AIN and BCN thin films were deposited and analyzed regarding their
structural properties and the interaction between the plastic melt and the surfaces using Ball-on-Disc
experiments and High-Pressure Capillary Rheometer. A modular tool, containing the deposited
Ni/Ni-20Cr thin film thermocouple, was developed and analyzed in a real flat film extrusion process.
When calibrating the thin film thermocouple, an accurate temperature determination of the flowing
melt was achieved. Industrial type K sensors were used as reference. In addition, PP foils were
produced without affecting the surface quality by using thin film thermocouples.

Keywords: nickel-chromium; thin film thermocouples; physical vapor deposition; flat film extrusion;
foil quality

1. Introduction

Self-learning machines play a crucial role in today’s and future production. In the 4th Generation
Industrial Revolution (Industry 4.0), machines are digitally upgraded and merged to a big data
environment [1]. The overall goal is the improvement of product quality and production scheduling
by building up and using prediction tools [1]. However, self-learning machines are still far from
being implemented in many industries [1]. Data required for these prediction tools can only be
generated if the machines are equipped with corresponding sensors, such as temperature-, wear-,
distance-, or pressure-sensors, that work exactly. In many areas, the determination of the temperature,
in particular, plays an important role. For this purpose, especially thin film thermocouples are suitable,
since they reveal a lower mass and thus a faster reaction time in contrast to bulk thermocouples [2].
Multi-functional PVD coatings are successfully used for the temperature measurement in combustion
engines [3] or gas turbine engines [4], for example. However, there is also a need for thin film
thermocouples in production processes. Therefore, different thin film thermocouples are currently
developed for several applications, such as welding [5] or metal [6-9] and polymer processing [10,11].
However, the thin film thermocouples must be adapted to the respective application fields. On the one
hand, the materials of the thermocouples need to be selected according to the desired temperature range.
According to DIN EN 60584, eight different thermocouple pairs are available, whereas Fe—-CuNi [12],
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Cu—CuNi [13], NiCr-Ni [6-9] and Pt-10%Rh/Pt [14] are the most reported thin film thermocouples
deposited by means of PVD. Apart from the standardized thermocouples, TiC-TaC [15], Al-Au [11],
Ni—Cu [12,16], Ni-Fe [12], Cu-Fe [12], Chromel-Alumel [5,12], and Pt-Pd [4] thin film thermocouples
are synthesized. On the other hand, depending on the application, the thin film thermocouples need
to be protected against wear or oxidation processes by means of a suitable tribological cover layer.
To enhance the wear resistance of thin film sensors, protection layers consisting of Al,O5 [7,14,16,17],
AIN [17], or TiN [8,18] are mainly used. For electrical isolation purposes, HfO, [6] and Al,O3 [16]
layers are utilized.

In plastic processing, thermoplastics are extruded into semi-finished products that can be processed
further (e.g., films). The plastic is plasticized and formed in the die [19]. For a good product quality,
the melt needs to flow through the die at constant pressure, throughput and temperature [20]. In
particular, an accurate measurement of the melt temperature is preferred and helps to increase the
productivity. Temperature sensors are part of every extruder system, so that the time stability and
the absolute level of the melt temperature can be monitored. Malfunctions can be detected quickly
and the reaction time to undesired temperature changes increases. Nevertheless, state-of-the-art
touching sensors cannot be used in the die itself because of the negative impact of the sensors on the
product quality. The measurement tip protrudes at different depths into the melt and can disturb the
homogeneity in the process itself. Thin film thermocouples offer an alternative measuring method
to conventional sensors due to their flat construction and low net weight. In addition, they offer the
possibility to measure the temperature even when embedded in the wall. Especially, in the case of
embedded sensors, it is important to measure the temperature of the melt and not of the die wall.
Therefore, thin film thermocouples are to be thermally insulated from the die walls. Thermal sprayed
barrier coatings, such as ZrO, and Al,O3, are particularly suitable for thermal insulation applications
since they reveal pores and a higher thickness compared to sputtered coatings. Therefore, these
coatings were applied by means of atmospheric plasma spraying and serve as substrate for the thin
film thermocouples [19,20]. In particular, in film extrusion, it is important that the melt flow is not
impaired to ensure a homogeneous film quality. Accordingly, the influence of different PVD top
coatings on the wall friction and the adhesion of the melt is investigated. Since AIN coatings reveal
high electrical resistance and high thermal conductivity, three AIN thin films deposited with different
sputter parameters are selected. As an alternative, BCN is used as additional top coat. Finally, the
application of the Ni/Ni-20Cr thin film thermocouple is proved in a real operation test und compared
to a reference bulk thermocouple.

2. Materials and Methods

2.1. Deposition Process

For the deposition of the nitride thin films and the Ni/NiCr thin film thermocouples, the industrial
scale magnetron coating system CC800/9Custom (CemeCon AG, Wiirselen, Germany) was utilized.
The AIN and BCN thin films were synthesized on AISI 1045 steel substrates (J40 mm), which were
prior coated with Al,O3 using atmospheric plasma spraying. Detailed spray parameters of the Al,O3
coating are reported in [21]. The nitride thin films were deposited in medium frequency (MF) mode
using one B4C (99.50% purity, Sindlhauser Materials GmbH, Kempten, Germany) and two Al (99.50%
purity, CemeCon AG, Wiirselen, Germany) targets operating with 3150 W and 2x 1875 W at a total
chamber pressure of 330 mPa. The frequency was set to 50 kHz with a duty cycle of 50%. Three AIN
thin films and one BCN thin film were synthesized using different heating powers and Ar/N, gas
flow rates according to Table 1. The heating power was changed to influence the crystallinity and the
topography of the AIN thin films. Changing the Ar/N; gas flow ratio results in a change of the chemical
composition of the coating. Therefore, it was possible to analyze which properties influence the melt
flow, respectively, the friction behavior. The two-fold rotation system was biased with —150 V in MF
mode during all deposition processes. The deposition time of all coatings was adjusted to achieve
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comparable thin film thicknesses of approximately 1200 nm. The thickness was measured analyzing
the cross section of the coatings by means of scanning electron microscopy.

Table 1. Deposition parameters of the AIN and BCN thin films.

Coating AIN-1 AIN-2  AIN-3 BCN-1
Heating power [W] 5000 7000 3000 7000
Ar/N, gas flow ratio 6.0 6.0 5.1 26.0

In addition to the reference nitride layers, Ni/Ni-Cr thin film thermocouples were synthesized
for the temperature measurement of the plastic melt in flat film extrusion processes. Therefore, a
modular tool system was developed. This system consisted of a screw-in bush (AISI 4140), a ceramic
insert, and a locking nut. The bush can be integrated into the die by means of a drilling with a thread
(M24 x 1.5). The ceramic insert was coated with the thin film thermocouples. By means of a step
on the one side and a locking nut on the other side, the thin film thermocouple was positioned and
fixed in the bush. The ceramic insert was composed of a steel core (AISI 1045), which was coated by
atmospheric plasma spraying from all sides. For a sensitive temperature measurement, the insert had
to be thermally insulated from the die walls, since the temperature of the on-rushing plastic melt was
measured. The thermal insulation was achieved by a thermal sprayed multilayer design consisting
of a 120-um-thick NiCoCrAlTaY (AMDRY 997, Sulzer Metco, Pféffikon, Switzerland) bond coat, a
530-pm-thick 7Y,03-ZrO, (AMPERIT 817.7, HC Starck, Miinchen, Germany), and a 680-pm-thick
Al O3 (Metco 6062, Sulzer Metco, Pfaffikon, Switzerland) ceramic coating. After the coating processes,
the Al,O3 coating was entirely ground to a thickness of 350 um, resulting in a total coating thickness of
1000 pm. After the grinding process, the outsides were polished in several steps to a roughness of
Ra=0.212 £ 0.104 pm.

The step of the ceramic insert was manufactured using a micro milling machine HSPC 2522 (Kern,
Eschenlohe, Germany) equipped with a solid carbide end mill, type 910 Marlin, with a corner diameter
of 1 mm (Zecha, Konigsbach-Stein, Germany). The milled surfaces reveal a roughness of R, = 0.811 +
0.116 pm.

After processing the final dimensions of the ceramic inserts, they were cleaned of contaminations
by means of ethanol in an ultrasound bath. Thereafter, the Ni/Ni-Cr thin film thermocouple was
deposited on the ceramic inserts using a steel masking system reported in [22] to synthesize the
individual Ni and Ni-20Cr conducting paths. The conducting paths were sputtered in DC mode using
a heating power of 1200 W and a Ar/Kr gas flow rate of 2.7 at a chamber pressure of 250 mPa. For
the Ni conducting path, two Ni targets (99.99% purity, Sindlhauser Materials GmbH, Germany) were
operated at 1875 W in DC mode, whereas for the Ni-20Cr path, a Cr target (99.95% purity, Sindlhauser
Materials GmbH, Kempten, Germany) was operated at 1035 W, additionally. The deposition time of
both conducting paths was adjusted to reveal similar thicknesses of 1050 + 35 nm.

2.2. Characterization

The structural properties of the as-deposited nitride thin films were analyzed by means of X-Ray
Diffraction (XRD) utilizing the diffractometer D8 Advance (Bruker, Madison, WI, USA). The thin films
were investigated using Cr-radiation (2.29106 A), whereas the current and voltage were set to 40 mA
and 35 kV. To avoid an overlapping of the reflexes from the Al,O3 substrate, detector scans were
performed, whereby the tube was set to an incident angle of 5°. The topography and morphology of the
AIN and BCN thin films were investigated using the Scanning Electron Microscope (SEM) JSM 7001F
(Jeol, Tokyo, Japan). The roughness R, of the Al,O3 substrate, as well as the thin films, was measured
by the confocal white-light microscope uSurf (NanoFocus, Germany). The mechanical properties
hardness (H) and Young’s modulus (E) were examined by means of a nanoindentation test using the
nanoindenter G200 (Agilent Technology, Santa Clara, CA, USA). The evaluation was performed in a
depth between 100 and 400 nm using the equations in accordance to Oliver and Pharr [23]. Thereby,
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a constant Poisson’s ratio of 0.25 was assumed. The adhesion of the nitride thin films under plastic
deformation was tested by a Rockwell indentation test in accordance with DIN EN ISO 26443 [24],
using a force of 60 kgf and a dwell time of 4 s. Tribological investigations were carried out using
a high-temperature Ball-on-Disc tribometer (CSM-Instruments, Peseux, Switzerland). The velocity
was set to 0.1 m/s, the normal force to 10 N, and the radius to 8 mm with a total distance of 20 m per
experiment. Counter body balls (&6 mm) made of Polypropylene (PP) were used, since this material
was used for the operation test of the thin film thermocouples. The tribological investigations were
carried out at 85 °C (Vicat Softening Temperature) and 153 °C (Heat Deflection Temperature) to simulate
anon-steady-state operating point of the plastic flat film extrusion process during heating up or cooling
down. The adhesion of the PP to the coating surface was investigated by means of SEM. Additionally,
the wear of the PP balls was analyzed using a confocal light microscope type InfiniteFocus (Alicona,
Raaba/Graz, Austria). By utilizing a High-Pressure Capillary Rheometer (HPCR), the influence of the
different coatings on the melt flow was investigated. The measurement was carried out according
to DIN 54811. When measuring with the HPCR, first, a purely thermal melting takes place in a
pre-chamber. In order to melt the material completely, the definition of a residence time is important.
For the investigations with the Moplen HP420 M, a duration of 4 min was specified. After melting,
a piston pushed the melt through the tempered capillary. The capillary was preheated to a certain
temperature by two thermal sensors. The operating temperature for the measurements was set to
230 and 250 °C. The capillary was preheated to the desired temperature by means of two sensors.
The piston speed and the pressure loss of the melt flow were recorded simultaneously by means of a
pressure sensor.

For the operational test, a wide-slot die was used, which allows to measure the melt temperature.
The positioning of the thermocouples was important for the accuracy and reproducibility of measuring
points. The thin film and industrial thermocouples were inserted near to the melt outlet from the
die. The investigations were carried out using an extruder with a diameter of 45 mm and a typical
three-zone screw for plasticizing (Battenfeld-Cincinnati Gmbh, Germany). The mass temperature
measurements were carried out using a high density Polyethylen, while for the film production, a high
flow polypropylene homopolymer (Moplen HP420M, lyondellbasell, Rotterdam, The Netherlands)
was selected. Furthermore, for producing films, a chill roll unit was used (Collin GmbH, Maitenbeth,
Germany). To compare the thin film sensors with conventional sensors of type K (Gneuss GmbH,
Bad Oeynhausen, Germany), sensors with measuring tips (depth length) of 0, 0.5, and 1.5 mm were
also utilized to measure the melt temperature and serve as reference. Besides the operational tests,
the quality of the produced film was examined for evaluating the influence of the measuring tip of
the industrial sensors. The optical properties of the film were determined by measuring the reflection
and the transmission. An optical spectroscope HR2000+ (Ocean optics, EW Duiven, The Netherlands)
enabled the measurement of the film quality. The measuring setup was in accordance with DIN 5036-3.
Optical spectroscopy enabled a fast quality criterion for the evaluation of samples. In this method,
a light beam with an intensity Iy irradiated the sample, while the exit intensity was recorded. The
radiation sources covered a selected wavelength range, respectively, a certain spectrum. The intensity
of the light depends on the wavelength A and, accordingly, a function I(A) of the light intensity [25]. The
spectrum of the incident intensity was compared over the wavelength with the spectrum of the incident
intensity. In the present study, the visual spectrum (VIS), which reveals wavelengths of approximately
380-780 nm, was used. When the light beam hits the matter, the light is distributed to different parts
and the following output intensities are generated: The reflected Iy, the transmitted I, the scattered Ig,
and the absorbed intensity I5. These intensities form in sum Iy [25].
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3. Results
3.1. AIN/BCN Thin Films

3.1.1. Structure and Morphology

XRD patterns of the three AIN and the one BCN coatings synthesized with different deposition
parameters are presented in Figure 1. For the AIN thin films, the positions of the reflections are 26 =~
50.2°,20 ~ 54.7°,20 ~ 57.7°,20 ~ 77.4°,20 ~ 94.8°, and 20 = 106.6°, which correspond to the hexagonal
AIN phase (JCPDS 25-1133). The reflections of the three AIN thin films reveal comparable intensities,
showing a similar crystallinity. Nevertheless, slight differences can be detected. The AIN-3 thin film
shows the highest crystallinity, which is favored by the higher nitrogen flow during the coating process.
At constant gas flow, the AIN-2 film shows a slightly higher crystallinity compared to the AIN-1 film,
which is due to the higher deposition temperature. Compared to the AIN-3 thin film, the AIN-1 und
AIN-2 thin films reveal small additional peaks at 26 ~ 69.0° and 26 ~ 106.4°, which correspond to
the cubic AIN phase (JCPDS 46-1200). However, none of the AIN thin films show a high crystallinity,
which is also shown by the broad peaks. Some of these also overlap with the comparable structure of
the substrate, which makes accurate evaluation difficult. The wurtzite-type AIN was already obtained
by Aissa et al. for a dc and high power impulse magnetron sputtering process [26]. The remaining
reflections, marked with a black circle, belong to the cubic (x) and trigonal (y) Al,O3 phase of the
thermally sprayed substrate. Concerning the BCN coating, basically, only peaks of the substrate are
visible, which indicates a nearly amorphous state of the thin film. Only slight reflections at 26 ~ 52.8°
and 20 ~ 57.4° are observed, which coincide with the position of rhombohedral B,C.
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Figure 1. XRD patterns of the AIN-1, AIN-2, AIN-3, and BCN thin films deposited with
various parameters.

Additionally, the nitride thin films were analyzed regarding topography and morphology by
means of SEM, as shown in Figure 2. It can be seen that the thermally sprayed Al,O3 coating, which
was used as substrate for the thin films, reveals a fine topography accompanied by a small crack pattern
in the polished state. The AIN-1 and AIN-2 thin films possess a coarse cauliflower-like topography.
By contrast, the AIN-3 thin film shows a fine structured topography. Accordingly, a high Ar/N; gas
flow ratio of 6.0 and high heating powers of 5000 and 7000 W, as is the case for the AIN-1 and AIN-2
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coatings, lead to a coarse topography. The structure of the topography can be correlated with the XRD
pattern shown in Figure 1. The AIN-1 and AIN-2 thin films reveal a lower crystallinity compared to the
AIN-3 thin film and a small amount of a second phase, which results in the coarser growth behavior.
The BCN-1 coating reveals an even finer structure, which is comparable to the polished Al,O3 surface.
The cross-sections of all thin films show a glass-like featureless structure.

Figure 2. SEM images of the topography (top) and morphology (bottom) of the AIN-1, AIN-2, AIN-3,
and BCN thin films, as well as the thermally sprayed Al,O3 coating.

3.1.2. Mechanical Properties

Using nanoindentation, the mechanical properties—hardness and Young’s modulus—of the thin
films, as well as the Al,O3 coating, were analyzed. As listed in Table 2, the Al;O3 coating reveals a
hardness of 13.8 + 3.9 GPa and a Young’s modulus of 155.2 + 31.9 GPa. The AIN-1 and AIN-2 thin
films reveal the lowest hardness of 6.0 + 1.6 GPa and 6.2 + 2.0 GPa, respectively. A higher hardness of
13.6 + 3.0 GPa is analyzed for the AIN-3 thin films, which reveals a finer structure compared to the
AIN-1 and AIN-2 thin films. The highest hardness of 19.1 + 2.3 GPa is obtained for the BCN-1 coating.
With increasing hardness, the Young’s modulus increases from 98.6 + 21.2 GPa (AIN-1) to 187.7 + 20.2
GPa (BCN-1). AIN thin films deposited on stainless steel substrates by means of magnetron sputtering
reveal similar hardness values between 6 and 14 GPa in dependence on the bias-voltage as reported
by Choudhary et al. [27]. The H/E ratio, which demonstrates the resistance to plastic deformation, is
between 0.048 (AIN-2) and 0.102 (BCN-1). Since a higher value demonstrates a higher resistance to
plastic deformation, the BCN-1 and AIN-3 thin films, as well as the uncoated Al,O3 coating, are the
best choices as top layer for the application in plastic melt extrusion dies.

Table 2. Roughness and mechanical properties of the nitride thin films, as well as the Al,O3 coating.

Coating Al,O; AIN-1 AIN-2 AIN-3 BCN-1
Roughness Ra [um] 0.21 +0.10 0.36 +0.06 030+£008  026+006 035008
Hardness [GPa] 138 +3.9 6.0+16 6.2+20 13.6 3.0 191+23
Young’s modulus [GPa] 155.2 + 31.9 98.6 +21.2 1304 +285  167.5+24.1 187.7 +20.2
0.089 0.061 0.048 0.081 0.102

Hence, the thin films were exposed to high pressures in the nozzles without abrasive particles
occurring. The adhesion of the thin films was analyzed by means of a Rockwell indentation test, which
represents the thin film behavior under plastic deformation. The corresponding light microscope
images of the indents are shown in Figure 3. According to DIN EN ISO 26443, the adhesion of the thin
films can be classified into four different classes. Thereby, class 0 represents a coating without cracks
and local delamination, and class 3, full delamination of the coating after indentation. The thin films
AIN-2 and BCN-1 are classified as class 1, since they reveal only slight cracks around the indent. AIN-1
and AIN-3 correspond to class 2, showing local delamination. Accordingly, the adhesion strength of
the thin films decreases with decreasing heating power, respectively, deposition temperature. The
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lowest adhesion is shown by the AIN-3 thin film, deposited at the lowest temperature and with the
highest nitrogen gas flow.

Figure 3. Light microscope images of the Rockwell indents of the AIN-1, AIN-2, AIN-3, and BCN
thin films.

3.1.3. Tribological Properties

Polymer processing mainly TiN, CrN, TiAIN, Cr;_,AlyN, CrAION, and DLC coatings deposited by
means of PVD were investigated and used [28-30]. It was shown that the addition of Al to CrN increases
the contact angle between the surface and Polycarbonate melt, resulting in a lower adhesion. Therefore,
the AIN and BCN thin films were investigated regarding their tribological properties. Tribological
experiments were conducted at 85 and 153 °C using PP counter balls, whereby the temperatures are the
Vicat Softening Temperature and the Heat Deflection Temperature. These temperatures were selected to
simulate the adhesion behavior of the PP melt to the different top layer-coated thin film thermocouples
during heating up or cooling down processes of the thin film extrusion process. Different friction
coefficients between the melt and the thin film thermocouple, as well as the uncoated extrusion die,
can lead to inhomogeneous film qualities due to different friction forces. Since the extrusion die was
made of AISI H11 (1.2343) steel, this steel was used as reference for the tribological experiments. In
Figure 4, the friction coefficients of the AIN-1, AIN-2, AIN-3, and BCN-1 thin films, as well as the
steel substrate and the Al,O3 coating, are shown for temperatures of 85 and 153 °C using PP counter
balls. It was observed that there is no temperature dependency of the friction coefficient, except for the
reference steel and the Al,O3 coating. At 85 °C, a friction coefficient of 0.52 + 0.11 is measured for
the steel substrate, which drops down to 0.27 + 0.05 at 153 °C. A contrary behavior is observed for
the Al,O3 coating; the friction coefficient increases from 0.42 + 0.10 at 85 °C to 0.66 + 0.16 at 153 °C.
Concerning the thin films, they basically reveal comparable friction coefficients independent from the
used deposition parameters. The lowest friction coefficient of 0.28 + 0.05 is obtained for the AIN-2 thin
film, which slightly increases in the order AIN-1, AIN-3 up to 0.39 + 0.07 for the BCN-1 thin film at 85
°C. In a different study, Ball-on-Disc experiments were also used to investigate the friction coefficient
between CrAlIN, respectively, DLC thin films and Polycarbonate counter balls [31]. It was shown
that the friction coefficient depends on the temperature, and the adhesion behavior is related to the
surface energies of the deposited thin films and surfaces. Moreover, it was reported that the friction
coefficient depends on the roughness of the surfaces. Smoother surfaces lead to a higher fraction of the
adhesive effect on the friction, which in turn leads to a higher coefficient of friction [32]. In fact, the
obtained friction coefficients at 85 °C can be tendentially correlated with the roughness. The polished
steel surface reveals the smoothest surface with a roughness of R, = 0.006 + 0.001 um and the highest
friction coefficient. The second lowest roughness is shown by the thermally sprayed Al,O3 coating,
which shows the second highest roughness. Higher roughness and lower friction coefficients were
analyzed for the thin films. At 153 °C, the influence of the roughness on the friction coefficient is not
observed. The melting point of PP is between 160 and 165 °C, and therefore the mechanical properties
of PP are already decreased at 153 °C. The surface of the Al;O3 coating contains defects such as pores,
as shown in Figure 2, which affect the friction behavior, especially in contact with a soft material as
also shown by the large deviation bar of the friction coefficient. Therefore, the Al,O3 coating reveals a
higher friction coefficient at 153 °C compared to the other thin films.
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Figure 4. Friction coefficient of the AIN-1, AIN-2, AIN-3, and BCN-1 thin films, as well as the steel
substrate and the Al,O3 coating, at 85 and 153 °C using PP counter balls.

In addition to the frictional forces, a comparable adhesion of the plastic to the thin film thermocouple
and the extrusion die is to be ensured. Therefore, the wear of the PP balls after the Ball-on-Disc
experiments was analyzed, which is an indirect hint for the adhesion behavior to the used coatings. As
visualized in Figure 5, the wear coefficients of the PP balls are between 16.9 + 1.3 X 1075 mm?®/Nm
(AIN-3) and 34.3 + 5.1 X 10~° mm®/Nm (AIN-1) for the PVD coated counter parts, whereas a wear
coefficient of 26.7 + 3.4 X 107> mm?3/Nm is analyzed for the uncoated steel counterpart at 85 °C. Using
the thermally sprayed Al,O3 coating as a counter body, a wear coefficient of 10.6 + 0.6 X 107° mm3/Nm
is noticed. Accordingly, at 85 °C, all counterparts cause a comparable wear coefficient of the PP balls,

since the maximum difference of the wear coefficient is 23.7 x 107> mm?®/Nm within the analyzed
counter parts.
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Figure 5. Wear coefficient of the PP counter balls after the sliding against the AIN-1, AIN-2, AIN-3, and
BCN-1 thin films, as well as the steel substrate and the Al,O3 coating, at 85 and 153 °C.

At 153 °C, an increased wear coefficient of the PP balls is detected, compared to the tribological
tests at 85 °C. The wear coefficient of the PP balls is increased by the factor 10 to 20, since the mechanical
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properties of the PP balls are reduced at elevated temperatures. Analyzing the wear coefficient at 153
°C, the differences between the counter parts become more visible compared to 85 °C. The PP balls slid
against the steel surface reveal a wear coefficient of 253.7 + 48.7x 107> mm?/Nm, which is comparable
to a wear coefficient of 250.3 + 41.0 x 10> mm?3/Nm for the Al,O3 coating. A lower coefficient of 149.9
+22.9 x 107> mm3/Nm is obtained for the BCN-1 counterpart, and higher wear coefficients between
467.0 + 70.5 x 107> mm3/Nm (AIN-3) and 594.8 + 175.2 x 10~> mm®/Nm (AIN-1) for the AIN thin
films. The used PP counter ball is a non-polar plastic, revealing a low fraction of polar surface energy.
Accordingly, only the disperse fraction of the free surface energy influences the adhesion behavior to
the PP counterpart [33]. Theiss et al. reported that the work of adhesion to PP, which is calculated
based on the surface energies, is higher for AIN-rich thin films compared to steel [34]. Especially, for
thin films grown in the hexagonal structure, a high work of adhesion is observed [34]. Accordingly, the
higher wear of the PP balls slid against the AIN thin films compared to the steel counter body can be
related to the surface energies. Moreover, this mechanism is overlaid with the surface roughness. As
listed in Table 2, the used deposition parameters of the AIN thin films lead to a change in the roughness.
The roughness Ra varies between 0.26 + 0.06 pm (AIN-3) and 0.36 + 0.06 um (AIN-1). The wear of the
balls decreases with decreasing roughness in the order AIN-1, AIN-2, AIN-3.

Summarized, within the AIN thin films, the deposition parameters influence the friction coefficient
and the wear coefficient of the PP balls at 85 °C, as well as 153 °C. At 153 °C, the influence of the
deposition parameters of the AIN thin films on the friction coefficient is lower compared to the wear
coefficient. Concerning the wear coefficient at 153 °C, the wear of the PP balls is more influenced by the
counter body material than the used deposition parameters of a coating, since the difference between
the different materials is higher than the difference within the AIN thin films.

Corresponding SEM images of the adhesions from the PP balls to the different coatings after the
test at 85 °C are shown in Figure 6. No adhesion of PP to the surface of the uncoated 1.2343 substrate
can be observed. In addition, no adhesions to the Al,O3, AIN-3, and BCN-1 surfaces have occurred.
In contrast to that, local PP accumulations are observed on the AIN-1 and AIN-2 thin films, whereas
the amount adhered to the AIN-1 thin film is slightly higher. On the one hand, the adhesion to these
thin films can be explained by the cauliflower-like surface, resulting in a higher surface roughness
in contrast to the other coatings, as shown in Figure 2. On the other hand, the adhesive layer is
only observed for the AIN thin films featuring a small fraction of a second phase, as discussed in
Section 3.1.1.

Figure 6. SEM images of the different surfaces after the Ball-on-Disc experiments at 85 °C.
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SEM images of the different surfaces after the Ball-on-Disc experiments at 153 °C are visualized in
Figure 7. In contrast to the surfaces analyzed at 85 °C, at 153 °C for all coatings, no rubbing of the
PP balls on the surfaces can be noted, which could be related to the change in properties of the PP
material with increasing temperature. At 85 and 153 °C, there is no general correlation between the
ball wear coefficients and the formation of an adhesive layer. However, the formation of the adhesive
layer on the AIN-1 and AIN-2 thin films at 85 °C correlates with the highest ball wear rates within the
three AIN thin films.

Figure 7. SEM images of the different surfaces after the Ball-on-Disc experiments at 153 °C.

Furthermore, the influence of the different coating surfaces on the melt flow was investigated at
higher temperatures corresponding to the extrusion process. Therefore, the coatings were analyzed
in a High-Pressure Capillary Rheometer (HPCR). By means of coated surfaces of specially designed
exchangeable inserts, the influence on the flow properties of the melt was investigated. Figure 8 shows
the basic setup of the capillary and the coated inserts on the example of the AIN-3 thin film.

15 mm
|

Figure 8. (a) Setup High-Pressure Capillary Rheometer and (b) coated exchangeable inserts with AIN-3.

Flow anomalies, which are due to the different surface qualities based on the compositions of the
coatings, can be detected with a so called “critical” wall shear stress. Until the critical wall shear stress
is reached, the melt flow behavior is like “wall sticking”. Therefore, flow anomalies cannot be detected.
The onset of the throughput jump depends on, among other things, the melt temperature and the
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polymer type. In the transition area above the critical wall shear stress, the throughput multiplies
many times over, while the wall shear stress remains constant. This range is also referred to as the
limiting wall shear stress. Above a certain shear rate, the wall shear stress increases again and the
effect of sliding occurs.

Figure 9 shows for the two operating temperatures of 230 and 250 °C and the obtained values of
the shear rate in dependence of the shear stress using HPCR. Both diagrams show a steady increase
of the shear rate over the wall shear stress. A comparison of the coated measurement curves with
the reference measurement (grey curve with squares) shows no significant differences. Minimal
deviations between the curves are found and can be attributed to the used setup. From the obtained
values, it is concluded that no particular flow anomalies can be detected with the surface coatings
present. A critical wall shear stress cannot be detected at the typical shear rates in the extrusion
process (7/ =10 - 10‘4%). Consequently, all investigated coatings can be used as top layers for the

thermocouples, since there is no difference in the melt flow behavior between the uncoated and coated
surfaces of the wide-slot nozzle.
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Figure 9. Critical wall shear stress at (a) 230 °C and (b) 250 °C, independent of the thin film.

3.2. Insertable Thin Film Thermocouple

The insertable thin film thermocouple is designed to be exchangeable, applicable to plastic film
extrusion dies. As shown in Figure 10, the unity consists of a bush, which can be screwed into any die
revealing an appropriate drilling (M24). The ceramic insert contains the thin film thermocouple and

can be inserted into the bush, and is fixed by a step on the bottom side and a cap on the top side. The
total length of the screw-in bush, including the top cap, is 63.5 mm.

conduction path contact point

%

ceramic insert screw-in bush

hot junction
(thin film thermocouple)

Figure 10. Structure of the exchangeable thin film thermocouple.
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The Ni and Ni-20Cr conducting paths (width of 0.5 mm), deposited on the ceramic insert using a
masking system, are shown in Figure 11. On the bottom side (step), the conducting paths are connected
to form the hot junction length of 1.5 mm. The conducting paths run over the lateral surface to the top
side. On the top side, the conducting paths end with contact points (2.5 x 2.5 mm?), as visualized in
Figure 10. Thermocouple balancing lines can be connected to these points, either by brazing or spring
probe pins, to conduct the generated thermovoltage to the measuring system.

Conducting paths

Hot junction

Figure 11. Ceramic insert showing the conducting paths of the Ni/Ni-20Cr thin film thermocouple.

The multilayer design of the thermally coated insert is shown in Figure 12. Primarily, the steel core
is coated with a bond coat (NiCoCrAlTaY) to enhance the adhesion of the ceramic layers to the steel
substrate, especially at higher temperatures. The bond coat is followed by a coarse 7Y,03-ZrO; coating
to ensure the thermal insulation between the thin film thermocouple and the die, as well as the steel core
of the insert, for an accurate measurement of the temperature of the plastic melt variations. Especially
for wall mounted thermocouples, it is reported that the measurement of temperature fluctuations is
difficult when the thermal insulation is not adequate [10]. The 7Y,03-ZrO, coating is layered by a
dense Al,O3 coating, which improves the adhesion of the thin film thermocouples due to a lower
content of defects, such as pores. Moreover, Al,O3 reveals a higher electrical resistance compared to
ZrO; to guarantee no electrical short of the thermocouple.

Embedding

AISI 1045

Figure 12. Cross-section of the multilayer design of the thermally sprayed insulating coatings of the

ceramic insert.

The extrusion nozzle is made of steel and, therefore, the inserted tool with the thin film
thermocouple should reveal the same tribological properties. Asshown by the Ball-on-Disc experiments,
all coatings reveal no adhesions of the PP counter ball on the surface at 153 °C. Concerning the wear of
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the PP ball, similar values are obtained for the steel surface and the thermally sprayed Al,O3 coating.
High-Pressure Capillary Rheometer experiments also demonstrate no significant differences in the
melt flow for the different coatings. Therefore, the thin film thermocouple was not covered by an
additional nitride layer for the operation test.

3.3. Operation Test

3.3.1. Validation of the Temperature Measurement

Before the operational testing, the calibration curves for the thermocouples have to determined.
In a previous study [20], the procedure was described and the dependence of the thermovoltage
and temperature for the thermocouples was found. In the present study, the mass temperature was
measured shortly before the outlet of the die. The used experimental setup is shown in Figure 13.

Figure 13. Experimental setup showing the array of the thermocouples in the wide-slit nozzle.

After the extrusion line reached a steady state for the cylinder heating and the used material, the
embedded thin film thermocouple (TE) was inserted in the die and the recording of the measurement
signal began. All four elements were inserted at the same time. Figure 14 shows the heating process
of the thermocouple (grey line) until a static state was reached. All other temperature sensors were
installed in advance to check the tool temperature. In total, the thermocouple required 130 s until 90%
of the final value was reached, and approximately 1000 s until the stationary state was reached.

500, ~ ——TE——T0——T0.5——TL5]
160 4—

|
120 an

i

Temperature [°C]

80 /

/

0 200 400 600 800 1000 1200 1400
Heating time [s]

40

Figure 14. Heating curve of the thin film thermocouple in the plastic flat film extrusion process.
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After the steady state of the thermocouple was reached, the measurement with all sensors was
recorded over a time of 1.5 h. The measurement of the melt temperature at the mold outlet was
additionally determined in 5 min intervals by means of a thermocouple as a guideline value. The surface
temperature was also measured with a laser to verify the values. Figure 15 shows the temperature
curve over time.

a) b)
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Figure 15. (a) Monitor conditioning of the melt temperature and (b) influence of the calibration on the
measured mass temperature.

During the measuring process, no temperature peaks were detected (Figure 15a). All sensors
displayed a constant measuring signal within the time interval. Due to the measuring tip of the
T1.5, the sensor was placed deeper in the melt and measured the melt temperature significantly
better. These measured values and the mathematical equations for the calibration curves were used
to adjust accuracy of the measured melt temperatures. Figure 15b shows the adjusted temperatures.
All thermocouples show relatively similar measured values after calibration. Compared to the mass
temperature of 200.6 °C obtained by a laser at the nozzle exit, the sensors T0 and T0.5 measure with the
lowest deviation after calibration. The deviation of the thin film thermocouple is 2.52%. Especially in
polymer extrusion, the determination of the temperature is important, since even small deviations lead
to a high change of the shear viscosity of the melt [35]. However, all used thermocouples, including
the thin film thermocouple, can be used for the temperature monitoring of the mass in the extrusion
die process after recalibration regarding the mounting place in the nozzle. Before the recalibration,
the accuracy of the measured mass temperature increased with extent into the melt. For obtaining
die melt temperature profiles in extrusion processes, generally, thermocouple mesh arrangements are
inserted in the melt flow [10]. However, this technique can only be used in test conditions, since the
melt flow is disturbed. Using many thin film thermocouples, a temperature profile can be obtained
without affecting the melt flow.

3.3.2. Foil Quality

The optical film properties were determined by measuring gloss and transmission. Ten samples
(dimensions 50 x 100 mm?) were taken for evaluation during flat film production. The transmission
and the gloss of the films were tested based on the described experimental setup. For the transmission,
the determination of the light intensity Ij is necessary as reference. The transmitted light intensity It
was measured by clamping the samples in the sample holder. The difference between Iy and I is the
transmission spectrum. For the reflection, a white comparison sample is required, which completely
reflects the entire light intensity Iy. Ocean Optics provided white specimens for the comparison sample.
Then, the samples were irradiated with the light intensity I; at the angle of 2° defined in DIN 5036-3,
and the reflected part I was measured.
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Table 3 shows the reflection results for settings 1 and 2 as reflectance [%]. The velocity of the
trigger unit was changed between the two settings. While at setting 1, the velocity reaches 1.5 mm/s, at
setting 2 the velocity is 1.7 mm/s. For both settings, the values are between 29.91% and 31.88% and,
accordingly, there is no significant difference between the different sensors. The wall-flush thermal
sensors and the thin film thermocouples have a slightly lower value than the others.

Table 3. Results of the reflection results in dependence of the used thermocouple.

Thermocouple Setting 1 Setting 2
Reflectance [%]
Reference 31.387 31.456
TO 30.937 31.228
T0.5 31.485 30.876
T15 31.087 31.150
Thin film thermocouple 30.964 29.910

Table 4 shows the transmission results for settings 1 and 2 as transmittance [%]. There are no
significant differences in the settings. Therefore, the geometry of the thermocouples does not influence
the transmittance. Only for setting 2, the measured values are 5% higher than setting 1. This effect is
to be explained due to the fact that setting 2 produces thinner films, and an increased light intensity
penetrates the sample.

Table 4. Results of the transmission results in dependence of the used thermocouple.

Thermocouple Setting 1 Setting 2
Transmittance [%]
Reference 77 47 85.03
TO 80.33 85.00
T0.5 79.09 85.32
T1.5 78.90 84.75
Thin film thermocouple 79.39 85.52

4. Conclusions

In this study, AIN and BCN thin films were magnetron sputtered on thermally sprayed Al,O3
coatings using different deposition parameters. In the case of the AIN thin films, a high Ar/N; gas flow
ratio of 6.0 and a high heating power led to a coarse structure with a reduced hardness from about 14 to
6 GPa. Since these films are proposed to be used in flat film extrusion nozzles, tribological experiments
were conducted. Using a high deposition temperature and high Ar/N, gas flow ratio for the AIN
coatings favor the adhesion of Polypropylen to the thin film surfaces after Ball-on-disc experiments at
85 °C. The formation of the adhesive layer is caused by the higher roughness of the AIN thin films,
which can be related to the physical structure, and the work of adhesion. In contrast, no adhesions to
the steel surface, the thermally sprayed Al,O3 coating, the BCN thin film, or a AIN thin deposited
with lower temperature and higher Ar/N, gas flow ratio were observed. At 153 °C, for all coatings, no
adhesions emerged, since the mechanical properties of the PP ball were changed with the temperature.
The interaction of the thin film thermocouples with the plastic melt was investigated in application
tests. Compared to the uncoated tool surface, the thin films reveal no negative effects on the wall shear
stress and the wall shear speed. Accordingly, an effect of the thermocouple on the foil quality could not
be detected in the samples examined under the spectroscope. Thus, flat films with constant reflection
properties could be produced by measuring the melt temperature using thin film thermocouples.

Ni/Ni-20Cr thin film thermocouples were deposited on newly developed exchangeable tool inserts
and deployed in a flat film extrusion process. The measurement signal of the thin film thermocouple
and industrial reference thermocouples were tested using a specially designed die. No temperature
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peaks were detected during the measuring process, demonstrating a stable measurement behavior. At
a melt temperature value of 200.57 °C, the obtained value by the help of the thin film thermocouple
was 205.75 °C, which is slightly higher compared to the industrial sensors. The deviation of the thin
film thermocouple did not exceed 2.52%, which is within a typical tolerance range of a type K sensor.
Within the proposed attempt, PVD thermocouples are a promising approach which can be used for
online monitoring. However, the used design can be used to further enhance the performance of the
wide-slit nozzle by using wear resistant top layers.
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Abstract: Magnesium fluoride (MgF,) materials are commonly used for near/medium infrared
anti-reflection optical coatings due to their low refractive index and wide-range transparency:.
Ion assistant deposition is an important technique to increase the density of MgF, and reduce
absorption around 2.94 um caused by high porosity and moisture adsorption. However, the excessive
energy of Argon ion will induce a color center and; therefore, lead to UV/Visible absorption. In this
paper, oxygen ion was introduced to reduce the color center effect in MgF, thin film deposited using
electron beam evaporation with ion assistant. The films were deposited on Bk7 and single crystal
silicon substrates under various oxygen ion beam currents. The microstructure, optical constant, film
density, stress, and adhesion are investigated, including the absorption properties at the infrared
hydroxyl (-OH) vibration peak. The results show that as the oxygen ion beam current increases, the
absorption value at the position of the infrared OH vibration, defects, and stress of the film decrease,
while the refractive index increases. However, MgF; has poor adhesion using oxygen ion-assisted
deposition. Thin MgF, film without ion beam assistant was used as adhesive layer, high density, and
low absorption MgF, film with good adhesion was obtained.

Keywords: MgF,; color center absorption; density; crystal frequency; stress; adhesion

1. Introduction

Near/medium infrared detectors can work in both low light night vision and medium bands
simultaneously, which can be widely used in military and civil fields [1-3]. The MgF, is a suitable
material due to its low refractive index and transparency over the ultraviolet range to the far-infrared
region [4,5]. However, the films easily absorb moisture in the atmosphere and relatively large tensile
stress because of poor film structure, resulting in spectrum shift. The results show that increasing the
deposition temperature of the substrate can increase the density of the film and reduce the instability
caused by moisture absorption of MgF,. When the deposition temperature of the substrate reaches
0.6 Tm [6] (where Tm is the melting temperature of the material), the aggregation density reaches a
stable value of 0.9. Thereafter, the density will not increase with the increase of deposition temperature.
Raising the temperature cannot completely solve the problem of the aggregation density [7,8]. Therefore,
ion beam-assisted deposition is used to improve the density of the film. However, there are limitations
to be considered in ion beam-assisted deposition. Both Matin Bischoff and Targove researches
showed a technology which can produce high packing density and a low extinction coefficient by
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plasma(ion)-assisted deposition, but the pure fluorine introduced in the vacuum chamber will influence
the environment and also reduce the life of the vacuum chamber. M. Kennedy research showed
that xenon ion bombardment has a better result than Ar ion backfill oxygen at ultraviolet—visible
wavelengths, but the infrared property of films has not yet been considered in this paper [9-11].
Dumasp’s research showed that the use of Ar as an ion source to assist gas deposition increased the bulk
density of MgF, films, but excessive particle energy led to a change in the stoichiometric ratio of Mg
and F, resulting in F atom vacancies, which led to the absorption of ultraviolet and visible parts [12,13].
These studies further show that excessive Ar* ion energy can lead to more serious moisture absorption
problems when MgF, thin films are evaporated by an electron gun [14].

The working band of near/mid infrared anti-reflective film contains the characteristic peak of water
absorption within the band. Moisture absorption will greatly affect the performance of anti-reflective
film. Therefore, it should be considered to increase the aggregation density of film while filling F~
ion vacancies. Sun discussed the effects of MgF, prepared at different temperatures on the spectral
transmittance and absorption of the deep ultraviolet band produced by the MgO content in the film
layer placed in air, which reduced the absorption of the color center [15]. It should be noted, the oxygen
can reduce the F~ vacancy. In the paper the effect of oxygen ion source-assisted deposition on the
properties of MgF; is studied. In order to obtain MgF, thin films with high density and low absorption
by O?~assisted deposition. The problem of poor bonding between MgF, thin films and Si substrates in
the experimental process was also analyzed, and the ion source-assisted deposition technology was
optimized to improve the adhesion of MgF, thin films on Si substrates assisted by O, ion source.

2. Experiment

2.1. Thin Film Preparation

The films were prepared by electron beam evaporation with O, ion beam-assisted deposition.
The vacuum chamber was evacuated to a base pressure of less than 1.0 x 1073 Pa. With a substrate
temperature of 300 °C, thin films were deposited on crystal silicon (920 mm X 1 mm) and float glass
(925 mm x 1 mm) with a deposition rate of 0.8nm/s with different ion beams. The substrates were
cleaned by ultrasonication. The experiment used a quartz crystal to monitor the physical thickness
of the film. The monitor was SQC-310 produced by Inficon Co., Ltd (Inficon, Shanghai, China).
To investigate oxygen ion effects on MgF, film properties, samples were deposited under various
oxygen ion currents (Kaufman Ion beam assistant) of 0, 50, and 80 mA at deposition temperature of
300 °C and 0.8 nm/s deposition rate. Sample thicknesses were controlled at 700 nm.

2.2. Film Characterization

The properties of MgF, samples deposited under various oxygen ion currents, such as the crystal
frequency, optical transmittance, chemical phase of the film, surface roughness, and adhesion, were
analyzed using the techniques listed in Table 1.
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2.3. Some Background for Characterizations

2.3.1. Quartz Frequency Measurement of Density

The refractive index of the film will change with the absorption of moisture by the pores within the
film. Usually, the packing density or porosity of thin films can be calculated using linear interpolation
formula according to the change of refractive index [16]. The refractive index of dense MgF, film is
about 1.38, which is very close to the refractive index of water 1.33. The refractive index change of
the film layer after moisture absorption is very small, and it is difficult to calculate the density of the
film through the change of refractive index. Therefore, in this study, the density of porous MgF, was
calculated based on the measurement of the mass change of film before and after moisture absorption.
A quartz crystal plate is very sensitive to the change of mass. Therefore, the density or porosity of the
film layer can be obtained accurately through the change of frequency of quartz crystal plate before
and after the absorption of water. The derivation process of the specific calculation is as follows [17].

Its natural frequency is inversely proportional to the thickness t and is proportional to the
frequency constant N. The relationship is shown in Equation (1)

F=N/t )
A
af=-22 @

Differentiating Equation (1) with respect to the thickness to get the crystal frequency:

After MgF, film is deposited, its density is close to that of quartz and the thickness of the coated
film during the experiment is much smaller than that of the quartz crystal oscillator, the increase in
film thickness can be approximated as the change of the thickness of the quartz crystal.

Am = AepyreAt,, = AepgeAt 3)

where Am represents the mass change, A is the crystal coating area, and pys and pg are the film density
and the quartz density, respectively. By substituting into Equation (2), the relationship between the
change in the quartz crystal frequency and the film thickness can be obtained by Equation (4).

Af = ——e—Aty 4)
po N
It can be seen from the formula that the decrease in the quartz crystal frequency is proportional to
the thickness and density of the coated film.
Assume that the initial frequency of the crystal is fi, the frequency after water absorption is fl* ,
the bulk density of the film is ps, and the density is shown in Equation (5),

Afy

T o

According to Equation (5), the density under various conditions can be easily calculated.

2.3.2. Zygo Interferometry for Measuring Film Stress

Stoney proposed calculating the stress of a thin film by measuring the radius of the deformation
curvature of the film and the substrate surface. When the actual thickness of the film is considered to be
infinitesimal relative to the substrate, both the film and the substrate can be considered as homogeneous
and isotropic materials [18]. The Stoney formulate is shown below:

Es ) £2

o= (1—vs 6RE; ©)
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where, Es and V are the elastic modulus and Poisson’s ratio of the substrate, respectively. Ts and t; are
the thickness of the substrate and the film, respectively. R is the radius of curvature of the substrate.
Based on the interference principle, the Zygo interferometer calculates the curvature change of the
measured object by comparing the interference fringe generated by the optical path difference between
the measured light and the reference light reflected from the measurement plane [19]. By processing
the test results of the Zygo interferometer, the power value indicating the apparent degree of surface
deformation can be obtained. The power is showed in Equation (7):

2

S

ower = —— 7
porwer = = )
where D; is the diameter of the substrate, and the radius of curvature before and after coating can be

expressed by Equation (8),
1 1

— — — = — (powery — power 8
R R Dg(r’ 2 — powery) ®)

Combining Equation (6), the surface stress of the thin film can be expressed by Equation (9),

4Es 2
———A 9
3(1 _VS) thsz power ( )

o=
3. Result and Analysis

3.1. Packing Density Character

The variation of crystal oscillator frequency with time after coating is shown in the Figure 1.
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Figure 1. Crystal frequency changed with time in different ion beams (the black, red and blue lines
represent the frequency with ion beam assistant condition in ion beams 0, 50, and 80 mA, respectively).

As can be seen from the figure, during the venting of the vacuum chamber to the atmospheric
state, the frequency of the crystal vibrator is significantly decreased. As the immersion time in the
deionized water increases, the frequency of the crystal vibrator decreases continuously, and finally
reaches a stable value. The value in the crystal vibrator frequency decreases as the ion beam density
increases. According to the formula listed in Section 2.1, the crystal oscillator frequency variation
value is used to calculate the packing density of the film. The aggregation densities under different
processing conditions are shown in Table 2.

It can be seen from the table that as the oxygen ion beam increases, the density of the film increases.
Therefore the oxygen ion-assisted deposition can be an effective technique to reduce the porosity of
MgF, film.

As discussed above, the deposited MgF; films on quartz crystal were immersed in DI water for a
certain time to allow the void of film to be filled by water, and oscillation frequencies of the crystal
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were recorded. Then the samples were placed back in a chamber under high vacuum and at high
temperature to remove the water trapped in the void. The oscillation frequencies of crystal were also
recorded. Table 3 below shows the frequencies of crystal with MgF, film with and without adsorbed
moisture, and the frequency differences.

Table 2. The density of the MgF, films produced at various oxygen ion currents.

Ion Beam Density
0 0.89
50 0.905
80 0.92

Table 3. The crystal frequency under various conditions.

Oxygen Ion Current 0 mA 50 mA 80 mA

Before water immersion (A) 5,968,113.2 5,968,115.3 5,968,110.7
After water immersion (B) 5,967,217.3 5,967,345.3 5,967,447.3
Under vacuum at 300 °C (C) 5,967,982.4 5,968,003.2 5,968,092.6
Frequency differences (C-B) 761.5 657.9 645.3
Frequency differences (C-A) -130.8 -112.1 -18.1

As the ion beam current increases, the frequency difference between the crystal oscillators before
and after water immersion decreases (C—A in Table 4). When the ion beam density is 80 mA, the
frequency of the crystal oscillator before (A) and under vacuum after the immersion (C) is very close.
It shows that under ion beam condition of 80 mA, the main reason for the change of the crystal vibration
frequency is that water vapor penetrates into the pores of the film, and only physical adsorption occurs
mainly. Water molecules trapped in the pores with strong bonding are almost negligible. When oxygen
ion current is 0 mA, the difference between the crystal oscillators frequency under vacuum at 300 °C
(Cin Table 4), and the frequency just after the completion of MgF,, is much higher compared to the
one under 80 mA oxygen ion current, which means there is a much stronger bonding force between
water molecule and MgF,. This indicates that the water vapor is not only physically adsorbed within
the deposited film on the crystal oscillator, but also undergoes a chemical reaction to form a strong
bond. Through the above tests, it was shown that oxygen ion bombardment introduces modifications
of MgF, film when the MgF, film was deposited using electron beam evaporation under oxygen ion
assistant. The participation of oxygen ion would supplement the crystal defects, improve the crystal
structure, and cause the modification of the MgF, film surface state, including the surface of pores in
film (e.g., Mg suspending bond). Oxygen ion also improves the density of the film. From a macroscopic
point of view, the refractive index of the film increases, absorption and scattering decrease, and tensile
stress decreases.

Table 4. Transmittance change.

Film Condition Ion Beam 0 mA Ion Beam 50 mA  Ion Beam 80 mA
After coated 3.22% 1.74% 0.83%
32 h dipped 5.65% 2.64% 1.52%
After vacuum baked 5.2% 1.98% 0.96%

3.2. Optical Properties

Visible/near infrared and mid-infrared transmittance were measured. Visible/near infrared
transmittance was used to fit the optical constant and the mid-infrared transmittance was used to
analyze the absorption of hydroxyl near 2940 nm.
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3.2.1. The Visible/Near Infrared Analysis

The Visible-near infrared band film transmittance curve is shown in the Figure 2.
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Figure 2. The transmittance of different ion beams in the Vis-infrared band (the black, red,
blue lines represent transmittance with the ion beam assistant condition in ion beams 0, 50, and

80 mA, respectively).

It can be seen from the figure that there are significant differences in the refractive index and
absorption of MgF, films under different ion beam flow conditions. The optical constant dispersion

curve of the film obtained by the full spectrum fitting method is shown in Figure 3.
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Figure 3. Optical constant dispersion curve (a) is the refractive index, (b) is the extinction coefficient
the black, red and blue lines represent optical constant with the ion beam assistant condition in ion
beams 0, 50, and 80 mA, respectively.

It can be seen that the O, ion beam causes the refractive index to increase. It was because of the
presence of MgO compound in MgF, film. Using the Wiener bounds model, the amount of MgO
roughness was estimated as 13.1%.

3.2.2. Hydroxyl Vibration Absorption

The infrared transmittance curve of the single crystal Si substrate [20] and the transmittance of the
MgkF,; film prepared under different ion source conditions are shown in Figure 4.
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Figure 4. The transmittance of MgF, and substrate (the black, red, blue lines represent mid-infrared
transmittance with the ion beam assistant condition in ion beams 0, 50, 80 mA, respectively. The dashed
line is Si substrate).

It can be seen that the spectral transmittance of the monocrystalline Si substrate at the hydroxyl
vibration position of 2770~3200 nm also fluctuates, indicating that the compounds containing -OH
exist on the surface of the Si substrate [21]. The spectral transmittance of MgF, prepared under different
ion source conditions at the band of 2770~3200 nm is significantly decreased, and the characteristic
absorption peak of -OH appears at 2940 nm. When the substrate was immersed in deionized water,
the spectral transmittance decreases in accordance with the frequency change of the crystal oscillator
of Section 3.1. As the immersion time increases, the spectral transmittance decreases continuously and
is substantially stable after 32 h. After baking under vacuum for two hours, the infrared spectrum of
2500~5000 nm was retested. The average reduction values of the spectral transmittance before and
after baking in the range of 2770~3200 nm are shown in Table 4.

From the table it can be seen that ion beam-assisted deposition can effectively reduce the absorption
of MgF, in the range of 2770 to 3200 nm, and the spectral transmittance decreases the least when the ion
beam is 80 mA. After baking under vacuum, the decrease of the spectral transmittance of MgF, with an
ion beam density of 80 mA at 2770 to 3200 nm is basically the same as that before immersion, indicating
that the moisture physically adsorbed in the film causes the decrease in the spectral transmittance
of the film. While, without using ion bombardment, the spectral transmittance of the film is only
changed by 0.4% after baking under vacuum conditions. After baking in vacuum, the film still contains
compounds with hydroxyl groups.

This indicates that the decrease of absorption of MgF, thin film prepared by oxygen ion
source-assisted deposition near 2940 nm is not only due to the increase of concentration density
of the film layer, but also due to the recombination of oxygen ion and F~ vacancy caused by Mg
suspension bond during deposition, preventing the suspension bond from forming other compounds
with hydroxyl in water vapor.

3.3. XRD

According to the result of spectrum test, the oxygen ion and Mg suspending bond fill the film
defects, reduce the colour center absorption, and reduce the hydroxyl absorption of film by filling the
F~ vacancy with O particles. To analyze the phase change of film, an XRD measurement was taken, the
result are shown in Figure 5.

The XRD results show that MgF, film exhibits a polycrystalline state, and the film has a remarkable
crystal orientation, with the maximum intensity of the diffraction peak in the <110> direction. It can
be seen that the location of the diffraction peak without assisted deposition by oxygen ion source
is consistent with that of the standard PDF (powder diffraction file) card, as the oxygen ion beam
flow increases, the diffraction peak positions in each direction shifts to the right, the intensity of the
diffraction peak decreases, and the diffraction peak gradually widens as the ion beam flow increases.
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When the ion beam was increased to 80 mA, the MgF, diffraction peak in the <220> direction and
significantly broadened. The diffraction peak became inconspicuous. In addition, the characteristic
diffraction peak of MgO appears at positions where the diffraction angle (20) values are 36.703° and
62.219°, indicating that under the beam condition the O ion compounds with Mg in the film to form a
MgO crystal.

F(110) F(111) FQL0) @il f@20)

N
M*/Mwwwu e -~

10 20 30 40 50 60 70 80
26

Intensity

Figure 5. XRD measurement of different ion beams (the blue, red, and black represent ion beams 80, 50,
and 0 mA, respectively; the vertical lines represent the theoretical positions of the peaks for MgF2 and
MgO; F represents MgF;, O represents MgO).

The comparison parameters of the crystal plane spacing of MgF, thin film and PDF standard card
are as per Table 5.

Table 5. The crystal plane spacing of sample and PDF standard value.

Spacing (d) Literature Sample 1 Sample 2 Sample 3
<hkl> ICCD41-1443 Ton Beam 0 mA Ion Beam 50 mA Ion Beam 80 mA
<110> 3.2670 3.2668 3.2683 3.2686
<111> 2.2309 2.2299 2.2312 2.2315
<210> 2.0672 2.0670 2.0673 2.0674
<211> 1.7112 1.7113 1.7120 1.7124
<220> 1.6335 1.6338 1.6343 1.6345

The lattice constants of the MgF, film and the PDF reference card prepared under different process
conditions were calculated by Jade software and are shown in Table 6.

Table 6. The crystal character calculates by MDI Jade.

Lattice Literature Sample 1 Sample 2 Sample 3
ICCD41-1443 Ion Beam 0 mA Ion Beam 50 mA Ion Beam 80 mA

a (nm) 0.46200 0.46220 0.4295 0.4635

C (nm) 0.30509 0.30622 0.3041 0.3032

As can be seen, with the increase of oxygen ion beam, the crystal axis cell becomes smaller and
the spacing between the crystal planes decreases. The oxygen ion source-assisted deposition indicates
that the crystal cells gather more closely during the growth of the film.
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3.4. Adhesion

The tape peeling method was used for adhesion test, where tape is attached to the sample and
then peeled off. The adhesion is then judged on the extent of the film delamination. The measurement
process is simple and has good repeatability. The test was done using 3M scotch 610 test tape: Stickiness
of (10 + 1) N/25mm, and keeping tape pull angle at 90° to the film surface [22].

The film without O, ion assistant deposition can endure being peeled off 20 times. When the O,
ion beam was 50 mA, the film delaminated after being peeled off 15 times. When the ion beam increased
to 80 mA the film delaminates after being peeled off 12 times. Indicating the film adhesion decreases
with increasing ion beam. The adhesion of the film is mainly affected by stress and inter-material
adsorption [23]. Thus, the stress was discussed as follows.

The changes in curvature of the MgF, film before and after deposition obtained by a Zygo
interferometer are shown in Table 7. According to the formula in Section 2.2, the stress of the film is
986, 436, and 357 MPa, respectively. It can be seen that the tensile stress of the film decreases as the ion
beam density increases.

Table 7. Curvature of substrate before and after coating.

Ion Current Power before Coated Power after Coated
Ion Beam 0 mA 0.091 0.866
Ion Beam 50 mA 0.091 0.425
Ton Beam 80 mA 0.091 0.365

The stress test results show that when the ion beam is 80 mA, the tensile stress of the film is at the
minimum, and the stress of the film should not be the main cause for poor adhesion. It can be seen
from the infrared spectrum test results that at 2770~3200 nm the Si substrate has obvious absorption,
indicating that the surface of the Si substrate contained the OH root compound. When the MgF, film
was modified without using oxygen ions, there were obvious F~ vacancies in the film layer. The free
Mg?* ions were combined with the hydroxyl of the Si substrate. The film and the substrate were
combined by the bonding force. The MgF; film substrate, in which the F ionic vacancies were filled
by the O particles, was combined by van der Waals force. Therefore, the film—substrate adhesion is
much smaller than the bonding force [24,25]. In order to obtain a MgF, film with good adhesion to the
substrate, and effectively reducing the absorption of water molecules, ion beam-assisted deposition
was not used at the beginning of up to 50 nm thickness of deposition, and a film (transition layer film)
having F~ vacancies was obtained. The -OH compounds formed by bonding with the Si substrate
made the film adhere well to the substrate. Next, O ion bombardment by increasing the beam density
to 80 mA was used to fill the F~ ion vacancies in the film during deposition. The comparison of 3M
adhesive experiments before and after adjusting the ion source is shown in Figure 6.

(@ (b)

Figure 6. Sample condition after tape pull test: (a) Without transition layer which was produced by

electron beam vapor deposition and O, IAD; (b) the first transition 50 nm deposited using only electron
beam vapor deposition, then deposition completed with IAD.

In addition, the comparison of transmittance before and after adjusting the ion source is shown in
Figure 7.
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Figure 7. The transmittance of MgF, (the black and red line represent mid-infrared transmittance with
50 nm pre-layer and without pre-layer, respectively.)

4. Conclusions

The influence of oxygen ion source on MgF; film’s visible near-infrared band and mid-wave
infrared absorption was studied. As the oxygen ion beam flow increases, the film aggregation density
increases. Due to the oxygen ions filling into the colour center defects, generated by F~ vacancies, an
MgO compound is formed in the film, so that the absorption value of the film in the visible range is
reduced, and the refractive index is increased. In the infrared light portion, as the oxygen ion beam
increases, the F~ ionic vacancies are filled with O, preventing the Mg?* ions from recombining with
the -OH in the air, and reducing the absorption of the film in the infrared. However, the stress and
adhesion test results show that as the oxygen ion beam flow increases, the bonding force between the
film and the substrate changes from chemical bonding force to van der Waals force, and the tensile
stress of the MgF, film decreases, which lead to a bad adhesion for MgF, film on Si substrate. A
solution of two steps of deposition was proposed to solve the problem of poor adhesion: At the early
stage of deposition of the MgF, film, a very thin adhesion layer without ion beam-assisted was formed
and allowed further MgF; film to bond to the substrate with good adhesion, then the O* ion current
for further MgF, deposition was increased to allow O to fill the F anion vacancies efficiently, and
reduce the absorption. The experimental results demonstrate that MgF, film with low absorption, high
stability, and good adhesion was achieved. The effect of the thickness of the thin adhesive MgF, layer
deposited without ion beam assisted requires further investigation.
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Abstract: The metalens has been a hotspot in scientific communications in recent years.
The polarization-controlled functional metalens is appealing in metalens investigation. We propose
a metalens with dual functions that are controlled by polarization states. In the first design, when
applied with x- and y-polarized light, two focal spots with different focal lengths are acquired,
respectively. The proposed metalens performs well when illuminated with adjacent wavelengths.
In the second design, the reflected light is focused when applied with x-polarized light, and when
applied with y-polarized light, the reflected light is split into two oblique paths. We believe that the
results will provide a new method in light manipulation.

Keywords: polarization controlling; dual functional-metalens; focusing; splitting

1. Introduction

Metamaterials are novel artificial structures that are designed for specified functions like negative
refractive index [1-3], polarization conversion [4-6] and perfect absorption [7-9]. Metasurfaces possess
the advantages of small losses and are easy to manufacture [10,11], and have been attractive in recent
years. Among various metasurfaces, metalens with its unit cell interacting with incident light and
introducing abrupt phase shift along the interface of the metasurface have been widely presented to
achieve the function of focusing [12,13] and anomalous reflection [14-16]. Lots of models like the
nanoslit [17], nanohole [18,19], and graphene ribbons [20-24] have been introduced in metalens design,
where 27 phase shift resulting from the designed antennas is needed in controlling the wavefront.
Although a polarization-independent metalens [12,25] and polarization-conversion metalens [26]
have been reported in former works, and the designed metalenses are always adjusted to manipulate
different kinds of incident waves with various structures [27-30], the metalens, with its function
controlled by incident polarization state [31,32], has not been fully investigated.

In this paper, a metal-insulator-metal (MIM) structure is proposed to achieve the polarization
controlled dual functional two-dimentional (2D) cylindrical metalens, which consists of rectangle
gold antennas and a gold mirror spaced by a dielectric layer. The proposed metalens possesses two
functions that can be realized when illuminated with x- and y-polarized light. The x-direction and
y-direction length of the rectangle gold antenna are adjusted to control the phase and reflectance of the
reflected light, because the length of the dipole resonances along x- and y-directions are determined by
the x-direction and y-direction lengths, respectively. We first investigate the influence of the y-direction
length or x-direction length on the dipole along the x or y-direction. By presenting the phase and
reflectance of the reflected light for x-polarization incidence with different x-direction and y-direction
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lengths of the rectangle antenna, we find that the y-direction length of the rectangle has little influence
on the phase and reflectance in most of its length range. Then we apply the phase approach to design
the polarization-controlled metalens, in which the y-direction or x-direction length is fixed as 100 nm
when varying the x-direction or y-direction length. We design a metalens with the focal length of
F =5 pm and F = 5 um when applied with x- and y-polarized light, which focus well as desired. Then
we validate the approach by presenting two metalenses with focal length of 5 and 15 pum for x- and
y-polarization incidence only. The y-direction and x-direction lengths are fixed as 100 nm. The focusing
effects agree well with that of the proposed polarization-controlled metalens. The proposed metalens
works well within a broadband of wavelengths that range from 750 to 850 nm. We also design the
metalens to split y-polarized normal incident light and focus the x-polarized light. Therefore, the dual
functional metalens can be achieved by tuning the incident polarization state.

2. Design and Simulation Method

Figure 1 illustrates the schematic of the proposed 2D cylindrical lens, which is a
metal-insulator-metal structure to form a Fabry—Perot cavity to enhance the interaction between
light and resonance antenna. The resonance antenna and the bottom mirror are selected as Au with
data acquired from [33]. The dielectric spacer is chosen as MgF, with a refractive index of 1.892 [14].
The thicknesses of Au antenna, MgF, spacer and Au mirror shown in Figure 1b are set as f, = 30 nm,
t; = 50 nm and ts = 130 nm, respectively. The top view of the unit cell of the metalens is shown in
Figure 1c. The period in x- and y-directions are px = p, = 200 nm. The resonance antenna is a rectangle,
which possesses dipole resonances along both the x- and y-directions. The rectangle lengths along
x- and y-directions are variable to control the phase and reflectance of the reflected light for x- and
y-polarization incidences, respectively. Thus, we can separately control the wavefront of the reflected
x- and y-polarized light by configuring the rectangle lengths along x- and y-directions. The working
mechanism of the proposed metalens is shown in Figure 1a, where different polarization state leads to
different function. For numerical analysis, all simulations are carried out by using the finite-difference
time-domain software (Lumerical FDTD solutions 8.15.736.0). PML boundary condition is applied in z-
and x- directions. Periodic boundary condition is applied in the y-direction. The minimal mesh size
is 4 nm.
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Figure 1. Schematic of the proposed metalens. (a) The fragment, (b) cross section view and (c) top view
of the proposed metalens.
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Generally, the influence of the y-direction length b or x-direction length a on the dipole along
the x or y-direction cannot be ignored, which results in amplitude and phase deviations for the x- or
y-polarization incidences. To explore this, we choose the working wavelength as 800 nm. We show
the phase and reflectance of the reflected light for x-polarization incidence in Figure 2 with different
lengths b and a of the rectangle antenna. A near 27t phase shift can be acquired when the length a
increases from 10 to 190 nm, and the length b has little influence on it in most of the length range as
shown in Figure 2a,b. Due to the symmetry property of the structure, an identical performance can be
acquired for y-polarization incidence.
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Figure 2. (a) Phase and (b) reflectance of the reflected light for x-polarization incidence with different
lengths b and a. Phase shift and reflectance of reflected wave for (c) x- and (d) y-polarization incidences.
Insets are z-component electric field distributions corresponding to (c) horizontal dipole and (d)
vertical dipole.

Figure 2c shows the phase and reflectance of the reflected light for x-polarization incidence
when x-direction length a increases from 10 to 190 nm and the y-direction length b is fixed as 100 nm.
Figure 2d shows the phase and reflectance of the reflected light for y-polarization incidence when
y-direction length b increases from 10 to 190 nm and the x-direction length a is fixed as 100 nm. The
insets show the z component electric field distributions at the resonant length. Two dipole resonances
along x- and y-directions are acquired, together with the Fabry—Perot resonance, a near 27t phase
shift can be achieved. We use this approach to design the metalens that possesses different functions
controlled by the polarization states of the incident light.

3. Results and Discussion

Asillustrated above, we utilize the phase shift in Figure 2¢,d to design the focusing metalens, which
possesses the focal length of F = 5 um for x-polarization incidence and F = 15 pum for y-polarization
incidence. To design a metalens to focus incident light, the phase profile of the metalens should follow

the expression [34]:
o(x) = i—”(\/ﬂ +F2—F) 0
0
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where x is the horizontal position from the center of the metalens, Ax is the horizontal shift of the
focal point, A¢ is the incident wavelength, and F is the focal length. Based on Equation (1), we
calculate the phase distribution curves for F = 5 um and F = 15 um, and show them in Figure 3a,b.
The corresponding length distributions of x-direction and y-direction lengths a and b are shown in
Figure 3c,d, according to which we design and simulate the planar metalens with 60 unit cells with
x- and y-polarization incidences, respectively. The electric field intensity distributions for x- and
y-polarization incidences are shown in Figure 3e,f, respectively. The reflected lights are well focused in
the air side except for a little deviation in the focal length (4.95 and 13.32 mm for x- and y-polarization
incidences) from the theoretical values. Because the phase shift resulting from the length change
cannot cover the full 27t range, we select the adjacent unit cell instead as an approach. The longitudinal
and transverse sizes of the focal spots are represented by full width at half maximum (FWHM) of
the focal spots along x- and z- directions. For x-polarization incidence, the FWHM values along x-
and z- directions are 0.78 and 2.72 mm. For y-polarization incidence, The FWHM values are 1.1 and
9.2 mm, respectively. The focusing efficiencies, defined as the proportion of the incident light energy
going to the central focal spot, are calculated to be 41% and 45% for x- and y-polarization incidences.
Thus, the metalens with two polarization-controlled focal points is achieved. In practice, a minor
inclination of polarization plane is inevitable, which results in a negligible focusing effect for another
polarization state.
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Figure 3. Phase profile to focus incident light for (a) x- and (b) y-polarization incidences. Corresponding
lengths of (c) x-direction length a and (d) y-direction length b of the rectangle antenna in metalens
design. The electric field intensities for (e) x- and (f) y-polarization incidence, respectively.

To investigate the influence of the x-direction length 2 and y-direction length b on the focusing
effect of y- and x-polarization incidences, we design two metalenses that focus x-polarized light and
y-polarized light only. For x-polarization incidence, only the x-direction length 4 is designed for
focusing with a focal length of F = 5 um as shown in Figure 4a, while the y-direction length b is fixed
as 100 nm as shown in Figure 4c. For y-polarized light focusing, x-direction length a is fixed as 100 nm
as shown in Figure 4b, while the y-direction length b is designed for focusing with a focal length
of F = 15 um as shown in Figure 4d. We simulate the two metalenses with x- and y-polarization
incidences, and the results are shown in Figure 4e,f, from which we can see that the results are nearly
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the same as that shown in Figure 3e f. Therefore, the influence of the x-direction length a and y-direction
length b on the focusing effects of y- and x-polarization incidences are negligible.
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Figure 4. (a) X-direction length a2 and (c) y-direction length b of the metalens for x-focusing only.
(b) X-direction length 2 and (d) y-direction length b of the metalens for y-focusing only. The electric
field intensities for (e) x- and (f) y-polarization incidence, respectively.

In addition, we also investigate the cases of the proposed metalens working in other incident
wavelengths. The simulated results are shown in Figure 5. Figure 5a,b show the electric field
distributions when illuminated with 750 nm wavelength x- and y-polarized light, respectively.
Figure 5¢,d show that of 850 nm wavelength incident light. From Figure 5 we can conclude that the
proposed metalens can work well within a broadband wavelength that ranges from 750 to 850 nm.
In addition, we investigate the focusing effects for other incident wavelengths. The focal lengths for
different incident wavelengths are listed in Figure 5e,f, from which we can see that the focal length
changes when incident light wavelength is changing, and the focal length is inversely proportional to
the wavelength of light.
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Figure 5. The electric field intensities for (a) x- and (b) y-polarization incidences with the incident
wavelength of 750 nm. The electric field intensities for (c) x- and (d) y-polarization incidences with the
incident wavelength of 850 nm. (e,f) The focal lengths with different incident wavelengths for x- and
y-polarization incidences, respectively.

Furthermore, another function called the beam splitter can be considered in the dual functional
metalens design, which manipulates the normal incident light into two opposite oblique paths [35]. To
bend the normal incident light to an oblique reflected light, a phase gradient should be introduced
along the interface of the structure following the generalized Snell’s law [36]. For normal incidence,
the reflected angle can be expressed by:

Ao d_(p )

sin(6r) = 27n; dx
1

where A, x, ¢ and #n; are the incident wavelength, surface length, phase shift and refractive index of
the incident side material, respectively. In our design, the reflection angle of the oblique beams are
+30°, then the calculated phase shift between two adjacent unit is 45°. The phase profile calculated
from Equation (2) is shown in Figure 6b. The corresponding y-direction length b distribution is shown
in Figure 6d, based on which the normal incident y-polarized light can be split. However, the reflection
angle is less than 30°, because the phase shift produced by the gold antennas cannot cover the full 27t
range, and we take some approximations in the designing process. Then for x-polarization incidence,
the x-direction length a is designed according to Figure 6a,c, which focus the x-polarized incident light
with the focal length of F = 5 um. The simulated results of both x- and y-polarization incidences are
shown in Figure 6e,f. For x-polarization incidence, the reflected light is well focused at the point of
(x = 0z =5 um), and the y-polarized light is split.
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Figure 6. Phase profile (a) to focus incident light for x-polarization incidences and (b) to split incident
light y-polarization incidences. Corresponding lengths of (c) x-direction length a and (d) y-direction
length b of the rectangle antenna in metalens design. (e) The electric field intensities for x-polarization
incidence. (f) The real part of y-component electric distribution for y-polarization incidence.

The advantage of our results is listed in Table 1 to compare with other works.

Table 1. The compare of this work to previous works.

Literature Characteristics
Ref. [12,25] Polarization independent
Ref. [20-24] X-polarization
This work Polarization dependent

4. Conclusions

In summary, we proposed a dual functional metalens controlled by polarization state of the
incident light. Two functions can be achieved by adjusting the incident light with two polarization
states. The proposed metalens is designed according to the approach that the dipole resonance is not
influenced by the width of the rectangle gold antenna. A metalens working at 800 nm wavelength
with focal lengths of F = 5 um for x-polarization and F = 15 um for y-polarization incidence is
designed, which agree well with the two exact metalens that focus x- and y-polarized light only. The
proposed metalens works well within a broadband wavelength that ranges from 750 to 850 nm. We also
designed a metalens with two functions of focusing and splitting controlled by incident polarization
states. Therefore, the proposed metalens can achieve two functions by applying two orthogonal
polarized lights.
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Abstract: In this work, the authors present the possibility of characterization of the fracture toughness
in mode I (Kjc) for TiB, and TiB, coatings doped with different concentration of W (3%, 6% and
10%). The Young’s modulus, hardness and fracture toughness of this coatings are extracted from
nanoindentation experiments. The fracture toughness was evaluated using calculation of crack length
measurement. An important observation is that increasing tungsten concentration in the range
0-10% changes the microstructure of the investigated coatings: from columnar structure for TiB,
coating to nano-composite structure for Ti-B-W (10%) coating. It can be concluded that doping with
concentration 10 at.% W causes an increase of the fracture toughness for the tested coatings.

Keywords: PVD coatings; nanoindentation; brittle cracking; fracture toughness

1. Introduction

Brittle cracking resistance is one of the most important material features. The fracture toughness
in mode I (Kjc) is the parameter considered to be a material constant, which determined the material’s
resistance to brittle cracking. It is independent of the thickness of the material being tested because
it refers to a constant state of stress. This makes it possible to assess how much load a structural
element containing a crack can carry. The method for determining the Kjc factor, which is currently the
basic material constant in fracture mechanics, is standardized for solid materials [1,2] and consists of
analyzing the process of cracking samples with a properly prepared notch in the three-point bending
test. The use of the penetration method to study the fracture toughness Kjc was initiated in the 1970s
by the Evans and Charles, who observed the relation between the crack lengths, which was generated
in the corners of Vickers indenter during the hardness test and the value of Kjc [3]. This made it
possible to use the microindentation and nanoindentation methods for the mechanical characterization
of micro-volume systems, including layers and coatings.

The mechanical characteristics of thin coatings are of great importance in the processes of
optimization and development of material solutions for coatings with high tribological efficiency.
For mechanical characterization of thin coatings, including determination of their hardness (H),
Young’s modulus (E) and fracture toughness as the Kjc coefficient, nanoindentation has proved to be
a very effective technique. Hardness and Young’s modulus are determined on the basis of load and
displacement curves, while the Kjc coefficient can be estimated based on the crack lengths initiated by
the indenter.

It should be remembered that, in the case of thin coatings, the results of the brittleness index tests
obtained by the nanoindentation method cannot be verified by the impact method, as it is possible
for solid materials. Therefore, in the case of solid materials, we can more precisely select the model
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and range of indenter loads in nanoindentation tests to determine the brittleness of specific materials,
e.g., SiC [4], glass, and Al,Oj [5]. In the case of thin coatings, we additionally encounter a very large
number of material combinations, i.e., chemical composition, phase structure, state of internal stresses
resulting from, e.g., the type of substrate or the method of coating deposition. Therefore, it seems very
difficult to indicate one model for the determination of the Kjc coefficient for all coatings in the current
state of knowledge. It has been shown that methods using the nanoindentation method and crack
length analysis to determine the brittleness of materials lead to comparable results [6]. This can be
a good tool for comparing the brittleness of materials. Importantly, in the case of thin coatings, it is
currently difficult to find another method that has as much potential and capabilities in determining
the fracture toughness of thin coatings as the nanoindentation method.

The literature analyses show different models for determining the Kjc coefficient of thin
coatings [7,8], of which two are most often used, as proposed by Anstis’s [9] and Laugier [10].

The aim of the research, the results of which are presented in this article, was to propose a method
for determining the Kjc coefficient of thin PVD coatings using the nanoindentation method. In the
article, the Laugier model was used to analyze changes in fracture toughness (Kic) for TiB, ceramic
coatings doped with tungsten. The coatings were produced by magnetron sputtering in a Direct
Current (DC) system. The problem to be solved was the methodology of selecting loads for the
Berkovich indenter in the indentation process and the methodology of measuring the crack lengths
generated in the coating.

2. Materials and Methods

2.1. Coating Deposition

Tungsten doped TiB, coatings were prepared by DC magnetron sputtering method using original
magnetron systems made by Lukasiewicz Research Network-Institute for Sustainable Technology in
Radom (L-ITeE Radom) with a Balzers pump system (Radom, Poland) with two circular magnetrons
placed at an angle of 120° to each other. In the deposition process was using two targets made
of TiB2 (99.50% purity) and pure-W (99.95% purity) according the procedure present in paper [11].
The diameter of targets was d = 100 mm and thickness ¢ =7 mm. The TiB; and Ti-B-W coatings were
deposited in an atmosphere of pure argon (Ar 100%). The parameters of the Ti-B-W coating process
are shown in Table 1.

Table 1. Deposition parameters of reference TiB, coating and TiB, coatings doped with tungsten.

Pressure Usgias Power of Magnetron Temperature
Coating ~ Atmosphere
(Pa) V) Prip, (W) Pw (W) T (°C)
TiB, 1000 -
Ti-B-W (1) 1000 25
Ti-B-W (2) Ar 100% 0.5 -50 1000 50 300
Ti-B-W (3) 1000 75

The tested coatings were deposited on to samples made of high-speed steels SW7M with a diameter
of 25 mm, thickness 6 mm and surface roughness R, < 0.05 um and on samples of monocrystalline
Si (100). The samples were washed with 99.9% pure alcohol before being placed in the process chamber.
Before the coating process, the samples were ion-etched in the Ar + plasma. During the coating process,
the sample temperature was stabilized at 300 °C using resistance heaters. The Ti-B-W coatings were
deposited by changes of the source power in the range 25-75 W. The deposition time for each coating
was 1 h. The scheme and view of the magnetron system that we used are shown in Figure la—c.
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Figure 1. Dual DC magnetron system used to apply TiB, coatings doped with tungsten: (a) scheme;
(b,c) process chamber view.

2.2. Coating Characterization

Samples of monocrystalline Si (100) were used for chemical composition analysis by
Wavelength-Dispersive X-Ray Spectroscopy—-WDS (Nova NanoSEM 450 with WDS IbeX, Thermo
Fisher Scientific, Waltham, MA, USA) localized in AGH (Krakoéw, Poland). The coatings thickness
of brittle fracture cross-section measurements was performed using SEM-Hitachi TM3000 scanning
electron microscopy (Radom, Poland).

Samples of SW7M steel with the deposited coatings were subjected to hardness and Young's
modulus testing using the Nanoindentation Tester NHT manufactured by Anton Paar with Berkovich
diamond indenter (Anton Paar, £-ITeE Radom, Poland). For each of the tested coatings, 20 indentations
were made in the regime of a contact-depth. The contact-depth of the indenter does not exceed 10% of
the coating thickness. The correct indentations were selected and the average hardness values—H
and Young’s modulus—E, were calculated based on the results obtained, as well as the corresponding
standard deviations. The measurement results made it possible to determine the H/E—as the plasticity
index or load factor which is responsible for the maximum elastic deflection, when the coating is not
destroyed and the H3/E2—as a resistance to plastic deformation, which determines the load capacity of
the coating.

The surface roughness for all tested coatings were measured by Hommel Tester T1000 produced by
JENOPTIK (L-ITeE Radom, Poland) by contact method. The mean values of R,, R, and R; parameters
were calculated.

2.3. Berkovich Indentation Fracture Toughness Test

SW7M steel samples were also used to study the resistance of brittle cracking using the
nanohardness tester CSM with Berkovich diamond indenter. The analysis was carried out in two steps.
In the first step, indenter load was selected, when radial cracks were generated in the tested TiB, and
Ti-B-W coatings. For this purpose, 5 indentations were made for each of the tested coatings at different
values of the intender normal force, i.e., 50, 100, 200, 300 and 400 mN. The indenter load, for which
generated cracks were measurable, was selected for each coating. In the second step, 20 indentations
were made for each coating. For each indentation, individual crack length measurements, i.e., (a,) and
(In) were made according to the scheme shown in Figure 2. For each coating, based on a group of 20
indentations, the mean values 2 and [ were determined. Then, according to the Laugier model formula
(Equation (1)) [10,12], the value of the fracture toughness Kjc was determined. Observation and crack
lengths measurement in the area of the indentations were carried out using SEM Hitachi TM3000

scanning electron microscopy.
2
E\3
(&)

[N

a P
Kic = xv'(‘) = 1)
1 o
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where: Kjc—fracture toughness; xy—indenter geometry factor (for Laugier Equation x, = 0.016);
E—Young modulus of coating (GPa); H—hardness of coating (GPa); P-the indentation load (mN);
a—the length from the center of the indent to the corner of the indent (um); [; » 3—the length of the
cracks; I = (I1 + Iy + 13)/3; ¢ = | + a—the total length from the center of the indent to the end of crack.

= (I;J,+L:+Lz
c=lt+a

TM3000_2463 2016-11-07 13:46 N D40 x80k  10um

Figure 2. Illustrations of the measurement method of fracture toughness for all investigated indentations.

3. Results

3.1. Coating Characterization

The pure TiB; coatings and Ti-B-W coatings doped with tungsten were analyzed after the
deposition processes, obtained by the DC magnetron sputtering method, according the parameters
presented in Table 1. First, the surface observations and coating thickness measurements were made
using the scanning electron microscopy (SEM-Hitachi TM3000) and the surface roughness tests with
using the Roughness Hommel Tester. The results of these measurements were necessary to the
fracture toughness test, which was planned in the next step. Figure 3 shows the results of surface and
cross-sections observations for the tested TiB, and Ti-B-W coatings. All tested coatings are characterized
by high surface smoothness and good coherence, which are free of cracks and defects. The thickness of
all investigated coatings was in the range 1.2-1.3 um.

The prepared coatings were subjected to chemical composition analysis using the WDS method.
The obtained results (Table 2) showed that the tungsten concentration doped into the TiB, coating
increased with increasing tungsten power and it is range 3%-10%. The Ti/B or B/(Ti+W) ratios were
determined adequately in the TiB, and Ti-B-W coatings.

Table 2. Parameters for investigated TiB, and Ti-B-W coatings.

Coating Thickness Roughness Hardness Young’s Modulus  Plasticity Index ~ Resistance to Plastic

g (um) Ra/Rz/Ry (um) H (GPa) E (GP) HJE Deformation H3/E2
TiB, 1.0 0.03/0.22/0.55 340+2 405+ 5 0.075 0.239
Ti-B-W (3%) 1.1 0.01/0.21/0.41 355+2 415 +10 0.085 0.259
Ti-B-W (6%) 12 0.01/0.29/0.56 370+2 425+7 0.087 0.280
Ti-B-W (10%) 1.3 0.02/0.13/0.29 380+3 435+5 0.087 0.289

The hardness and Young’s modulus measurements were carried out without exceeding the depth
of 10% of the coating thickness, i.e., max 100 nm. Examples of changes in the force acting on the
Berkovich indenter in the case of testing the hardness and Young’s modulus of the TiB, coating and the
view of the indentation. Based on the obtained results, the plasticity index as H/E and the resistance
to plastic deformation as H3/E? of investigated coatings were determined. All parameters of the
investigated TiB, and Ti-B-W coatings are shown in Table 3.
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Table 3. The results of investigations of the chemical composition for TiB, and Ti-W-B coatings, which
were made using the WDS method.

Chemical Composition (at.%)

Coatin B/(Ti + W)
& Ti w B /

TiB, 31 - 69 22
Ti-B-W (1) 22 3 75 3.0
Ti-B-W (2) 22 6 72 25
Ti-B-W (3) 22 10 68 2.1

Brittle fractu?/

a) TiB, 4

ITeE-PIB 10.0kV 14.4mm x30.0k SE(M)

TM3000 2681 2161201 1411 A

Brittle fracture

b) TIBW(1)

Tha000_2603 2161201 1438 A

Brittle fracture
c) TiBW(2)

)

THa000_2682 2161201 1438 A

Brittle fracture

d) TIBW(3)

ITeE-PIB 10.0kV 16.2mm x30.

Figure 3. SEM micrographs from the surface (on the left section) and from the brittle fracture
cross-section (on the right section) with coating thickness measurements for coatings obtained with
different power of tungsten sputtering (Py in Table 1): (a) TiBy: Py = 0 W; (b) Ti-B-W(1): Py =25 W;
(c) Ti-B-W(2): Py =50 W; (d) Ti-B-W(3): Pyy =75 W.
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3.2. Determination of the Fracture Toughness Kic

For measured the sizes of the crack lengths emerging from their corners after indentation with
different forces 50, 100, 200, 300 and 400 mN, all the generated cracks were imaged using a scanning
electron microscopy (SEM-Hitachi TM3000). The images of indentations for different types of coatings
are shown in Figure 4. Observations for the indentations made with the different loads showed, that the
cracks for coatings such as TiB,, Ti-B-W (3%), Ti-B-W (6%), which were generated in the corners of
the indentation, were clearly visible and well measurable already at the indenter load of 200 mN
(Figure 4a—). On the other hand, the cracks for coating Ti-B-W (10%) were visible and well measurable
only with indenter load of 400 mN (Figure 4d). Such intender loading values were accepted for testing
of the fracture toughness Kjc for selected coatings.

a) TiB2/ P=200mN

b) TIBW(6%) / PiZOOmN

LTiBw(a%)

2016-11-08 1358 A D40 x80k 10um

2016-1107 1348 N D40 x80k 10um

¢) TIBW(6%) / P=200mN d) TIBW(10%) / P=400mN

A 4/‘§" TIBW(6%)

TM3000_2497 2016-1109 09:08 A D40 x80k 10um

& LriBw(10%)

TM3000_2592 2016-11-21 11:42 A D43 x80k  10um

Figure 4. The indentations for selected TiB; and Ti-B-W coatings after testing with different values of
indenter loading force: (a) TiB,: 200 Mn; (b) Ti-B-W (3%): 200 mN; (c) Ti-B-W (6%): 200 mN; (d) Ti-B-W
(10%): 400 mN.

According to the adopted methodology (present in Section 2.1), 20 indentations were made for
each coating with the selected indenter load (P), i.e., for the coatings: TiB,, Ti-B-W (3%), Ti-B-W
(6%) was P = 200 mN, while for the coating Ti-B-W (10%) was P = 400 mN. The penetration depth
was respectively lypomn = 1000 nm and hyppmn = 1600 nm. For each indention, we measured the
edge lengths for the indentation a, and the crack lengths Iy, Iy, Ih3, where n is the number of
indentation. For each indentation, we determined the average values of I, according with equation
In = (In1 + In2 + 1n3)/3. Then, for each tested coating, the average values of / and a were determined
for the whole series of 20 indentations in accordance with relation Equations (2) and (3). Figure 5a,b
shows an example of series of indentations made for the Ti-B-W (6%) coating and the results of the
indentation n = 1.

a = (ay=1 + =2+ +ay=20)/20 (2

I'= (ly=1 + ly=2 + -+ ly=20) /20 (3)
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TIBW(B%) oo S

TM3000_2511 2016-11-09 09:24 A D4.0 x1.0k

1.96um

¢

1.61um
1.49um

"\ \" A3 93um
AN

TM3000_2499
b)

Figure 5. SEM images of groups indentations used for fracture toughness analysis (Kjc) for Ti-B-W (6%)
coating: (a) series of 20 indentations with a Berkovich indenter at a load of P =200 mN; (b) dimensional
analysis of crack lengths for different indentations wheren =1, 2, 5, 6.

Based on the material tests and measurements of the crack lengths in the corners of the indentations
made of the Berkovich indenter, Table 4 summarizes the parameters that are needed to determine
the Kjc for the tested coatings, i.e., TiBy, Ti-B-W (3%), Ti-B-W (6%) and Ti-B-W (10%). The value of
the coefficient (xy) in the Lougier model depends on the geometry of the indenter, which was used.
According to the analysis carried out by N. Cuadrado et al. [13], for materials such as SiC, Si and

soda-lime glass, in the case of Berkovich’s geometry the value of coefficient (xy) = 0.022 + 0.001.

Table 4. Results of calculation of fracture toughness (Kjc), hardness and Young modulus for all
investigated coatings.

Coating Xy P(mN) H(GPa) E(GPa) a(um) [I(um) c(um) Kje=xy( 4 )1/2. ( %)2/3' 53%
TiB, 0.022 200 340+2  405+5 4.20 5.32 9.52 Kic [1iBy] = 0.67
Ti-B-W (3%)  0.022 200 355+2 415+10 378 242 6.20 Kic [riBw (3%)) = 1.84
Ti-B-W (6%) 0022 200 370£2 42547 3.64 2.10 5.74 Kic [risw (6%)] = 2-16
Ti-B-W (10%)  0.022 400 380+3  435%5 6.20 1.20 483 Kic (riBw (10%)] = 4.98
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The analysis carried out according to the Laugier model showed that, as a result of doping the
TiB, coating with tungsten, there is a significant increase in its fracture toughness. When the tungsten
concentration increases up to 10%, the cracks that were generated in the corners of the indentation
made with Berkovich indenter become shorter. For concentrations of 3%-6% W, the fracture toughness
of Ti-B-W coatings achieves a value comparable to Kjc suitable for TiN [14] and CrN [15] coatings.
The fracture toughness of Ti-B-W with 10 at.% W is Kic [rigw (10%)] = 4.98 and is nearly 7.5 times higher
than for the TiB, coating Kic [1ip,] = 0.67.

4. Discussion

In the article, the authors presented how the changes in the fracture toughness Kjc for TiB, and
Ti-B-W coatings depend on the atomic % tungsten concentration (at.% W), as shown in Figure 6a.
Observations of the brittle fracture cross-section showed that the TiB, coating has a column structure,
where the grain diameter is ~100 nm (Figure 3a). The brittle fracture cross-section in the TiB, coating
has a clear intergranular character. In Figure 6b, the authors presented a scheme of the microstructure
of the TiB, coating, where the direction of cracking is parallel to the direction of growth of pillar grains
(perpendicular to the surface of the coating). The presented diagram explains the high brittleness of
the TiB; coating and the low value of the fracture toughness Kic (Kic [tig2] = 0.67).

Doping the TiB, coating with 3% tungsten reduces column grains to a diameter of ~30 nm
(Figure 3b). Figure 6¢ proposes a diagram of the microstructure of the Ti-B-W (3%) coating, where
grain refinement does not change the cracking mechanism, which still works mainly in a direction
perpendicular to the surface. However, increasing the hardness and Young’s modulus of the Ti-B-W (3%)
coating, and consequently also increasing the plasticity index of coating H/E and resistance to plastic
deformation of coating H?3/E?, results in increased resistance to brittle cracking (Kic [risw 3%)] = 1.84).

For Ti-B-W coatings, which contain 6% tungsten, the column structure with diameter of grains
30 nm also dominates (Figure 3c). The cracking mechanism is noticeably changed, where the directions
of parallel and perpendicular cracking to the surface of the coating are equivalent. At the brittle
fracture cross-section, the columnar grains were observed, which cracked in a direction parallel to
the surface of the coating. In Figure 6d, the authors proposed a scheme of the Ti-B-W (6%) coating
microstructure, where columnar grains change their structure and growth directions due to tungsten
segregation and the possibility of new phases appearing, e.g., WB4. The occurrence of local differences
in the microstructure and phase structure justifies the increase in the hardness of the TiBW (6%) coating
(Htigw (6%) = 37 GPa) and the possibility of cracking energy dissipation by changing the direction of
cracking and its separation into several others.

In the Ti-B-W coating, obtained by the TiB, coating doped with 10% tungsten, one can observe a
compact columnar structure with the individual columns, which are agglomerates of equiaxed grains
with a diameter ~100 nm. This allows us to make conclusions regarding the possible occurrence of
nano-composite microstructure in Ti-B-W (10%) coatings, which was confirmed by the results of the
research presented by Sobol et al. [16]. In Figure 6e, the authors presented a scheme of the Ti-B-W
(10%) coating microstructure, where the cracking process is not oriented, but indicates the possibility
of energy dissipation during cracking. In addition, the doping 10% of tungsten in the structure of
the TiB; coating results in a large increase in hardness and Young’s modulus, i.e., Hrip = 34 GPa —
Hrigw (10%) = 38GPa and ETjpy = 405 GPa — Etipw (10%) = 435 GPa, and the increase plasticity index H/E
of coating and resistance to plastic deformation H3/E? of Ti-B-W (10%) coatings, which are respectively:
H/ETtigw (10%) = 0.087 and H3/E%ppw 0%) = 0.289. As a result, the fracture toughness is significantly
increased: KIC TiBW (10%) = 4.98.
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Figure 6. The results of the fracture toughness Kjc analysis for TiB, and Ti-B-W coatings: (a) changes
of values of Kjc for TiB, and Ti-B-W coatings depending on the tungsten concentration (at. % W);
(b) scheme of microstructure TiB, coating; (c) scheme of microstructure Ti-B-W (3%) coating; (d) scheme
of microstructure Ti-B-W(6%) coating; (e) scheme of microstructure Ti-B-W (10%) coating.

5. Conclusions

The article demonstrated that the brittleness of thin TiB, ceramic coatings can be effectively
improved by tungsten doping. Tungsten concentration in the range of 0-10% can significantly changes
the microstructure of coatings, from a typical columnar structure with a grain diameter of about 100 nm
for TiBy, to a clear nano-composite structure for Ti-B-W (10%). Analysis of the tested TiB, and Ti-B-W
coatings, including: brittle fracture cross-section, changes in hardness (H) and Young’s modulus (E)
and plasticity index H/E and resistance to plastic deformation H3/E2, enabled the development of
microstructure diagrams for TiB, coatings and Ti-B-W coatings with different tungsten concentration.
Observations of brittle fracture cross-section show that, in the case of doping TiB, coatings with
tungsten at an amount of 10%, the microstructure is fragile and the nano-composite structure is created.
Then it is possible to change the direction of cracking many times and to disperse it into several other
directions. The energy of a single crack is reduced, which often results in the disappearance of cracks.
As aresult, in such a coating we observed a significant increase in values of fracture toughness Kjc.

To assess the fragility of the tested coatings, the authors used the Berkovich indenter induction
method and the calculation of the fracture toughness Kjc according to Laugier model. Doping of TiB,
coating show that 10% tungsten causes a more than 7-times increase in the fracture toughness Kjc
from Kic [rig2] = 0.67 to Kic [risw (10%)] = 4.98.

At the same time, Ti-B-W (10%) coatings are characterized by greater hardness and comparable
surface roughness compared to TiB, coating, which makes them coatings with a very high
application potential.
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Abstract: This article deals with the potential to reduce the amount of the residual stresses in the
diamond films on cemented carbide inserts for improving their effective interfacial fatigue strength and
thus their wear resistance. In this context, nano-crystalline diamond coatings (NCD) were deposited on
cemented carbide inserts. A portion of these coated tools were annealed in vacuum for decreasing the
amount of residual stresses in the film structure. The annealing temperature was appropriately selected
for keeping the substrate strength properties invariable after the coating annealing. Inclined impact
tests at ambient temperature on the untreated and heat-treated diamond coated tools were conducted
for evaluating their effective interfacial fatigue strength. Depending upon the impact load, after a
certain number of impacts, damages in the film-substrate interface develop, resulting in coating
detachment and lifting. Via appropriate FEM (Finite Element Method)-evaluation of the impact
imprints, the residual stresses in the diamond film structure were determined. Milling experiments
were conducted for evaluating the cutting performance of the coated tools using aluminum foam
as workpiece material. A correlation between the interfacial fatigue strength of diamond coatings
and their residual stresses affected by annealings contributed to the explanation of the attained
cutting results.

Keywords: diamond coatings; residual stresses; interfacial fatigue strength; annealing; milling

1. Introduction

Diamond coatings deposited on cemented carbide tools are widely used in machining of
non-ferrous materials like aluminum alloys, composite and so forth [1-5]. A key issue for ensuring
a sufficient diamond coated tool life, especially in milling, is the fatigue strength of diamond
coating-substrate interface [6-8]. For enhancing the diamond film bonding on its substrate and thus
the film adhesion, selective chemical Co-etching is carried out on hard metal tools for decreasing
superficially the non-adhesive cobalt [1,4]. Moreover, the application of interlayer materials was
introduced as an effective technology for enhancing the film adhesion and nucleation densities of
diamond coatings on various substrates [4,6,9-11].

In the present paper, the potential to change the amount of residual stresses in the diamond film
structure via appropriate heat treatment, thus increasing the effective interfacial fatigue strength as
well as the wear resistance of diamond coated tools in milling was investigated. Nano-crystalline
diamond (NCD) coatings deposited on cemented carbide tools are characterized by high residual
stresses. The high level of residual stresses in the diamond film structure are attributed to epitaxial
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crystal differences and thermal expansion coefficients mismatch of the diamond coating and its
cemented-carbide substrate [12-14]. In this context, annealings were carried out using the NCD
coated tools for attaining a relaxation of the residual stresses [15]. Moreover, Raman spectra were
applied to study the crystallinity of the as deposited as well as annealed diamond coatings [5,16].
Nano-indentations coupled with appropriate finite element method (FEM)-simulations were applied
for characterizing the substrate mechanical properties at ambient and at annealing temperature [17].
As a result, potential change of the wear behavior of diamond coated tools due to annealing can be
attributed only to the relaxation of the film residual stresses.

The effective interfacial fatigue strength of the as deposited and heat-treated NCD coated tools
was investigated by conducting inclined impact tests at ambient temperature and at various loads and
number of impacts. Under certain impact conditions, the conduct of the inclined impact test results
in the development of interfacial fatigue micro-cracks and damages. As a consequence, a release
of the residual stresses in the diamond film structure takes place leading to bulge formation [7].
Via appropriate FEM-evaluation of the impact imprints, the residual stresses in the examined diamond
coatings were calculated [18]. Moreover, milling experiments were carried out for evaluating the
cutting performance of the prepared NCD coated inserts using aluminum foam as workpiece material.
Based on the achieved results, optimum annealing conditions can be determined for improving the
wear resistance of the NCD coated tools in milling.

2. Experimental and Computational Details

Nano-composite diamond coatings (NCD) were deposited on cemented carbide inserts of HW-K05
SPGN 120308 specifications via hot filament method using a CC800/9Dia Cemecon coating machine
(Wiirselen, Germany). The applied temperature of the filament and substrate during the deposition
process were 2000 °C and 900 °C, respectively. Moreover, a cooling process took place after the coating
deposition lasting for 9 h. The coating thickness amounts to approximately 5 um. For achieving a
sufficient film adhesion, cobalt-etching procedures were conducted prior to the coating deposition [6].
A portion of the produced diamond inserts was annealed in vacuum for a duration of 3 h and 10 h.
The annealing temperature was set equal to 400 °C. In this way, three groups of diamond coated inserts
were created possessing different annealing durations.

For characterizing the crystallinity of the as deposited and annealed at different conditions
diamond coatings, Raman spectroscopy was carried out using a LabRAM HR spectrometer (HORIBA
FRANCE SAS). The recorded spectra are presented in Figure 1. The as deposited as well as the annealed
diamond coatings appear a narrow peak at 1332 cm~!. This peak is associated with a diamond coating
characterized by high crystalline quality [16]. Moreover, the captured spectra for all investigated
coating cases are similar. Thus, it can be stated that the effect of the temperature up to 400 °C on the
crystallinity of diamond coatings is negligible.

For evaluating the substrate strength properties before and after annealing at 400 °C,
nanoindentations were conducted by a FISCHERSCOPE H100 device (Helmut Fischer GmbH,
Sindelfingen, Germany) [17]. The fatigue strength of the coating—substrate interface was assessed by
inclined impact tests at various loads and cycles using an impact tester designed and manufactured
by the Laboratory for Machine Tools and Manufacturing Engineering of the Aristotle University of
Thessaloniki in conjunction with the company Impact-BZ [19]. The load inclination angle was 15°
and the ball diameter was 5 mm (see Figure 2a). The applied time-dependent force signal is shown
in Figure 2b. The 3D-measuement facilities of the confocal microscope uSURF of NANOFOCUS AG
(Oberhausen, Germany) were used for evaluating the impact imprints. The milling experiments were
conducted without coolant or lubricant for attaining a more intense wear evolution. The workpiece
material was an aluminum foam. Based on standard metallographic techniques, the various hard
phases of the workpiece material were detected and described in Figure 2c. It has to be pointed out
that the coated cutting edge is loaded by high dynamic loads during milling owing to the structure of
workpiece material.
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Figure 1. Raman spectra of the as deposited as well as the annealed at different conditions diamond
coatings for investigating their crystallinity.
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Figure 2. (a) The device for conducting inclined impact tests; (b) the applied force signals during the
inclined impact test; () characteristic micro-graphs of the aluminum foam used in milling experiments.

An axisymmetric FEM-model was employed using ANSYS 18 software for determining the thermal
residual stresses in the diamond film structure, as shown in Figure 3a and described analytically in
Reference [18]. The applied FEM-algorithm (FEM-TRS algorithm) enables the calculation of thermal
compressive stresses in the NCD structure during cooling from the deposition temperature to the
ambient one taking into account the different thermal expansion coefficients of the diamond coating
and the cemented carbide substrate.

Moreover, the maximum residual stresses in the diamond coating structures before and after
annealing were determined by an appropriate FEM-model using ANSYS software, as shown in
Figure 3b and described analytically in Reference [18]. By using the experimental data of the diameter
of detached film region in each examined coating case after inclined impact test, the goal of the
applied FEM-DRS (Finite Element Method-Distributed Resource Schedule) algorithm is to describe
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the geometry of the formed film bulges [18]. In this context, a pressure is applied to the FEM-model
elements until the deformation height at the most elevated central bulge region to be equal with the
relevant measured film bulge maximum height. Thus, the overall compressive residual stresses in the
diamond film structure can be determined.
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Figure 3. The applied finite element method (FEM) model for calculating (a) the thermal residual
stresses and (b) the overall residual stresses in film structure after the diamond coating deposition and
its annealing.

3. Results and Discussion

3.1. Mechanical Properties of Cemented Carbide Substrates before and after Annealing

Since the goal of this work was to improve the effective interfacial fatigue strength of diamond
coated tools and thus their wear behavior in milling via appropriate annealing, it was necessary
to ensure that the effect of the applied annealing process on substrate mechanical properties is
negligible. In this way, uncoated HW-K05 cemented carbide substrates were annealed in vacuum at a
temperature of 400 °C corresponding to the related one during the annealing of the diamond coated
tools. Herewith, the effect of the annealing temperature on the substrate strength properties was
recorded by conducting nanoindentations at a maximum indentation load of 50 mN. In order the effect
of the specimen roughness on the results accuracy to be nullified, 30 measurements per nanoindentation
were conducted [17]. The related load-displacement diagrams for both examined cases are shown
in Figure 4a. According to the obtained results, the load-displacement curve of cemented carbide
subjected to an annealing at 400 °C is similar to the corresponding one of an untreated substrate.
By appropriate FEM-evaluation of the nanoindentation results, the mechanical characteristics for both
cemented carbide inserts are shown in Figure 4b [17]. Based on the attained results, it can be stated
that potential change of the wear behavior of diamond coated tools via annealing can be attributed
only to the relaxation of the film residual stresses and not to substrate effects.
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Figure 4. (a) Nanoindentation load-displacement curves; (b) Calculated stress-strain curves of HW-K05
cemented carbide inserts before and after annealing at 400 °C.

3.2. Residual Stresses in NCD Coatings before and after Their Annealings

Annealings were conducted on the diamond coated tools in vacuum for 3 h and 10 h at a
temperature of 400 °C. Taking into account the dominant effect of the strength properties of the
cemented carbide substrates on the capability of coated tools to withstand the dynamic loads in
interrupted cutting processes, the annealing temperature of 400 °C was intentionally selected. At the
temperature of 400 °C, the HW-KO05 substrate strength properties remain invariable, as also described
in the Section 3.1 [20]. In the first step of the conducted investigations, it was necessary to determine the
developed residual stresses in the film structure before and after annealing. Based on an appropriate
axisymmetric FEM-model described in Figure 3a (FEM-TRS algorithm), the developed thermal stresses
due to the different thermal expansion coefficients of the diamond coating and cemented carbide
substrate after cooling from the deposition temperature to the ambient one were calculated and amount
to approximately 4.8 GPa. These compressive stresses remain constant in all investigated annealing
cases. The magnitude of the thermal residual stresses depends only on the operational temperature of
the diamond coated tools and the coating deposition temperature. In all cases, the inclined impact
tests for evaluating the interfacial fatigue strength of diamond coated tools were conducted at ambient
temperature. Moreover, by using a further FEM-model described in Figure 3b (FEM-DRS algorithm),
the overall amount of residual stresses in the film structure were calculated. This FEM-model, as already
described in Section 2, simulates the film lifting due to the fatigue failure of its interface at ambient
temperature and the residual stress release after the conduct of inclined impact test considering the
diameter and height of the formed bulges. The diameter of each detached region after the inclined
impact test corresponds to a certain film bulge height depending on the amount of the residual stresses
in the diamond coating structure [21].

A characteristic example illustrating the applied procedure for determining the residual stresses in
the as deposited diamond coating structure is shown in Figure 5. The dimensions of the formed bulge
after inclined impact test at certain conditions (diameter and height) are used as input parameters in
the FEM-DRS algorithm for calculating the overall compressive residual stress in the diamond film
structure (see Figure 5a). The overall principal stresses in 01 and o, directions are equal and amount to
approximately 10.2 GPa (see Figure 5b). Moreover, the corresponding compressive thermal residual
stresses of the diamond coating in the same principal directions are calculated using the FEM-TRS
algorithm (see Figure 5¢). By subtracting the thermal residual stresses from the overall residual
stresses, the remaining residual stresses in the diamond film structure, characterized as structural,
were calculated (see Figure 5d) [7]. These stresses are generated during the film deposition and can be
varied after the annealing process.
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Figure 5. (a) Determination of the input parameters (diameter and height of the formed bugle) in the
FEM-DRS algorithm; (b) calculation of the overall compressive stresses in the diamond film structure via
FEM-DRS algorithm; (c) calculation of the thermal compressive stresses in the diamond film structure
via FEM-TRS algorithm; (d) determination of the structural stresses in the diamond film structure.

Characteristic impact imprints after various number of impacts and loads at ambient temperature
of the untreated as well as of the annealed diamond coated tools are shown in Figure 6. Taking into
account the mechanical properties and the dimensions (diameter and height) of the formed bulges
in each case as an input parameter in the FEM-model shown in Figure 3b (FEM-DRS algorithm),
the overall residual stresses were calculated. According to the attained results, an increase of the
annealing duration results in a significant reduction of the structural residual stresses. More specifically,
after an annealing duration of 10 h, the structural residual are almost negligible and only thermal
stresses exist in the film structure.

Impact test temperature= 25"C
Residual stresses [GPa]
6

5.4 GPa

2
o

o

g- Structural

5 3GPa

o]

S

£

=

E Thermal
)

2

= 0.3 GPa

NCD coating, t=5um / HW-KO05 substrate

Figure 6. FEM-calculated thermal and structural stresses in the investigated coating cases based on the
dimensions of the developed bulges after inclined impact tests and appropriate evaluation by using
FEM-DRS and FEM-TRS algorithms.
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3.3. Evaluation of the Interfacial Fatigue Strength of Diamond Coated Tools before and after Their Annealings

Inclined impact tests were conducted on the as deposited and annealed coated tools at various
loads and number of impacts for evaluating their interfacial fatigue strength. During the conduct of
the inclined impact test, shear stresses are developed in the diamond film-substrate interface. If the
developed interface stresses lead to loads in the film substrate interface, which exceed the interfacial
toughness of the film, an interface fatigue failure occurs. As a consequence, the high compressive
residual stresses in the NCD structure are released hiking up the detached area at certain maximum
height. The interfacial toughness of the diamond coatings depends strongly on the level of residual
stresses in the film structure.

In Figure 7, characteristic topomorphies of the developed imprints on the untreated NCD coated
insert at an impact load of 350 N after 100,000 as well as 300,000 and 400,000 impacts at ambient
temperature are shown. After 100,000, there is no any sign of damage in the coating surface. Aninterface
failure takes place after 300,000 impacts resulting to the bulge formation with a height of about 15 um.
The bugle is totally damaged and removed after only a further 100,000 impacts. Related topomorphies
of impact imprints on the annealed coated inserts after 3 h and 10 h are illustrated at a load of 600 N
and 650 N in Figures 8 and 9, respectively. The developed mechanism for diamond coating damage
under the application of repetitive dynamic loads is similar including the coating detachment and
its removal.
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Figure 7. Impact test results on the as deposited nano-crystalline diamond (NCD) coated inserts at an
impact load of 350 N after various number of impacts.
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An overview concerning the occurring topomorphy of the as-deposited and annealed diamond
coated tools after the conduct of the inclined impact tests at various loads and the number of impacts
is shown in Figure 10a. All the impact tests were conducted at ambient temperature. After a certain
combination of the impact load and number of impacts, bulges are formed. The experimentally
detected maximum forces for avoiding the fatigue failure of the diamond coating-substrate interface
after 10° impacts for the untreated as well as the annealed diamond coated tools after 3 h and 10 h
amount to approximately 300 N, 525 N and 625 N (see Figure 10b). An impressive increase of threshold
load for interfacial fatigue damage initiation after 10° impacts occurs when the structural stresses in
the film structure are nullified due to the applied annealing process for 10 h.
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Figure 10. (a) NCD coating status after inclined impact tests at different combinations of impact load
and number of impacts; (b) critical impact forces for avoiding interfacial damage after 10° impacts in
the examined coating cases.

3.4. Explanation of the Attained Impact Test Results

For explaining the effect of the residual stresses of the NCD coating on its effective interfacial
fatigue strength, the FEM-DRS algorithm was used (see Section 2). More specifically, two characteristic
cases of NCD coatings were considered possessing overall residual stresses equal to approximately
10.2 GPa (as deposited case) and 5.1 GPa (annealed for 10 h) (see Figure 11a). In order to achieve a bulge
height of 1 um in both examined cases, the detached film region due to the interfacial fatigue failure
is different. In the case of an NCD coating with residual stresses equal to approximately 10.2 GPa,
the detached film area is associated with a diameter of only 60 um, as shown in Figure 11b. However,
a decrease of the residual stresses in the diamond film structure results in a significant augmentation of
the detached film area for attaining the same coating lifting (see Figure 11b). Based on these results,
it can be stated that the high level of residual stresses in NCD diamond coating triggers a coating
lifting and removal when a fatigue damage occurs even in a restricted region in the coating-substrate
interface, thus worsening the coating fatigue strength.
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3.5. Wear Behavior of the Untreated and Annealed Diamond Coated Tools in Milling

The cutting performance of the untreated and annealed diamond coated tools was investigated in
dry milling. In the way, the evolution of the wear was accelerated. Moreover, due to the structure of
the aluminum foam used as workpiece material and the existence of especially hard phases, as already
described in Figure 2¢, intense dynamic load are developed in the coated cutting edge. In this way,
a key-issue for attaining a sufficient tool life in milling is the interfacial fatigue strength of the diamond
coated tool. After a prescribed number of successive cuts, the cutting insert wear was recorded.
According to the cutting results shown in Figure 12a, in the case of the untreated coated tools, a flank
wear width of 0.15 mm developed after only approximately 15,500 cuts. Moreover, the application of
inserts annealed for 3 h at 400 °C enhances the coated tool life up to roughly 50,000 cuts. Coated inserts
annealed for 10 h exhibit the best cutting performance reaching an impressive tool life of almost
78,000 cuts. Characteristic micro-graphs of the worn cutting edges in the examined annealing cases are
shown in Figure 12b.
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Figure 12. (a) Flank wear development versus the number of cuts of the investigated diamond coated
inserts; (b) characteristic micro-graphs of the worn cutting edges in the examined coated inserts.
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3.6. Review of the Obtained Results

A correlation among the diamond coating’s residual stresses, the threshold impact load for
interface fatigue endurance after 10® impacts as well as the tool life up to a flank wear width of
0.15 mm of the untreated (see Figure 13a) and annealed (see Figure 13b,c) coated tools at various
conditions is conducted for having an overview of the achieved results. It is obvious that a decrease of
the structural residual stresses in the diamond film structure due to annealing leads to a significant
augmentation of the critical load for the initiation of diamond coating-substrate interface damage. As a
result, the capability of the diamond coated cutting edge to withstand the dynamic loads in milling
is enhanced resulting to an impressive enhancement of the coated tool life. It has to be pointed out
that a percentile increase of approximately 400% of the coated tool life is attained when the structural
residual stresses are totally removed from the initial diamond coating state after annealing.
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Figure 13. Correlation among NCD film residual stresses, interfacial fatigue strength as well as coated
tool life in milling in the case of (a) an untreated coated tool; (b) an annealed one for 3 h at 400 °C;
and (c) an annealed one for 10 h at 400 °C.

4. Conclusions

In the frame of this work, the potential to improve the wear behavior in the milling of NCD coated
cemented carbide inserts via appropriate annealing was investigated. The obtained results show that
an impressive enhancement of the effective interfacial fatigue strength and milling performance of
diamond coated tools can be achieved by decreasing the structural residual stresses in the diamond
film structure. More specifically, when the structural residual stresses are nullified via an appropriate
adjustment of the annealing duration and temperature, the coated tool life is approximately four times
larger than the initial one and thus the number of the worn tool replacements decreases significantly in
machining processes. In this way, the conduct of the annealing process on NCD coated tools using
appropriate conditions is highly recommended for improving their cutting performance.
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