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Preface to "Micro-Nano Surface Functionalization of
Materials and Thin Films for Optical Applications”

This book contains the articles collected for the Special Issue entitled Micro-Nano Surface
Functionalization of Materials and Thin Films for Optical Applications in the journal Coatings (ISSN
2079-6412). These selected articles provide a meaningful overview of recent advances and concepts
beyond the state-of-the-art regarding surface functionalization of materials and deposition of thin
films to be used in optical applications. The aim was to cover all relevant aspects of the topic
(simulation, design, fabrication, characterization and applications) with a special emphasis on
non-conventional methods for surface modification of materials, combinations of mature fabrication
routes with emerging technologies (i.e., additive manufacturing) and large-area fabrication concepts
to pave the way to industrial utilization of the developed materials. This overview comprises the
recent work of reputed scientists from Germany, Austria, Spain and India.

New developments on the scale-up deposition of transparent conductive oxides (TCO) by
magnetron sputtering are addressed in the works presented by R. Mientus et al. [1] and J. Txintxurreta
et al. [2]. In [1], the effect of the reactive gases on the growth of amorphous SnO;:Ta films was
studied. These films can be used as low-temperature transparent and conductive layers to protect
semiconducting photoelectrodes for water splitting and also, where appropriate, in combination
with more conductive TCO films (ITO or ZnO). The low-temperature deposition of ITO films is also
discussed in [2]. There, it was shown that an in-depth understanding of the deposition process is
essential to growing reproducible and high (electrical and optical) quality ITO films. In particular,
specific oxygen flow conditions are needed for the manufacturing of efficient transparent ITO heaters
to be used in the automotive industry.

E. Guillen et al. [3] described a very versatile and non-conventional preparation of titanium
oxide (TiOy) films by Filtered Cathodic Vacuum Arc (FCVA) with different stoichiometries (0.6 <x
<2.2) and crystalline phases (TiO, Ti;O3, rutile-type TiO, and amorphous TiO;). In particular,
rutile-type TiO, films could be prepared by room-temperature and unbiased FCVA, demonstrating
the great potential of this method for optical applications on heat-sensitive and non-conductive
substrates.

The design of Spectrally Selective Solar Absorber Coatings based on the novel combination
of computational simulation and ellipsometry measurements of the optical constants is presented
in [4] by K. Niranjan et al. The obtained optical constants depict a gradation in the designed
W /WAISIN/SiON/SiO, multilayer stack from top anti-reflection layer to substrate due to which an
enhanced solar absorption of 0.955 and a low thermal emissivity of 0.10 are achieved. Furthermore,
the multilayer stack exhibits an excellent wide-angle selectivity up to 58°, which makes it a potential
candidate for spectrally selective solar absorber coatings.

Finally, the design of hierarchical surface structures at different scale lengths for nanoimprinting
of optical nano- and micro-structures is presented in [5] by A. R. Moharana et al. This novel process
allows the creation and cost-efficient replication of highly complex optical elements, and it was
demonstrated using a diffusor and a diffraction pattern. Using two subsequent nanoimprint steps, a
master structure was fabricated that was further used to replicate a stamp for nanoimprinting.

We are very grateful to all the authors of the Special Issue for their high-level submissions, and

we hope that the papers will be useful and of interest to the readers.
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Abstract: By reactive magnetron sputtering from a ceramic SnO;:Ta target onto unheated substrates,
X-ray amorphous SnO:Ta films were prepared in gas mixtures of Ar/O,(NO, H,O). The process
windows, where the films exhibit the lowest resistivity values, were investigated as a function of the
partial pressure of the reactive gases Oy, N,O and H,O. We found that all three gases lead to the same
minimum resistivity, while the width of the process window is broadest for the reactive gas H,O.
While the amorphous films were remarkably conductive (p ~ 5 x 1073 Qcm), the films crystallized by
annealing at 500 °C exhibit higher resistivities due to grain boundary limited conduction. For larger
film thicknesses (d 2 150 nm), crystallization occurs already during the deposition, caused by the
substrate temperature increase due to the energy influx from the condensing film species and from
the plasma (ions, electrons), leading to higher resistivities of these films. The best amorphous SnO5,:Ta
films had a resistivity of lower than 4 X 1073 Qcm, with a carrier concentration of 1.1 x 102° cm~3,
and a Hall mobility of 16 cm?/Vs. The sheet resistance was about 400 (/00 for 100 nm films and 80 (/0
for 500 nm thick films. The average optical transmittance from 500 to 1000 nm is greater than 76%
for 100 nm films, where the films, deposited with H,O as reactive gas, exhibit even a slightly higher
transmittance of 80%. These X-ray amorpous SnO;:Ta films can be used as low-temperature prepared
transparent and conductive protection layers, for instance, to protect semiconducting photoelectrodes
for water splitting, and also, where appropriate, in combination with more conductive TCO films
(ITO or ZnO).

Keywords: reactive magnetron sputtering; transparent conductive oxide; electronic transport; doping
efficiency; tin dioxide

1. Introduction

Tin dioxide (SnO,) belongs to the class of wide bandgap, oxidic semiconductors that can be, in
order to achieve high conductivities, doped up to high carrier concentrations (> 102 cm~3). SnO,,
like indium oxide and zinc oxide, also belonging to this material class, exhibits isotropic metal 5s
orbitals which form the conduction band of these compound semiconductors. The isotropy of their
conduction bands, different from other semiconductors, like silicon or GaAs, is advantageous for the
good transport properties (high carrier mobility) of these transparent conductive oxides even in the
amorphous state [1,2].



Coatings 2020, 10, 204

5n0O; is much cheaper than indium oxide, but more expensive than ZnO, the other two widely
used transparent conductive oxides (TCO) [3]. An inherent advantage of SnO; is its high chemical
stability [4], making SnO; suitable for applications in harsh environments, for instance as a transparent
and conductive electrode on photoelectrodes for water splitting or as a selectively solar transmitting
coating for high-temperature solar thermal applications [5,6].

Highly conductive SnO, films can be prepared using different deposition methods like spray
pyrolysis [7-9], evaporation [10], ion beam sputtering [11], cathode sputtering [12], reactive magnetron
sputtering [13], or pulsed laser deposition [14]. Interestingly, SnO, films, deposited by reactive
magnetron sputtering (RMS), exhibit resistivities only in the order of 10~ Qcm [15,16]. The reason for
the only moderate electronic SnO, film quality when magnetron sputtered, is not clear. Welzel and
Ellmer discussed the role of negative oxygen ions in the creation of defects in the growing films.
These O™ ions are generated at the negatively charged target surface and accelerated up to high energies
(some hundred eV) in the cathode sheath [17]. These high-energetic ions impinge onto the growing
film and can create defects, especially oxygen interstitials (O;), that are detrimental to the electronic
film quality [18].

The band structure of SnO; was calculated recently by Schleife et al. [19]. They obtain a direct
band gap energy of 3.65 eV, which is in very good agreement with the experimental value Eg = 3.59 eV.
The conduction band of SnO; is derived from Sn 5s states, i.e., the CB is isotropic with a small effective
electron mass of about 0.25 me, which is advantageous for good electron transport in SnO,.

Due to the formation of oxygen vacancies and/or tin interstitials, which act as donors,
unintentionally doped SnO, shows n-type conductivity. DFT calculations prove that oxygen vacancies
in SnO; lead to shallow donor states [20].

By adjusting the oxygen partial pressure during the deposition, resistivity values as low as some
1073 Qcm were achieved by reactive magnetron sputtering at low substrate temperatures. However,
these resistivity values are not stable under normal environmental conditions or when annealed in
oxygen-containing atmospheres, caused by the reoxidation of the intrinsic defects, reducing the carrier
concentration. Thus, in order to achieve high conductivities, SnO, has to be doped like the other
TCO materials (see, for instance, [21-24]). The doping can be done by replacing cations (Sn) by group
V elements (P, As, Sb, Bi) or by replacing anions (O) by group VII elements (F, Cl, Br, I). Mostly,
antimony (Sb) and chlorine (Cl) or fluorine (F) were used for the preparation of highly conductive
SnO; films [25-28]. The SnO,:CI(F) films, especially, were deposited by atmospheric pressure chemical
vapour deposition (APCVD), also named spray pyrolysis, at quite high temperatures in the range of
400 to 600 °C.

SnO,, deposited at such high temperatures, exhibit good electronic and optical properties,
however, such high temperatures cannot be used for all applications, for instance, for films on
temperature-sensitive substrates (plastic), or in case of the deposition of SnO, films onto active devices,
like thin film solar cells or photoelectrodes. In these cases, low-temperature deposition processes are
required, for instance reactive magnetron sputtering [29,30].

Recently, transition metals (V, Nb, Ta) have been investigated as dopants in SnO,. Tantalum (Ta)
as a dopant in SnO; was investigated by Kim et al., who deposited epitaxial SnO,:Ta films on sapphire
(Al,O3) by metalorganic chemical vapor deposition (MOCVD) at substrate temperatures between
400 and 600 °C [31]. They reported a minimum resistivity of about 3 x 107 Qcm at a Ta content of
1.5 at%. Toyosaki et al. also prepared epitaxial SnO;:Ta films by pulsed laser deposition (PLD) onto
single-crystalline TiO, (rutile) substrates [32]. They reported a minimum resistivity of 1.1 x 107 Qcm
at a Ta content of 5 at% for the SnO;:Ta films, deposited at 800 °C. The use of single-crystalline
substrates and the high growth temperatures prohibit these approaches for the large-area deposition of
cheap SnO,:Ta films. Nakao et al. tried to overcome some of these limitations by depositing SnO,:Ta
films onto glass substrates which have been coated with a 10 nm-thin TiO, seed-layer [33]. After the
deposition onto unheated substrates, these amorphous films were annealed in situ at 600 °C to achieve
resistivities as low as 1.9 X 107> Qcm. Weidner et al. recently compared the two dopants antimony
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and tantalum in SnO; films deposited by magnetron sputtering [34]. They achieved a significantly
lower resistivity of SnO,:Ta (5.4 X 107* Qcm) compared to SnO;:Sb films by a factor of 3.

SnO, films, deposited at low temperatures, are typically X-ray amorphous [35,36].
Amorphous oxide films exhibit the advantage of the absence of grain boundary effects on the
electrical transport [1]. Such amorphous oxide films in the In-Ga-Zn-O system with low carrier
concentrations have been used successfully for the preparation of transparent and flexible field effect
transistors, where the absence of grain boundaries in the channel regions increased the field effect
mobility significantly [37]. Recently, indium oxide films were investigated in detail with respect to
the relation between structural and electronic transport properties [38]. Buchholz et al. analyzed the
transition from amorphous to crystalline In,O3 films both experimentally and theoretically.

Another beneficial effect of the absence of grain boundaries in amorphous films is that amorphous
films typically exhibit lower diffusion coefficients. This property of amorphous films can be exploited
for use in protective films [39].

In this article, the deposition of X-ray amorphous, Ta-doped SnO; films prepared by reactive
magnetron sputtering from a ceramic target is investigated systematically. The depositions were
performed onto unheated glass substrates in order to explore the possibility of depositing these SnO,
films onto temperature-sensitive substrates (plastics) or sensitive underlying films or devices (thin film
solar cells or photoelectrodes for water splitting). We investigated in detail the effects of the plasma
excitation (DC or RF, 13.56 MHz) and the type of the reactive gas (O, HyO, N,O) on the electrical
properties of the SnO;:Ta films. Due to its superior chemical stability, such SnO,:Ta films are intended
for applications as transparent and conductive protection layers [39].

2. Experimental

The SnO;:Ta films were prepared at different substrate temperatures by reactive magnetron
sputtering from a ceramic target in a Leybold Z400 sputtering system, equipped with a fast load-lock.
The base pressure of the system is about 5 X 107* Pa. While the reactive gases O, and N,O were fed
into the sputtering chamber in the conventional way with mass flow controllers (MFC) from gas bottles,
the water vapour (pipo = 23 hPa at 20 °C) was fed into the chamber by a special low-pressure MFC
from the liquid H,O reservoir, a quartz container held at room temperature.

The ceramic Sng 9gTag 02O, target (purity 4N, supplier: EVOCHEM Advanced Materials GmbH)
with 75 mm diameter was bonded on a Cu cooling well. It was sintered under reducing conditions,
thus also allowing DC plasma excitation. The depositions were done at a target-to-substrate distance
of 55 mm onto stationary substrates. Before the deposition, a substrate pretreatment with an RF argon
plasma was performed for 1 min (pa, = 1.8 Pa, Prp = 100 W, Vpc = 1000 V). The substrate holder could
be heated by a resistance heater up to glass substrate temperatures of about 400 °C, measured with
a thermocouple.

The film thickness was measured using a DEKTAK profilometer. The optical parameters were
obtained by spectroscopic ellipsometry in the photon energy range from 1.5 to 4.2 eV (SE 850, Sentech
GmbH, Berlin, Germany). These spectra were fitted and analysed with the commercial optical analysis
program ‘SpectraRay3’ from Sentech. The optical transmittance (T) and reflectance (R) spectra were
measured with an UV/Vis double-beam spectrometer (Cary 05E, Varian) in the spectral range from 200
to 3200 nm (6.2 to 0.38 eV).

The structural properties of the SnO,:Ta films were analyzed by X-ray diffraction (XRD) with
a silicon-stripe detector (D2 Phaser with a Cu-anode and a Lynxeye detector, Bruker AXS) in
Bragg—Brentano geometry. The diffraction peaks were fitted by double peaks with Lorentzian
peak-shape, thus yielding the positions and widths of the two CuKy peaks.

The thickness-averaged elemental composition was measured using Rutherford backscattering
spectrometry (RBS) on samples deposited onto glassy carbon substrates. He ions with an energy
of 1.7 MeV at normal incidence were used for the analysis. Typically, a “He™ charge of 10 uC was
used to collect RBS spectra with good counting statistics. The RBS spectra were simulated with the
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software SIMNRA [40]. In order to determine the electron concentration and the Hall mobility, Hall
and conductivity measurements were performed with a home-built setup at room temperature at a
magnetic flux of 0.74 T. The 10 X 10 mm? samples were contacted in the corners in the van der Pauw
geometry. The radial profiles of the electrical parameters were measured in order to investigate the
role of negative oxygen ion bombardment which is radially inhomogeneous [41].

The cross-section of the SnO;:Ta films was prepared with Argon ion beam polishing and
investigated with transmission electron microscopy (TEM Zeiss LIBRA 200FE) in the bright-field mode
including diffraction contrast and zero-energy-loss filtering.

Post-annealing treatments were carried out with an IR-lamp heater (maximum intensity at a
wavelength of about 1.5 um) in vacuum (p = 1 x 1072 Pa) or in hydrogen atmosphere (pg, = 200 hPa) at
a temperature of T = 500 °C. Prior to the annealing, the vacuum chamber was evacuated to a vacuum
pressure of about 1 x 107* Pa. The heating rate was about 2 K/s and the time at the set temperature
was about 2 min.

3. Results and Discussion

3.1. Deposition Characteristics

Figure 1a shows the deposition rate as a function of the discharge power for DC and RF (13.56 MHz)
plasma excitation. For both discharge modes, the rate increases linearly with the discharge power, as
expected [30], and is independent of the type of the reactive gas (O,, N,O, H,O). While the linear fit
curves start at the origin of the x axis for DC excitation, the RF power where the deposition rate is larger
than zero is shifted to a value of about 20 Wgg. This is caused by the fact that the discharge voltages (i.e.,
the target voltages) are much lower for RF plasma excitation compared to the DC discharge [30]. For RF
powers lower than 20 W, the target voltage is lower than the sputtering threshold voltage [42]; thus, no
deposition can take place. The deposition rates for RF sputtering are much lower compared to the DC
deposition rates; the slopes of the linear rate(power) curves in Figure 1a are 0.24 and 0.66 nm/(min-W)
for RF and DC excitation, respectively. This is caused by two effects:

e  The lower discharge voltages leading to lower sputtering yields;
e  The fact that, in the RF case, the target is only at a sufficiently high negative potential every second
half-wave, allowing an acceleration of positive Ar ions to the target surface [43].

Figure 1b displays the partial pressures of the reactive gases Oy, N,O, H,O, where the deposited
films exhibit the resistivity minimum as a function of the discharge power. It can be seen that more
reactive gas is needed with increasing discharge power, i.e., increasing deposition rate. This can be
explained by the fact that a certain amount of (reactive) oxygen per deposited amount of metal atoms
is needed to prepare highly conductive SnO,:Ta films. This behaviour is also known for other TCO
materials, for instance, for ZnO [44]. The amount of reactive gas needed to prepare highly conductive
films depends strongly on the type of reactive gas, of the mode of plasma excitation and the deposition
temperature. This is due to the different amounts of oxygen, supplied by the different reactive gases.
Oxygen gas itself contains the highest relative amount of oxygen compared to N,O and H,O; thus,
the lowest partial pressure is needed for pure O,. Although the molecules N,O and H,O contain the
same relative amount of oxygen (one third), there is still a difference for both reactive gases which can
be explained by the different chemical action of nitrogen (N,O) and hydrogen (H,O): while nitrogen is
almost nonreactive, hydrogen is reducing the growing film. Therefore, in case of H,O as reactive gas,
a higher amount of oxygen is needed in order to have the same oxidizing effect as N»O. One also has
to take into account that the dissociation energies of the stable molecules O, and H,O (x5.1 eV [45])
are much higher in comparison to the metastable N,O molecule (Egis = 1.6 eV [46]) which shifts the
resistivity minimum for N, O nearer to that of O;.

This is clearly visible if the necessary reactive gas partial pressure is plotted versus the deposition
rate, as shown in Figure 1c. Besides the effects of the reactivity and composition of the reactive
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gas, the effect of the different degrees of gas dissociation in a DC and an RF discharge can also be
derived from Figure 1c. For the case of DC plasma excitation, the films were deposited both at room
temperature as well as at a substate temperature of 400 °C. Obviously, the reactivity of the gas (O,
in this case) is significantly improved at a higher substrate temperature, thus a lower oxygen partial
pressure is required at a higher deposition temperature.
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Figure 1. (a) Partial pressures of the reactive gases where the resistivity minimum was found as a
function of the discharge power. (b) Deposition rate as a function of the discharge power for DC and
RF (13.56 MHZz) plasma excitation. Reactive gases used were O, HyO and N,O. (c) Partial pressures
of the reactive gases where the resistivity minimum was found as a function of the deposition rate.
Deposition parameters: pioa = 0.5 Pa; square/ triangular symbols: DC/RF excitation; reactive gases:
O, (blue), NoO (green), HyO (red); black fit lines: room temperature deposition (RT), red fit lines:
400 °C deposition.

3.2. Phase Composition

The XRD patterns of the as-deposited films, displayed in Figure 2, exhibit no diffraction peaks;
this means that these films are X-ray amorphous at film thicknesses below about 200 nm. While thicker
films (=500 nm) deposited by DC magnetron sputtering are still X-ray amorphous, the thicker films,
prepared by RF magntron sputtering, exhibit X-ray peaks, corresponding to the tetragonal (rutile-like)
structure of cassiterite (SnO;) (powder diffraction file PDF®_01_070_4175, The International Centre for
Diffraction Data, Newton Square, USA).

While the X-ray amorphous DC-sputtered films had a constant resistivity of about 5 x 107> Qcm,
the films which started to crystallize at larger thicknesses showed an increased resistivity for a thickness
of about 500 nm (see below). The Raman spectra (not displayed here) of as-deposited SnO,:Ta films
show only weak, broad features ascribed to the glass substrates. Since Raman spectroscopy is able to
detect structural features/phases for crystallite sizes in the few nm range, i.e., smaller than is possible
by XRD, we conclude that the SnO;:Ta films are really amorphous.
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Figure 2. XRD patterns of SnO,:Ta films deposited by RF (thin, black lines) and DC (thick, red and
green lines) magnetron sputtering in Ar+O, atmosphere for different durations. Deposition parameters:
RF:P =100 W, p =0.5Pa, t =2, 5, 13 and 23 min (from the bottom); DC: P =25W, p =0.5Pa, t =5and
28 min. Film thicknesses increase from about 40 to 450 (500, DC) nm with increasing deposition time.
Thick, DC-sputtered films were deposited without (red curve) and with (green curve) three pauses.
For comparison, the XRD patterns for the bare substrates quartz (Suprasil, black) and borosilicate glass
(D263T, red) are plotted as dotted lines at the bottom. The bars at the bottom of the figure display the
diffraction pattern according to the powder diffraction file PDE®_(1_070_4175 for SnO,-cassiterite
(The International Centre for Diffraction Data, Newton Square, USA).

3.3. Resistivity

The reactive gas partial pressure dependence of the resistivity, the carrier concentration and the
Hall mobility of the SnO,:Ta films are displayed in Figure 3. While the discharge voltage and the
deposition rate are nearly constant in the investigated partial pressure range, the resistivity exhibits a
strong decrease with increasing oxygen partial pressure. A resistivity minimum is found at an oxygen
partial pressure of about 2 X 1072 Pa; further increasing the O, partial pressure leads to a slight increase
in the resistivity.
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Figure 3. (a) Deposition rate (green) and discharge voltage (red), (b) resistivity (c) mobility and
(d) carrier concentration as a function of the reactive gas partial pressure. Deposition parameters:
Ppc =25 W, piota] = 0.5 Pa, reactive gas: O;, RT deposition. The lines in (a) are linear fit curves, while
the lines in (b—d) are thought of as guides to the eye.
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The resistivity minimum comes about by a local maximum of the carrier concentration and a
maximum Hall mobility at the oxygen partial pressure where the minimum resistivity is obtained.

The effects of the different plasma excitation modes (DC or RF, 13.56 MHz) on film resistivity are
shown in Figure 4a. It can be seen that at the same deposition rate, realized by different discharge
powers for DC (25 W) and RF excitation (100 W), the O,-partial pressure where the minimum resistivity
is obtained is significantly lower for RF-, compared to DC-excitation. This, we ascribe to the much
higher density of reactive oxygen species (O, O*, O*) in the RF discharge, which was measured already
in 1998 by us for the reactive magnetron sputter deposition of ZnO:Al films [47]. The minimum
resistivity is about the same for both excitation modes (pmin = 5 X 1073 Qcm); however, the width of
the minimum is significantly wider in case of DC plasma excitation.
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Figure 4. (a) Partial pressure dependence of the resistivity for the reactive gas O, for DC and RF
plasma excitation. The deposition rate is the same in both cases (R = 18 nm/s). (b) Dependence of the
resistivity on the partial pressure of the reactive gases O,, N,O and H,O for RF plasma excitation.
Deposition parameters: Ppc = 25 W, Prg = 100 W, piotal = 0.5 Pa, RT deposition.

Figure 4b shows the reactive gas partial pressure dependence of the resistivity for the three reactive
(oxygen-containing) gases O, N,O and H,O. For all three gases, a resistivity minimum exists with
nearly the same value. The position and the width of the p(pPreactive) curves are clearly different for
the three oxygen-containing reactive gases. This is plausible, taking into account the different molar
concentrations of oxygen in the different molecules—see also Section 3.1. Using H,O as a reactive gas,
the resistivity minimum occurs at the highest partial pressure, although H,O contains the same relative
amount of oxygen as N,O. This can be explained by the reductive effect of hydrogen, thus requiring
a higher partial pressure to have the same oxidizing effect, as in the case of N,O. An advantage of
H,O as reactive gas is the wider resistivity minimum, making it easier to adjust the reactive gas
partial pressure.

In order to analyze the carrier transport process, the Hall mobility is displayed as a function of the
carrier concentration, see Figure 5a—c. It can be seen that, independently of the used reactive gases,
the mobility first increases steeply with increasing reactive gas partial pressure, reaching maximum
values of about 15-20 cm?/Vs at carrier concentrations of about 1 x 102 cm=2. The strong increase in the
electron mobility with increasing reactive gas partial pressure at a nearly constant carrier concentration
(see the arrows in Figure 5) can be tentatively explained by a higher defect density (Sn or SnO inclusions)
at low reactive gas partial pressure. These defects act as scattering centers, thus reducing the carrier
mobility. A theory for the explanation of this steep (N) dependence has yet to be developed.
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Figure 5. Dependence of the Hall electron mobility on the carrier concentration for SnO;,:Ta films

sputtered with different reactive gases: (a) O, (blue) (b) N,O (green), and (c) H,O (red). The lines

with arrows in the figures indicate the increasing reactive gas partial pressure. Deposition parameters:
15 Wpc, 825 Wpe, Y V'V 100 Wrr, V 30 WRE, Piotal = 0.5 Pa, RT.

Further increasing preactive leads to a gradually decreasing mobility, less for O,, and stronger for
N,O and HyO. The carrier concentration decreases much more, by nearly two orders of magnitude.
This behaviour is similar to that of other amorphous semiconducting oxide films, for instance,
InGaZnOy [37,48]. According to Nomura et al., the electronic transport in these amorphous oxides
is governed by a percolation conduction over a distribution of potential barriers at the conduction
band edge. Other than in single- or polycrystalline semiconductors, the band edges are no longer
straight over larger volumes of material, i.e., the amorphous oxides exhibit small potential barriers on
the nanoscale, caused by the randomness of the amorphous material in general and by the random
distribution of defects (Tagy, O;, Vo etc.) especially.

The maximum carrier concentration is relatively low, compared to other TCO materials (ITO,
Zn0). Taking into account the concentration of Ta in the SnO;:Ta films (Ta/Sn = 0.5 at%), the electrical
activation of Ta, assuming that Ta on tin lattice sites (Tagn) acts as a donor, is quite low, in the
order of 22%, using the molecular number density of SnO; of 3.125 x 1022 molecules/cm?® and the
maximum carrier concentration of about 1.2 X 102° cm=3. The quite low carrier concentrations of
the SnO,:Ta films could be caused by an inactivation/compensation of the donors (Tag,) by other
defects, already mentioned above (O;, Vg etc.). Similar compensation effects were recently reported by
T-Thienprasert et al. and by us for Al-doped ZnO [49,50].

3.4. Film Composition (RBS)

The film composition was determined by Rutherford back-scattering analysis (RBS). To this
purpose, the SnO;:Ta films were deposited onto glassy carbon (Sigradur) substrates which produce,
due to the low atom mass of carbon, a very low background for the backscattering peaks of oxygen, tin
and tantalum, thus allowing an exact determination of the average film composition [51].

Typical RBS spectra of two SnO;:Ta films on logarithmic scale are shown in Figure 6a. Besides the
edge of the carbon substrate, the peaks for O, Sn and the shoulder for the dopant Ta are clearly visible.
At channel numbers around 600, a small peak is visible that belongs to argon. It is caused by two effects:

(i) Arisimplanted into the glassy carbon during the surface cleaning of the substrates by the Ar-RF
plasma treatment (narrow peak at channel 590);

(ii) Arisincluded (buried) into the growing film during the deposition of the SnO;:Ta film. This is
caused both by the continuous coverage of the film surface by neutral argon atoms from the
sputtering atmosphere as well as the bombardment of the film surface by energetic Ar ions, atoms
and metastable atoms [52,53] which are then covered by the film atoms.
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Figure 6. (a) Rutherford backscattering spectra of two SnO,:Ta films on a logarithmic intensity scale
displaying the backscattering peaks/shoulders for the elements Ta, Sn, Ar, O and C (with decreasing
energy, i.e., channel number). The two films were deposited at low- (TOT_03) and high- (TTO_42)
oxygen partial pressures. The thin line is the simulated Rutherford backscattering spectrometry (RBS)
curve of the film TOT_03. (b) Average chemical composition as a function of the reactive gas pressure
in comparison to the resistivity of the films.

The concentration of argon in the films is about 0.4 at% for films deposited at room temperature.
For the SnO,:Ta films deposited at a high temperature (400 °C), the Ar content is much lower (= 0.1 at%),
caused by the higher desorption of the Ar atoms during the film growth [54,55].

By integrating the peaks for O, Sn and Ta, the average composition of the films was determined,
displayed in Figure 6b as a function of the oxygen partial pressure. It is clearly visible that the dopant
(Ta) concentration does not depend on the reactive gas partial pressure and the type of gas. It is
nearly constant at a concentration of 1.5 at%. This means that the observed variation in the electrical
parameters as a function of the reactive gas pressure is not caused by a variation in the chemical dopant
amount, but by a varying electrical activation of the dopant Ta and/or by compensation of the electrons
by acceptor-like defects—see, for instance, [49,50].

The oxygen-to-metal ratio is almost constant within a measurement accuracy of about =2 at%.
Since we observe a strong variation in the electrical parameters when varying the reactive gas partial
pressure, this has to be caused by an oxygen concentration variation which cannot be detected by RBS.

3.5. Thickness Dependence

Most of the deposited SnO;:Ta films had thicknesses of about 100 nm. For applications where low
sheet resistances are needed, thicker films have to be deposited. Therefore, the thickness dependence
of the electrical film properties was investigated. Figure 7a shows the dependence of deposition
rate, resistivity, carrier concentration and Hall mobility on the film thickness up to about 450 nm.
As expected, the deposition rate is constant. In contrast to what is known for other TCO materials (see
Figure 7b, [56]), the resistivity increases significantly with increasing film thickness, caused mainly by
the decrease in the carrier concentration. A similar behaviour was observed by Minami et al. and by
Brousseau et al. for undoped SnO; films, also deposited by RF magnetron sputtering [57,58].
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Figure 7. (a) Thickness dependence of the deposition rate and the electrical parameters of SnO,:Ta films.
Deposition parameters: Prg = 100W, p = 0.5Pa, RT, O;. (b) Thickness dependence of the resistivity of
ZnO:Al and ITO films, taken from reference [56].

The well-known behaviour of a decreasing resistivity with increasing film thickness can be
explained by an increasing grain size and the decreasing effect of surface and interface carrier scattering,
described by the Fuchs-Sondheimer theory, see [56,59,60].

To explain the contrary behaviour of our SnO;:Ta films, one has to take into account that the films
with larger film thicknesses (> 200 nm) are no longer X-ray amorphous, i.e., these films are, at least
partly, polycrystalline with grain boundaries.

Figure 8 shows a TEM cross-sectional picture of a 500 nm thick SnO,:Ta film, deposited by RF
magnetron sputtering. It can clearly be seen that the film is composed of an amorphous part, directly
grown on the glass substrate. After a certain thickness is reached, varying locally, a spontaneous
crystallization sets in and the SnO,:Ta growth is transformed to polycrystalline growth. A similar
behaviour was observed by us earlier for the growth of indium-tin oxide (ITO) films by reactive
magnetron sputtering from a metallic InSn10wt% target [61]. In this case, the films were deposited
onto intentionally unheated substrates and the increase in the substrate temperature occurred during
the film growth.

Figure 8. Cross-sectional transmission electron micrograph of a ~ 500 nm thick SnO,:Ta film. The flat
interface to the glass substrate and the corrugated interface between the amorphous (bottom) and
the polycrystalline (top) parts of the film are marked by dashed lines. The image was taken in the
bright field modus, including diffraction contrast and zero-energy-loss filtering. Deposition parameters:
Prg = 100W, p = 0.5Pa, RT, Ar+N;O.

The crystallization of the thicker SnO,:Ta films is due to the increasing substrate temperature
during the deposition, caused by the total energy flux to the growing film [62,63]. Based on the

10
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measured energy flux, it is estimated that the substrate temperature reaches values > 100 °C. That the
increased substrate temperature causes the film crystallization was proven by depositing some films
stepwise, making a pause for cooling down every 100 nm. Thick films (500 nm) deposited in this way
were X-ray amophous and had resistivity values comparable to thin films.

3.6. Radial Profiles

The radial profiles of the electrical film properties were analyzed for DC and RF plasma excitation.
Such profiles are an important aspect for magnetron sputtering deposition onto a stationary substrate,
since the plasma/ion assistance of the film growth varies radially significantly, caused by the plasma
torus which is formed in front of the target [18]. For the deposition of TCO films it is often reported
that radial profiles of the resistivity exhibit pronounced maxima or minima opposite the erosion
groove of the target which are formed due to the torus-like shape of the magnetron plasma—see, for
instance, [18,64-66].

Figure 9 displays the radial distributions of the electrical parameters and the film thickness for DC
and RF plasma excitation. While the radial thickness distributions for both excitation modes are almost
the same, exhibiting the expected bell-shaped curve, the resistivity distributions in the as-deposited
state are clearly different for DC and RF plasma excitation. While the resistivity of the RF-deposited
films is only slightly varying over the diameter of the substrate, the resistivity distribution of the
DC-deposited films shows a significant increase in p towards the border of the substrate by a factor
of about 3. The regions, where the resistivity is high, coincide with the radial position of the erosion
groove of the target. This points to the effect of a high-energetic negative ion bombardment of the
growing film, as discussed recently by us [17,18].
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Figure 9. Radial profiles of film thickness, resitivity, carrier concentration and Hall mobility for (a) DC
plasma excitation (Ppc =15 W, V1 =317V, 0.5Pa, RT, N,O, R = 10 nm/min) and (b) RF plasma excitation
(Prr = 100 W, V1 =92V, 0.5Pa, RT, N,O, R = 17 nm/min.). Vertically and horizontally elongated
diamonds mark datapoints measured over two diameters in the substrate plane, perpendicular to each
other. The red symbols and curves display the electrical parameters after annealing at 500 °C in H; for
1 min. The lines are Gaussian fits to the datapoints.

It has become known in recent years that, in sputtering processes with electronegative elements
(for instance O, F, Cl, S, Se, but also Au, Pt, Ag, Sn, Bi—see reference [67] for the electron affinity values)
negative ions are accelerated away from the negatively biased target surface towards the substrate, i.e.,
the growing film. Due to the high discharge/target voltages, even in the modern magnetron sputtering
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systems, the energies of these negative ions are in the range of some 100 eV, which therefore leads to
the generation of defects in the growing film. In the beginning of the sputtering technology, before the
invention of the magnetron sputtering sources, the discharge voltages were much higher (some kV)
which led to a very high-energy bombardment of the growing films, sometimes ending up not in film
deposition but in film and substrate etching [68]. Short-term post-anneling of the SnO,:Ta films at
500 °C in the hydrogen atmosphere of the dc-sputtered films reduces their resistivities even in the
region opposite the target groove, while the resistivity of rf-sputtered films was nearly unaffected.

3.7. Transmittance and Reflectance

The transmittance and reflectance spectra of SnO,:Ta films are shown exemplarily in Figure 10a,b.
With increasing N, O partial pressure, the amount of non-oxidized Sn in the films is reduced and the
films become more transparent in the visible spectral range. The absorption edge shifts to smaller

wavelengths. This means that the optical band gap energy is increased, caused by the Burstein-Moss
effect [69,70].
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Figure 10. (a) Transmittance T and (b) reflectance R spectra in the wavelength range from 200 to 2600 nm
of SnO;:Ta films, deposited at different N, O partial pressures. (c) Spectral extinction coefficients of
3 SnO,:Ta films, deposited with different reactive gases and nearly the same minimum resistivity of
about 4.7x1073 Qcm. Deposition parameters: Prr = 100 W, 0.5Pa, RT.

From the transmittance and reflectance curves (see Figure 10a,b), the optical constants n and
k have been calculated. The extinction coefficient k of three SnO;:Ta films is shown in Figure 10c
as a function of the wavelength. These films were prepared with the three reactive gases O, N,O
and H,O under conditions that yielded minimum resistivities of about 4.7 x 107> Qcm. While the
films deposited with O or N,O exhibit a minimum k value of about 7 X 1073 in the visible spectral
range, the films deposited in Ar+H,0O show a much lower extinction coefficient, lower than 1 x 1073.
A tentative explanation of this striking effect is the passivation of deep defects in the band gap of
the SnO,:Ta films by the hydrogen from the sputtering atmosphere when using H,O as a reactive
sputtering gas.

4. Conclusions

Conductive and transparent SnO;:Ta films were prepared at low substrate temperatures (<100 °C)
by reactive magnetron sputtering from a ceramic target in various gas mixtures: Ar/O,(N,O, H,O).
The width of the process window with respect to the reactive gas partial pressure depends on the type
of the reactive gas; it is wider for N,O and H,O, mostly due to the dilution of the oxygen content in the
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compound gases. The SnO,:Ta films are X-ray amorphous in the as-deposited state. By heating the
films to temperatures above 500 °C, the films start to crystallize, accompanied by an increased resistivity.
For RF deposition (larger energy flux to the growing film) at larger film thicknesses (d >~ 150 nm),
i.e., longer deposition times, crystallization occurs during the deposition, caused by the substrate
temperature increase due to the energy influx from the condensing film species and the plasma. While
the amorphous films are remarkably conductive (p~ 5 x 10~ Qcm), the crystallized films exhibit
higher resistivities due to grain-boundary-limited conduction. The best amorphous SnO,:Ta films had
a resistivity of better than 4 x 1073 Qcm with a carrier concentration of 1.1 X 102 cm=3, and a Hall
mobility of 16 cm?/Vs. The sheet resistance was about 400 /00 for 100 nm films and 80 Q/o for 500 nm
thick films. The average optical transmittance from 500 to 1000 nm is greater than 76% for 100 nm films,
where the films, deposited with H,O as a reactive gas, exhibit a slightly higher transmittance of 80%.

The crystallization of the SnO,:Ta films is not only detrimental for the electrical transport properties
of the films; grain boundaries are also diffusion paths for atoms and molecules in gaseous or liquid
environments. Since these films were deposited at low temperatures, they are amorphous, thus
improving the resistivity against degradation and etching.

These X-ray amorpous SnO;:Ta films can be used as low-temperature transparent and conductive
protection layers, for instance to protect semiconducting photoelectrodes for water splitting, and also,
where appropriate, in combination with more conductive TCO films (ITO or ZnO).
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Abstract: Indium tin oxide (ITO) thin films are widely used as transparent electrodes in electronic
devices. Many of those electronic devices are heat sensitive, thus their manufacturing process steps
should not exceed 100 °C. Manufacturing competitive high-quality ITO films at low temperature at
industrial scale is still a challenge. Magnetron sputtering technology is the most suitable technology
fulfilling those requirements. However, ITO layer properties and the reproducibility of the process
are extremely sensitive to process parameters. Here, morphological, structural, electrical, and optical
characterization of the ITO layers deposited at low temperature has been successfully correlated to
magnetron sputtering process parameters. It has been demonstrated that the oxygen flow controls
and influences layer properties. For oxygen flow between 3—4 sccm, high quality crystalline layers
were obtained with excellent optoelectronic properties (resistivity <8 x 10~* Q-cm and visible
transmittance >80%). The optimized conditions were applied to successfully manufacture transparent
ITO heaters on large area glass and polymeric components. When a low supply voltage (8 V)
was applied to transparent heaters (THs), de-icing of the surface was produced in less than 2 min,
showing uniform thermal distribution. In addition, both THs (glass and polycarbonate) showed a
great stability when exposed to saline solution.

Keywords: ITO thin films; magnetron sputtering; low temperature deposition; oxygen flow; mi-
crostructure; optoelectronic properties; transparent heaters

1. Introduction

Transparent conductive oxides (TCOs) have attracted wide interest due to their high
optical transmittance in the visible wavelength region combined with high electrical con-
ductivity. Due to these properties, they are extensively used as low emissivity layers
in architectural glass or as transparent electrodes in multiple devices such as flat panel
displays, electrochromic devices, photovoltaic cells, and organic light emitting diodes [1,2],
or more recently, in microwave and radio frequency shielding devices [3]. In addition,
TCO coatings can be applied as transparent heaters (THs) [4] to fast and reliably heat glass
and plastic components in the automotive, locomotive, and aircraft industries (in devices
such as windscreens or car headlights) to provide them with de-fogging and/or de-icing
properties within harsh environments, improving the performance of currently applied
solutions. For example, contemporary car windshields are laminated with polyvinyl bu-
tyral (PVB) polymeric foils containing tungsten microwires as heating element. However,
these types of heated windshields show a lack in the homogeneity of heat distribution
over the windshield and in their transparency. Lenses in new automotive LED headlights
also lead to issues with fogging or freezing because of the condensation occurring in the
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interior of the outer lens. Generally, the headlight housings have vent holes with filters
to recirculate air and avoid condensation, of which the number and position must be fre-
quently modified after headlight manufacturing to optimize air recirculation, in a difficult
and expensive process [5]. This has become a challenging issue from a visibility and a
safety standpoint for many original equipment manufacturers (OEMs). As in the case of
windshields, microwires are also commonly used as heating elements, interfering with
radio detection and ranging (RADAR) and light imaging detection and ranging (LIDAR)
car systems. TCO coatings can improve the performance of conventional heating elements,
in terms of demonstrating a high heating power capacity with fast control of temperature
and small thermal inertia without detriment to their optical transmission [6].

Indium tin oxide (ITO) is the most widely used TCO because it has unique set of
properties; such as high ultraviolet absorption, high infrared reflectance, high microwave
attenuation, wide bandgap (3.5-4.2 eV), high visible transmission, low electrical resistivity,
good mechanical strength and abrasion resistance, chemical stability [7] and compatibility
with fine patterning processes [8]. There are many deposition techniques to obtain high
quality ITO films, such as radio frequency (RF) [9] and direct-current (DC) magnetron
sputtering [10], E-beam evaporation [11], pulsed laser deposition (PLD) [12], and spray
pyrolysis [13]. Among all of them, pulsed DC magnetron sputtering is the most suitable
to manufacture ITO layers at industrial scale due to the high deposition rate and quality
control of the thin films [14].

ITO layer properties are very dependent on sputtering process parameters such as
temperature, pressure, target to subtract distance, discharge power and frequency, and oxy-
gen and argon pressure during deposition, which are directly related to the physical nature
of the films [15]. This physical nature encompasses structural characteristic, crystallinity,
impurity levels (or doping), defect characteristics, uniformity, and stoichiometry. Thor-
ough understanding of the relationship between sputtering process parameters, layer prop-
erties, and the physical nature of the layers is essential to obtain good reproducibility of
the film properties, above all, at an industrial scale.

Many studies reporting on ITOs deposited by DC magnetron sputtering have shown
that ITO thin films could reach high transparency in the visual region (90%) and high
conduction properties (p =2 x 10~% Q-cm). These optimal results are obtained at high sub-
strate temperatures (>200 °C) during deposition or by post-annealing process afterwards,
because temperature promotes crystallization of the layers and oxygen-vacancy creation,
the main conduction mechanisms in ITO layers [16]. Many of those studies encompass
the analysis of the relationship between process parameters and optoelectronic properties
for high temperature ITO layers [17-20]. However, reaching high values of transmission
and conductivity for ITO films at room temperature deposition is still a challenge for
industrial reproducible magnetron sputtering processes. For room temperature sputtering
deposition, oxygen flow effects on optical (average transmission in the visible light region,
transmission and absorption spectra) and electrical (amount and mobility of electric carri-
ers) features are two of the main factors affecting layer properties and have been previously
studied, as well as effects on microstructure (grade of crystallinity, growth orientation, lat-
tice parameter and lattice stress, grain size and structure), mainly for laboratory sputtering
equipment [14,21,22]. However, there is still a lack of understanding of the relationship
of those parameters for pulsed DC magnetron sputtering industrial processes at room
temperature. Although TCOs were applied as THs before 1995, they have been mainly
studied in the framework of industrial research and development, and very few reports
can be found in the literature about the application of ITO as THs [23,24]. In these reports,
ITO nanoparticles were deposited on glass substrates by spin coating, producing ITO films
with high transparency but high sheet resistances (above 300 (2/sq) even after applying
annealing at high temperatures.

In the present work, a detailed study of the influence of the oxygen flow on ITO
layer properties has been performed for an unbalanced pulsed DC magnetron sputtering
process at low temperature. The unbalance DC magnetron sputtering process is optimum
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for industrial applications because it presents higher deposition rates than the balance
magnetron sputtering process. However, special attention must be given to avoid the
bombardment of the growing film with ion species from the plasma (O, ™ in this case) that
negatively affects the microstructure of the layers and damages the electrical properties [25].
The optimization of the ITO layer at room temperature has been performed for this un-
balanced magnetron sputtering process for the deposition of ITO layers at semi-industrial
scale. A detailed study including microstructure analysis of ITO film series deposited
under different oxygen flows has been performed. Microstructure evolution with oxy-
gen is explained and correlated with optoelectrical properties of each film. In addition,
a cost-effective process was developed and optimized for the manufacturing of THs with
excellent optoelectronic properties on large area glass and polycarbonate (PC) sheets by
means of conventional sputtering at room temperature.

2. Materials and Methods

ITO layers have been deposited in an industrial pulsed DC unbalanced magnetron
sputtering equipment, FASTCOAT, designed and manufactured by TEKNIKER (Eibar, Spain).
This equipment has one unbalanced magnetron of 550 x 125 mm? target size. The ITO
(InpO3:5n703 at. % 90:10 99.99% purity) target was placed 120 mm from a rotatable substrate
holder. Two types of substrates were used for characterization purpose, silicon wafers and
microscope glass slides (Menzel-Gldser). The ITO films were deposited at 1500 W average
power, using an Advanced Energy DC Pinnacle Plus (Advance Energy, Denver, CO, USA)
power supply, under the following pulsing parameters: 75 kHz pulse frequency, 4 us pulse-off
time, and a duty cycle of 70%. The vacuum chamber, which had a 230 L volume, was pumped
down with a pumping speed of 1200 L/s to a base pressure of 2 x 10~ mbar before the
deposition. The gas entry supply was located closer to the substrate than to the target to
avoid the acceleration of the oxygen ions by the potential applied to the target and, therefore,
the bombardment of the growing film with O* species from the plasma. During the deposition,
argon flow was maintained constant at 150 sccm, while variable oxygen flow was introduced
into the chamber by mass flow controllers, resulting in 1.8 x 10~2 mbar process pressure.
Before deposition, the target was pre-sputtered for 10 min; the first 5 min with the same Ar
flow of the process but without oxygen, and the last 5 min with both O, and Ar flows applied
during the process.

Oxygen flow was varied from 0 to 6 sccm, testing 7 different values, to correlate
the oxygen flow influence with layer properties and morphology. The deposition rate of
the layers was 20 nm/min (remaining unchanged for the different oxygen flow applied),
obtaining 140 nm thick layers by depositing ITO for 7 min. Vacuum time and base pressure
were kept constant for all the deposition processes performed at different oxygen flow,
so the possible presence of residual impurities in the films caused by the gettering of water
vapor from the chamber was the same.

The electrical properties were measured by 4-point probe [26] and Hall Effect mea-
surements (ECOPIA, Anyang City, South Korea). Optical transmittance was measured
with a Perkin Elmer Lambda UV /VIS/NIR spectrophotometer (Perkin Elmer, Waltham,
MA, USA). Morphology studies were made by an ULTRA Plus Carl-Zeiss field emission
scanning electron microscope (FE SEM, Carl-Zeiss, Oberkochen, Germany) and an atomic
force microscope Solver PRO NT-MDT (NT-MDT SI, Limerick, Ireland). The average
surface roughness (S,) and root mean square roughness (Sq) values have been calculated
from 3 measurements of 3 x 3 um? AFM images of ITO layers deposited with different
oxygen flows. A D8 Advance Bruker X-ray diffractometer (Bruker, Billerica, MA, USA)
was used to determine the crystallinity of the films deposited on glass by measuring with
Cu-Ko radiation in 6—26 geometry with a step of 0.02°, a step time of 7.2 s, and applying a
grazing incidence of 2° (GIXRD).

Glass and polycarbonate (PC) samples of 100 x 100 mm? were used as prototypes of
THs to evaluate their performance. Contacts were made by a conductor tape (tin-plated
copper foil, PPI Adhesive Products Ltd.,Waterford, Ireland) to apply a DC voltage to the
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100 nm
-

prototypes, and a thermographic camera was used to measure the temperature versus time
to calculate the saturation temperatures at different applied voltages (2-12 V for standard
uses). Temperature stability was also analyzed by applying a constant voltage (8 V) for 4 h.
In addition, prototype de-fogging and de-icing properties were examined by measuring
the time required to defog and/or defrost the samples after keeping them for 30 min in a
refrigerator at —21 °C and applying a DC voltage of 8 V. Prototype durability was analyzed
by applying adhesion tests using scotch tape (standard MIL-C-675C [27] for the coating of
glass optical elements).

3. Results

3.1. Effects of Oxygen Flow on the Morphology of ITO Thin Films

The effect of the oxygen flow on the morphology of the ITO layers is shown in Figure 1
(SEM images) and Figure 2 (AFM images). For low oxygen flows (0-1 sccm), the ITO
surface was smooth (with surface roughness values around 0.8 nm) with no spikes and
with a cauliflower-like microstructure. When oxygen flow increased (2—-6 sccm), the surface
became more granular, with greater surface roughness, and shaped crystallites appeared,
increasing the number of polycrystalline grains with the oxygen flow. For an oxygen flow of
2-3 sccm, the cauliflower-like structure was mixed with crystalline grains. From 4 sccm and
above, homogeneous polycrystalline surfaces were observed, with a significant increase in
surface roughness (until 2 nm of S, and 2.5-3 of Sy).

100 nm, =
LIS

6 scam

Figure 1. SEM images of the surface of indium tin oxide (ITO) layers deposited with different oxygen flows.
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Sa: 0.78 nm

0 sccm

Sa: 0.83 nm 1scem Sa: 1.03 nm 2 scem

Figure 2. 2D and 3D AFM images of ITO layers surface. Average (Sa) and root mean square (Sq) roughness were calculated.

To correlate surface morphology with layer crystalline structure, XRD analysis was
performed (Figure 3). XRD patterns showed that the oxygen flow affects the crystallinity
of the layers. XRD pattern for the ITO deposited with 0 sccm of oxygen showed a halo
pattern around 26 = 32°-35°, which is characteristic of amorphous materials. For 1 sccm
oxygen flow, a broad diffraction peak appeared around 26 = 30°, corresponding to an
incipient crystallization of the ITO layer in the (222)-oriented bcc structure of In,O3 [28].
Both results can be correlated with the SEM and AFM pictures of 0 and 1 sccm, where
surface was smooth, and no grains were observed. When oxygen flow increased (2-5 sccm),
the (222) diffraction peak became more intense and narrower, indicating the growth of the
(222)-oriented crystallites, while new diffraction peaks appeared showing the formation
of crystallites with other orientations. This correlates with the SEM (Figure 1) and AFM
(Figure 2) surface images, where geometrically regular forms (scales and pyramidal peaks)
fill the surface. However, a reduction in (222) peak intensity was observed when the oxygen
flow was further increased up to 6 sccm A shift to higher angles was observed for the (222)
peak when oxygen flow varied from 4 to 5 sccm. When increasing the oxygen flow from
1 sccm onwards, small diffraction peaks typical of polycrystalline ITO thin films with a
cubic indium oxide structure appeared [17], showing a minor formation of crystallites with
other orientations such as (400), (332), (431), (440), and (622).
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Figure 3. XRD patterns of ITO deposited with an oxygen flow from 0 to 6 sccm: (a) measured in diffraction angle from 20 to
65; (b) Zoomed view of (222) peak.

Figure 4 shows the optical transmittance of each sample from the ultraviolet (A = 250 nm)
to the near-infrared (A = 2500 nm) region. The mean transmission values in the visible region
increased with the oxygen flow. Non-crystallized ITO layers (produced with 0 and 1 sccm of
oxygen flows) had much lower average light transmission (around 65%) than crystallized
layers produced with an O, flow >3 sccm, which showed transmission values above 80% in
the visible region, reaching the maximum value of 82% for 6 sccm.

In the near-infrared region (800-2500 nm), the behavior was different: first, the trans-
mission decreased when the oxygen flow was increased from 0 to 3 sccm, whereas the
opposite tendency was observed upon 4 sccm.

The evolution of electrical properties of the ITO layers, such as resistivity, carrier
concentration, and Hall mobility with the oxygen flow is shown in Figure 5. We observed
that the electrical properties were highly influenced by the oxygen flow applied during
deposition of the ITO layer. Increasing the oxygen flow until 5 sccm boosted the Hall
mobility to reach a maximum value of (36 + 1) cm?/V-s. On the contrary, the increase in
the oxygen flows led (from 0 to 2 sccm) to a slight enhancement of the carrier concentration
with a subsequent reduction until reaching a minimum value below 1 x 102 cm~3 at
6 sccm of oxygen flow. The resistivity seemed to be dominated by the Hall mobility,
remaining at a minimum value of approximately 1 x 103 Q-cm for hall mobility above
10 cm?/V-s. In this range, only a significant increase in resistivity was produced when
the carrier concentration decreased below 1 x 10?0 cm~2 at 6 sccm of oxygen flow. It is
also worth highlighting that the sharpest decrease in resistivity was produced when the
ITO layer was deposited in the presence of oxygen, with respect to those obtained in pure
argon atmosphere.
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3.2. Manufacturing of Transparent ITO Heaters

Table 1 summarizes the optoelectronic properties of the deposited ITO layers. In addi-
tion to the previously measured properties, the sheet resistance (measure of resistance on
uniform thin films) and the Haacke’s figure of merit (FoM, a dimensionless parameter to
evaluate the performance of thermoelectric materials) were also calculated because of their
importance in many industrial applications of TCOs. FoM was calculated from the average
optical transmittance at VIS region, and the sheet resistance (SR) [29]:

. Tav
byis = SR (1)

Table 1. Average optical transmission in the visible region, T (%), Hall mobility (u), carrier concentration (n), sheet resistance
(SR), electrical resistivity (p), and FoM (¢vys) of ITO layers.

P TO0 b (em®/Vs) n (em?) ©lsa) (@em) ovis (O
0 57.7 £ 0.7 1.7 402 (4.12 4 0.03) x 10%° 680 + 50 (9240.5) x 1073 0.85 x 1073
1 65.8 + 0.4 5.97 4 0.06 (4.7 £0.2) x 102 170 £+ 10 (22+0.1) x 1073 3.87 x 1073
2 7541 11.7 £ 0.4 (5.4 + 0.8) x 102 79 49 (1.04+01)x 1073 949 x 1073
3 79.2 4+ 0.9 1841 (4.2 +£0.2) x 10% 63+5 (83+0.7) x 1074 12.6-x 1073
4 80.8 + 0.3 28.7 £ 0.9 (24 £0.3) x 10% 77 +£6 (79+£08) x107%  10.5-x 1073
5 81.7 £ 0.6 36 +1 (1.540.2) x 102 9549 (1.240.1) x 1073 8.60 x 1073
6 8294 0.5 26+1 (42+0.1) x 10 428 4+ 15 (5.6 £0.1) x 1073 1.94-x 1073

The ITO thin film showing optimal optoelectronic properties, in terms of reaching a
commitment between transmission and conductivity, was the one deposited with an oxygen
flow of 3 sccm, which showed the highest FoM (12.6 x 103 Q_l). These conditions were
applied on large-area glass and PC sheets of 100 mm? for the manufacturing of transparent
ITO heaters by a cost-effective process developed at room temperature. Electrical circuits
were mounted on coated glass and PC samples to study heat transmission and evaluate
the coating performance.

Figure 6 shows the saturation temperature of the selected ITO thin film deposited
on glass (a) and PC (b) as a function of the applied power. The thermal resistance was
calculated from the slope of the curve fit.

The times required to completely defrost the ITO coated glass and PC samples when
applying a DC voltage of 8 V after keeping the samples in a refrigerator at —21 °C for
30 min were 2 and 1.5 min, respectively (Figure 7). The long-term working stability of
the ITO thin film was proven by applying a constant voltage of 8 V for 4 h (Figure 8).
Both samples did not show any sign of degradation after applying the adhesion tape test
and after being immersed for 24 h in saline solution.
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Figure 6. Saturation temperature of ITO thin films deposited on glass (a) and PC (b) samples as a function of the
applied power.

Figure 7. Glass and PC 10 x 10 cm? samples coated by an ITO thin film and kept in a refrigerator for 30 min at —21 °C,
before and after applying a DC voltage of 8 V for 2 min.
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Figure 8. Temperature measured by a thermographic camera on glass and PC samples coated by ITO thin films when

applying a DC voltage of 8 V for 4 h.

4. Discussion
4.1. Effects of Oxygen Flow on Microstructural and Optoelectronic Properties of ITO Thin Films

Although all samples showed very low average surface roughness (<2.5 nm), sur-
face morphology changed drastically with increasing the oxygen flow, as previously re-
ported by other authors [30,31]. We can divide the oxygen flow range in three different
regions. In each of those regions, the increase in the amount of oxygen during deposition
showed different effects in the layer morphology and microstructure, and, hence, in the
optoelectronic properties of the layers. Those regions are low oxygen or suboxide regions
(from 0 to 1 sccm), medium or optimum oxygen regions (from 2 to 5 sccm), and high or
excessive oxygen regions (above 6 sccm).

4.1.1. Low Oxygen Region or Suboxide Region (0-1 sccm)

ITO layers in this region were mainly amorphous with very smooth surface and
an average surface roughness below 1 nm. A critical oxygen flow above 1 sccm was
needed to crystallize the ITO layer. Many studies have stated that there is a critical
oxygen flow for the crystallization of ITO films deposited below crystallization temperature
(160-180 °C) [32-34]. In these reports, the enhanced crystallization when introducing
O, flux was attributed, on one hand, to its effect on the promotion of the formation of
stoichiometric InO3 and, on the other hand, to the production of energetic O atoms and
O~ ions generated at the target surface and reaching the substrate and providing enough
energy to the adatoms to induce the formation of crystalline structures. The lack of oxygen
input and the consequential lack of crystallization significantly affected the optoelectronic
properties of the ITO layer, showing a mean optical transmission in the visible region
around 65%, usually attributed to the formation of substoichiometric compounds such
as InO. High resistivity values were observed ((9.2 & 0.5) x 1073 O-cm), related to the
low carrier mobility (<6 cm?/ V-s), which can be attributed to the higher number of carrier
collisions that occur in a disordered amorphous structure.

4.1.2. Medium Oxygen—Optimum Region (2-5 sccm)

ITO crystalline layers with a (222)-oriented bcc structure were formed in this region.
The increase in crystallinity caused by the higher oxygen input to the sputtering process
produced a decrease in the amount of electron scatter centers (such as grain boundaries,
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impurities, or defects in the crystalline structure), enhancing the hall mobility (Table 1)
until a maximum value of 36 cm?/ Vs for 5 sccm of oxygen flow.

It is well known that charge carriers of the ITO thin films are either contributed by
Sn** ions or oxygen vacancies. The observed opposite behavior of carrier concentration
when increasing the oxygen flow during deposition was due to a decrease in the number
of oxygen vacancies, which are electron donors [35]. Besides, oxygen combines and
neutralizes Sn**, forming Sn—O complexes and further reducing the carrier amount. The
significant increase in carrier mobility while keeping the carrier concentration diminishing
but in the same order of magnitude improves the conductivity of the ITO thin film, as
observed by other authors in previous studies of transparent conductive electrodes [36].
A decrease in the number of carriers was also noticed in the transmission spectra in the
NIR (near-infrared) region (Figure 4). Free carriers can be excited with photons which
have wavelengths in this region; thus, if carrier concentration is high, absorption in that
range will occur [1,37]. Therefore, ITO layers deposited with oxygen inputs which caused
the highest carrier concentrations (0-3 sccm) (Table 1) showed the lowest transmission at
NIR. The optical gap energy of amorphous ITO thin films increases with crystallization,
increasing its optical transparency [38], which is consistent with our results.

The higher VIS transmission observed in ITO layers deposited in this region was
caused by the higher crystallinity of the thin films, which produced less light scattering.
The change in average transmission between 2 and 5 sccm of oxygen was lower than
the change between 1 and 2 sccm (Table 1). This suggests that once the ITO layer was
crystallized, the increase in the VIS transmission was more gradual for higher degrees of
crystallization than when the material changed from amorphous to crystalline. A shift to
higher angles was observed for the (222) peak when oxygen flow varied from 4 to 5 sccm.
This shift can be attributed to the stress induced in the layer by the high oxygen flow, as ob-
served by other authors [22,34], who have reported an increase in the measured residual
compressive stress of ITO films for the highest applied oxygen flow. They stated that this
compressive stress was caused by the higher plasma bombardment energy involved in film
deposition with high oxygen flow, producing more dense films.

4.1.3. High Oxygen or Oxygen Excess Region (up to 6 sccm)

As mentioned before, the contribution to carrier concentration in ITO layers arises from
oxygen vacancies. Low-temperature ITO deposition with high oxygen flux significantly
reduced the number of oxygen vacancies in the layer, as suggested by the abrupt reduction
observed in carrier concentration. According to Lee et al. [39], the excess oxygen can act
like two types of scattering centers: on one hand, forming Sn*-O complexes with near Sn
ions to create neutral electron scattering centers and limiting the diffusion of these ions
from interstitial locations and grain boundaries into the indium cation sites [37]; and, on the
other hand, acting like traps to capture the electron carriers. Moreover, the carrier mobility
changed its behavior and decreased when oxygen flow increased from 5 to 6 sccm, because
of the higher number of scattering centers. The decrease in carrier concentration had a
clear influence on the optical properties of the ITO layer. A significant increase at the NIR
region was observed because of the decrease in the number of NIR-absorbing free carriers.

4.2. Manufacturing of Transparent ITO Heaters

The developed 10 x 10 cm? TH prototypes showed high optical transmission and an
appropriate thermal response time (lower than 2 min). Different steady state temperatures
(from 25 to 80 °C) can be reached applying low voltage (below 12 V) to adapt their
performance to the requirements of the application (below 30 °C for de-icing or defogging
uses, or higher for fast defrosting in automotive parts [4]). The voltage may need to be
increased to heat larger parts (which involves larger distances between the electrodes)
and maintains the good heating properties reached in our prototypes (200-600 W/m?). It is
worth highlighting that these THs also exhibited uniform thermal distribution over the
heating area (Figure 9), which is essential for eye comfort and for avoiding the formation
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of hot spots that can damage the TH [40]. Both THs (glass and PC) showed a great stability
when exposed to saline solution.

80°C

Izooc

Figure 9. Thermographic image of ITO coated glass when applying a voltage of 8 V. The square-shaped area marked in the

PC image indicates a region of interest selected in this case.

5. Conclusions

Magnetron sputtering is the most useful and effective technique to deposit ITO thin
films. Many methods exist to obtain high quality ITO layers, but an in-depth understanding
of the deposition process is essential to grow reproducible ITO films. Small changes in
certain process parameters drastically alter ITO properties. In the case of low temperature-
deposited ITO, oxygen input in the process is necessary to obtain high conductivity and
transparent layers. As we have confirmed, the microstructure of the material is strongly
dependent on the oxygen flow, changing from amorphous to crystalline ITO layers with
very small variation of oxygen amount on the gas mixture. ITO films deposited above the
critical oxygen flow will be crystalline, and they will show a high transparency (>80%)
in the visible region. Obtaining good electrical properties is more challenging. On one
hand, it depends on the microstructure features of the layers which is directly related to
the mobility of the electric carriers; On the other hand, carrier concentration is propor-
tional to the number of oxygen vacancies and Sn** ions in the microstructure. Therefore,
ITO films with appropriate opto-electronic properties must be grown under specific oxygen
flow conditions.

Applying the found optimal oxygen flow conditions, efficient transparent ITO heaters
can be manufactured by a cost-effective and robust process on glass and polymeric compo-
nents, such as those used in the automotive industry (windshields or car headlights).
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Abstract: Titanium oxide films were deposited at room temperature and with no applied bias using
a filtered cathodic vacuum arc (FCVA) system in a reactive oxygen environment. The dependence
of film growth on two process parameters, the working pressure (Pw) and the O, partial pressure
(po2), is described in detail. The composition, morphological features, crystalline structure, and
optical properties of the deposited films were systematically studied by Rutherford Back Scattering
(RBS), Scanning Electron Microscopy (SEM), X-Ray diffraction (XRD), Raman Spectroscopy, UV-vis
spectroscopy, and spectroscopic ellipsometry. This systematic investigation allowed the identifi-
cation of three different groups or growth regimes according to the stoichiometry and the phase
structure of the titanium oxide films. RBS analysis revealed that a wide range of TiOx stoichiome-
tries (0.6 < X < 2.2) were obtained, including oxygen-deficient, stoichiometric TiO, and oxygen-rich
films. TiO, TiOs, rutile-type TiO,, and amorphous TiO, phase structures could be achieved, as
confirmed both by Raman and XRD. Therefore, the results showed a highly versatile approach, in
which different titanium oxide stoichiometries and crystalline phases especially suited for diverse
optical applications can be obtained by changing only two process parameters, in a process at room
temperature and without applied bias. Of particular interest are crystalline rutile films with high
density to be used in ultra-high reflectance metal-dielectric multilayered mirrors, and reduced-TiO,
rutile samples with absorption in the visible range as a very promising photocatalyst material.

Keywords: titanium oxide films; filtered cathodic vacuum arc; rutile; optical coatings

1. Introduction

Great attention has been focused on the different polymorphs and stoichiometries of
titanium oxide thin films due to their application in a wide range of fields [1]. In the case of
TiO, films, different crystalline phases are described, namely anatase, rutile, and brookite,
which determine its properties and applications. The first two phases are the most used
for technological applications. TiO; films with anatase phase are used as self-cleaning
windows, antifogging glass, self-sterilizing, and anti-bacterial tiles, as well as for water
purification devices [2]. Anatase TiO; is also known for its use as a photoanode in Dye
Sensitized Solar Cells [3]. Among the TiO, phases, the rutile phase is chemically and
thermodynamically more stable and has the highest refractive index and hardness [4].
Some technological applications of rutile films include its use as optical coatings, as a
dielectric layer in microelectronic applications, and as a protective layer on biomedical
implants [5]. Rutile-type TiO; films can be especially suited as the high refractive index
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material of choice in combination with a low refractive index material as SiO, to achieve
highly reflecting multilayer stacks in dielectric mirrors [6]. Regarding amorphous TiO,, it
has been synthesized as a tinted or enhanced photocatalyst, used to purify dye-polluted
water, and applied to resistive random access memory applications [7].

In addition to the possibility to fabricate different crystalline phases, the desired
properties of the TiO, films can be tuned by slight changes in their stoichiometry. TiO,
is a wide bandgap semiconductor (3.0 and 3.2 eV for rutile and anatase, respectively),
which is photoactive when irradiated with UV light. To widen the use of TiO, as a
photocatalyst, its activity needs to be extended beyond the ultraviolet regime into the
visible region [8]. In oxygen-deficient TiOx films (x < 2), oxygen vacancy energy states are
formed below the conduction band minimum [8]. This results in a reduction in the energy
required for photoexcitation of electrons, making it possible for the films to absorb visible
light. Oxygen-deficient TiO, films also have potential application as electrode material
for alkaline-electrolyte batteries since they can be electrically conductive and yet maintain
their corrosion-resistant properties [9]. However, there is no industrially scalable process
available for high throughput synthesis of oxygen-deficient TiO,.

The final properties of titanium oxide films strongly depend on the deposition tech-
nique employed for their fabrication (i.e., sol-gel, Chemical Vapour Deposition (CVD),
Physical Vapour Deposition (PVD)). In particular, TiO; films deposited at low temperatures
by most deposition methods exhibit an amorphous phase. Film crystallization is usually
performed either by substrate heating during deposition or by a post-deposition annealing
process. In addition, in PVD processes, very often the application of a bias to the substrate
is required to obtain TiO, crystalline films. However, a myriad of recent applications
require the TiO; films to be coated on heat-sensitive and/or non-conductive substrates
(e.g., flexible electronics, antireflective coatings on plastic lenses, etc.). Therefore, it is
important to optimize growth conditions in order to obtain crystalline films and /or the
desired stoichiometry at low temperature using any type of substrate. To achieve that,
it would be interesting to rely on other parameters of the deposition process different
from the applied bias or the temperature. In this regard, there are some previous studies
on the effect of the working pressure and the O, partial pressure on titanium oxide film
formation [4,10].

Among the different PVD techniques, filtered cathodic vacuum arc (FCVA) has the
highest plasma ionization ratio. This results in denser thin films and better adhesion than
those obtained by technologies like magnetron sputtering or thermal evaporation [11].
Hence, this technique is especially suited for optical applications. The substrate tempera-
ture and the ion energy mainly determine phase formation during deposition by FCVA.
In the case of TiO,, amorphous films are obtained at low temperature and low ion energy.
Therefore, synthesizing crystalline TiOp by FCVA usually requires either heating or biasing
the substrate during deposition [5,12]. The phase diagram proposed by Lobl et al. [13]
shows that with particle energies between 4-30 eV, mixed phases of rutile and anatase
can be obtained at room temperature, meanwhile only at particle energies over 30 eV
pure rutile phases can be obtained. These high ion energies are in the range of a FCVA
deposition process.

In this work, a systematic study of the effect on titanium oxide films of the working
pressure and oxygen partial pressure in a FCVA deposition process is carried out. We
demonstrate that a fine tune of these parameters leads to the formation of a wide variety
of stoichiometries and crystalline phases, from amorphous to rutile, at room temperature
without the application of any bias during the deposition.

2. Materials and Methods

Titanium oxide films were grown on Si (100) and on glass substrates by means of a
DC Filtered Cathodic Vacuum Arc (FCVA) system PFCVA-450 from Plasma Technology
Limited, Hong Kong. The system is provided by a 90° curved electromagnetic filter which
guides the ions in the plasma to the deposition chamber. The substrates were placed
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240 mm away from the filter duct exit. For each deposition process, base pressure in the
chamber was ~2 x 1073 Pa. Prior to deposition, samples were sputter cleaned by Ar*
bombardment for 15 min. In a FCVA system like the one used in this work, when no
bias is applied during the process, the temperature at the surface of the sample reaches
a maximum of ~100 °C after 40 min of deposition process. A Ti cathode with 65 mm
diameter was used for the deposition of the films in an oxygen/argon atmosphere. The
total working gas flow was fixed at 60 sccm, and different percentages of reactive gas
during depositions were obtained by changing the Ar/O; ratio. The cathode current used
was 50 A. All the depositions processes were carried out at room temperature. Deposition
time was 15 min and the substrate holder was rotating during the whole process at 5 rpm.
Depth-resolved composition of the samples was determined by Rutherford backscattering
spectroscopy (RBS) using #*He incident ions with an energy beam of 1.7 MeV. The data
were acquired with a silicon barrier detector located at a backscattering angle of 170°,
with an energy detector resolution of 13 keV. The experimental spectra were fitted using
the SIMNRA software [14]. The thickness of the films was measured using a mechanical
stylus profilometer (Veeco Dektak 150). Morphology was analyzed by scanning electron
microscopy (SEM) with a Hitachi 54800 SEM-FEG microscope of high resolution (1-3
nm), equipped with a Bruker X flash 4010 EDX detector with a resolution of 133 eV, field
emission gun, and STEM detector system. The phase structure of the thin films was
determined by X-ray diffraction employing grazing incidence geometry (GIXRD) using a
Rigaku Ultima IV diffractometer with Cu-Ka radiation (A = 1.5406 A). The incident angle
was 0.4°, and the XRD patterns were measured in the diffraction angle range of 20-100°
in steps of 0.02°. Raman spectra were measured in 180° backscattering geometry using
a micro Raman LabramHR system (Horiba GmbH) equipped with a LN2 cooled CCD
detector. For excitation, the frequency-doubled 532 nm emission of a Nd:YAG laser was
focused to a 1 um spot with 1 mW power on the sample surface. Spectroscopic Ellipsometry
(SE) was used to determine the refractive index n of the samples. Measurements were
performed with a rotating compensator ellipsometer M-2000FI (J.A. Woollam, Inc.) in
the wavelength range of 211-1688 nm with a fixed angle of polarized light incidence and
reflection of 75°.

3. Results
3.1. Thin Film Growth and Film Composition

The deposition of the films was performed at three different working pressures (Py),
0.1, 0.25, and 0.5 Pa. For each Py, the oxygen/argon ratio was varied by changing the
O; gas flow from ~20 to ~80%. Consequently, the oxygen partial pressure (pp2) during
deposition ranged from 0.02 to 0.41 Pa. The O/Ti ratio for the different films obtained by
RBS are shown in Figure 1. RBS profiles (not shown) indicated that the composition is
uniform through the thickness of the films. It was found that the samples could be divided
into three main groups according to their stoichiometry. In Figure 1, it is shown that the
group 1 (G1) samples have an O/Ti ratio lower than 2 (0.6 < O/Ti < 1.6), samples in group
2 (G2) exhibit an O/Ti close to 2 (1.9 < O/Ti < 2.0), and finally, samples belonging to group
3 (G3) have an O/Ti ratio higher than 2 (O/Ti > 2.1). This classification of the deposited
films in three different groups is further supported by the differences in crystallinity of
the samples, as will be shown by XRD and Raman results in Section 3.2. G1 samples are
obtained at the lowest working pressure (0.1 Pa) or at the intermediate pressure (0.25 Pa)
and low oxygen partial pressure (<0.1 Pa). Stoichiometric TiO, samples in G2 can be
obtained at 0.25 Pa working pressure provided that the pp; is over a threshold value
of~> 0.1 Pa. Finally, over stoichiometric (G3) films are obtained for the working pressure
of 0.5 Pa in the entire oxygen partial pressure range analyzed.
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Figure 1. O/Ti ratio obtained from RBS for the different samples as a function of pp,. The different
groups are indicated by color and legend code: group 1 (square, red), group 2 (circle, green) and
group 3 (triangle, blue). Samples deposited at the same Py, are connected through lines, and the value
of the working pressure is indicated in the graph.

In Figure 2, a summary of the different deposited samples is depicted, indicating the
three identified groups. All the samples in G1 are opaque. With respect to G2, visual inspec-
tion revealed that a slight variation in the stoichiometry of the samples (from O/Ti =1.9 to
O/Ti = 2) led to strong variation in transmittance. This can be observed by comparing G2
samples prepared at % O, gas flow of 40% and 60%. For the former, a reduced TiO, material
is obtained (O/Ti = 1.9). TiO; bulk reduction results in color centers, which produce a
pronounced color change of TiO; single crystals from initially transparent to visible light
to eventually exhibiting a dark blue colour [2]. A similar result is observed in the current
work for the reduced TiO; sample, which exhibits a blueish color. The stoichiometric TiO,
samples prepared at 60 and 80% O, gas flow are transparent, as expected for a wide band
gap semiconductor. Finally, all G3 samples are transparent, regardless of the oxygen partial
pressure used during the deposition process.

In Figure 3, the thicknesses of the different samples obtained by profilometry are
plotted as a function of the oxygen partial pressure, indicating also the samples that were
deposited at the same working pressure. A gradient color can be observed in transparent
samples due to interferences (Figure 2), which must be caused by non-homogeneity of
the thickness along the substrate. For this reason, at least three measures of the thick-
ness in different substrate positions were performed and the average and error values
were obtained.

It is observed that the sample thickness is affected by both, the pp, and the Py.
Higher thicknesses are obtained for lower working pressures and/or lower oxygen partial
pressures. However, the working pressure is the factor that affects final thickness the most.
For similar pp, around 0.2 Pa, a sample deposited at Pw 0.25 Pa exhibits ~700 nm thickness,
and one deposited at Pw 0.50 Pa is only 300 nm thick. At similar oxygen partial pressure,
thickness decreases with working pressure, as the main free path of the species diminishes.
Deposition rates were ~56 nm/min for G1, 45 nm/min for G2, and 24 nm/min for G3.
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Figure 2. Summary table of deposited samples with varying % of Ar/O; gas flow, and P, including: picture of each sample
deposited on glass, pop during deposition and elemental at.% (O/Ti ratio) obtained by RBS. The code color indicates the
samples belonging to group 1 (red), 2 (green), and 3 (blue). * For the lower working pressure (0.1 Pa), it was not possible to
perform the deposition process with more than 70% of oxygen gas flow.
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Figure 3. Coating thickness on silicon as a function of po, for samples belonging to group 1 (square,
red), 2 (circle, green), and 3 (triangle, blue). A linear fit has been obtained for the samples deposited
with the same working pressure. The total deposition time was 15 min in all cases.
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Provided the film thickness is known from profilometry, the density of TiO, films can
be obtained from RBS data [15]. Samples in G2 exhibit a density ~4.5 g cm 3, meanwhile
the density of samples in G3 is ~3.6 g cm 3. As will be shown later, these results are in line
with the crystallinity of the samples. Bulk theoretical values are 4.23 g cm ™~ for rutile and
36g cm 3 for amorphous TiO; [16]. Bendavid et al. [17] reported a density of 3.62 g cm 3
for TiO, amorphous films deposited by FCVA.

3.2. Structure and Morphology

Cross-sectional SEM analysis of the morphology revealed remarkable differences
among the three groups. A columnar structure is observed for G1. High energy particle
bombardment at low pressure can be the cause for the elongated faceted texture of the film
(Figure 4a,b). For G2, two growth regimes are observed in the SEM images. During the
first stages of the deposition process, the samples grow without any type of texturized
structure (up to approximately 300 nm). Subsequently, the films develop a clear columnar
structure (Figure 4c,d). This is also in line with the crystallinity observed in G2 samples, as
confirmed by XRD experiments. Less energetic particle bombardment at higher pressure
resulted in featureless and non-textured films, which is an indication of amorphous nature
in G3 samples (Figure 4ef).

Figure 4. Representative SEM cross-section images for samples for G1 (a,b), sample deposited at Pw 0.1 Pa, pp, = 0.06 Pa;
G2 (c,d), sample deposited at Pw 0.25 Pa, poy = 0.20 Pa; and G3 (e,f), at Pw 0.5 Pa, pp, = 0.31 Pa.
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The Glancing Incidence XRD (GIXRD) patterns of selected films for the different
groups are represented in Figures 5 and 6. For the crystalline samples, interplanar spacing
(d) and lattice constants (2 and c) were calculated as an average of the main observed peaks.
The crystallite sizes obtained from Scherrer’s formula [18] are also calculated for the TiO,

stoichiometric samples. The results are summarized in Table 1.
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Table 1. Peak position, crystal planes, interplanar spacing, and lattice constants for TiO and Ti; O3
reference cards and samples in group 1.

poz (Pa) Peak Position (26) (hk1) d(A) a(A) c(4)
Reference 37.18 (111) 2416
(TiO) 43.20 (200) 2.092 e
(ICC card 62.74 (220) 1.479 ‘ 4.18
01-077-2170) 75.24 (311) 1.261
36.60 (111) 2.45 4.25 425
0.04 42.87 (200) 2.10 4.21 421
) 62.38 (220) 1.48 421 421
75.01 (311) 1.26 4.19 4.19
37.71 (111) 2.38 413 413
0.05 43.72 (200) 2.07 4.14 4.14
- (220) - - -
76.54 (311) 1.24 412 4.12
37.01 (111) 2.42 420
- (200) - -
0.06 62.92 (220) 1.47 417
- (311) - -
34.85 (110) 2.57
Reference 40.26 (113) 2.23
(Tip O3) 53.75 (116) 1.70
(ICC card 61.34 (214) 1.51 5.13 13.65
00-010-0063) 62.58 (300) 1.48
86.98 (226) 1.11
35.00 (110) 2.53
40.66 (113) 2.21
54.21 (116) 1.69
0.07 61.23 (214) 1.51 ) -
63.40 (300) 1.46
87.69 (226) 1.11

In Figure 5, the diffractograms for the samples belonging to G1 are plotted. No peaks
related to any TiO, crystalline phases are observed. For samples with po, of 0.04, 0.05,
and 0.06 Pa, despite the different stoichiometries, the peaks can be attributed to TiO (ICC
card 01-077-2170) with a cubic structure, (rock-salt space group 225, Fm-3m) in all the
samples. Reference crystal peaks at 26 = 36.60°, 42.87°, 62.38°, and 75.01° are associated
with the crystal planes (111), (200), (220), and (311), respectively. For the sample with
the strongest diffraction peaks in G1 (po, = 0.04), the diffraction peaks appear at slightly
smaller diffraction angles (between 0.2 and 0.5°), corresponding to a larger lattice constant
of the rocksalt-type sample than in the reference data set of TiO. The sample deposited
at poy = 0.07 (O/Ti ratio of 1.5) shows diffraction peaks at 20 = 35.00°, 40.66° and 54.21°.
These peaks can be attributed to TiyO3 (ICC card 00-010-0063), space group 167, R-3c,
corresponding to the crystal planes (110), (113), and (116), respectively. Around 26 = 62° a
broad peak is observed which can be related to the contribution of crystal planes (214) and
(300), related to peaks at 61.34° and 62.58° in the reference card (see Table 1). In general,
the peaks are very broad, except for the one at 26 = 35.00°. Parker et al [19] reported on
the formation of the Ti,O3 layer by bombardment with Kr ions on TiO,. A high dose ion
impact led to preferential oxygen sputtering and/or internal precipitation of oxygen. Ion
energy is higher in cathodic arc vacuum deposition, so, in the current work, the Ti;O3
phase could be formed at low working pressures (where high ion energy of the ions is
expected) and with a high oxygen partial pressure.

A completely different scenario is observed for the three samples belonging to group 2
(Figure 6 and Table 2). The diffractograms of samples belonging to this group showed a
pattern corresponding to rutile TiO, with tetragonal structure (space group 136, P42-mnm).
The main rutile peak (110) is observed at 20 = 27.39°, 27.38° and 27.3° for samples with
poz of 0.10, 0.16, and 0.20 Pa, respectively. Hence these peaks are slightly shifted to higher
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angles with respect to the reference pattern (26 = 27.29°) for this crystal plane (110). The
other main peaks are observed at 20~54° and 56°, related to crystal planes (211) and (220).
These three main peaks have been selected to calculate the lattice parameter (2 and c) and
the crystallite size. Other minor peaks confirming the rutile phase observed at 26~38.97,
40.97, 43.80, and 68.56° are associated to the crystal planes (200), (111), (210), and (301),
respectively, according to the reference card.

Table 2. Peak position, crystal planes, interplanar spacing, and lattice constants for TiO; rutile
reference cards and for samples in group 2.

P02 (Pa) Peak(Iz’g;nhon GkD)  dA) ad)  c@) C1'ystail‘1,teer aS;e (nm)
Ri’iffereT“lgz 27.29 (110)  3.265
(ICC card 53.98 (211) 1.697 4.61 2.97 -
SRR 56.30 (220)  1.632
27.39 110)  3.252
0.10 54.06 (211) 1.694  4.60 2.99 6.60 + 0.80
56.07 (220)  1.639
27.38 (110) _ 3.254
0.16 54.21 (211) 1.690 4.60 2.96 5.55 £ 0.99
56.57 (220)  1.625
27.33 (110) 3.254
0.20 54.04 (211) 1.690 4.61 2.98 6.00 £0.12
56.33 (220)  1.625

Finally, all group 3 samples showed only few broad and weak diffraction peaks,
pointing to a predominantly X-ray amorphous phase structure with few nanocrystalline
regions. See for example the diffractogram in Figure 6 corresponding to samples deposited
at 0.31 Pa of pp,. This phase structure can be related to the higher working pressure, and
therefore to the lower energy of species impinging on the substrate. Only a small and
very wide peak can be inferred at angles corresponding to the crystal plane (110) of the
rutile phase. The rutile (110) surface is the most stable crystal face [2]. In the case of vapor
deposition, the different crystallographic planes grow at different rates depending on their
surface formation energies. The slight crystallization observed for films in G3 in the rutile
phase for the plane (110) can be attributed to the lower surface formation energy of this
plane [4]. In relation to the SEM results, this can be an indication of a change in the growth
regime that could lead to crystalline structures.

Raman spectroscopy confirmed and complemented the data obtained by X-ray diffrac-
tion. For G1 samples grown at the oxygen partial pressures of 0.02 Pa < pp, < 0.06 Pa, the
Raman spectra exhibit two broad band-like features centered at around 250 cm ! and at
around 550 cm ! (Figure 7). The corresponding line widths of 200 to 300 cm ™! are typical
for phonon density of states-like Raman spectra of amorphous materials. It is tempting
to attribute the low-energy band (50 to 350 cm ') to titanium-based phonon states, and
the high-energy band (400 to 700 cm~!) to oxygen phonon-based states. Thus, the Raman
spectra indicate a significant amount of amorphous structures, in addition to the fraction of
rock salt-type TiO detected by XRD. Since crystalline TiO is Raman-silent, the combination
of XRD and Raman data point to the coexistence of nanocrystalline and amorphous TiO in
these four samples of G1. The Raman spectrum of the sample grown at an oxygen pressure
of 0.07 Pa shows, in addition to broad lines at the same positions as those of the other four
G1 samples, several narrower features (Figure 7). The most prominent ones among them,
located at 263 cm~! and 334 cm ™!, can be assigned to the most prominent lines reported
for TipO3 at 269 cm~! and 347 cm ™! (vertical bars in Figure 7) [20]. The observation of
these lines supports the finding of TiyO3 by XRD. Moreover, the Raman spectra reveal
a significant amorphous phase fraction within the film grown at an oxygen pressure of
0.07 Pa at a working pressure of 0.10 Pa.
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Figure 7. Raman spectra of samples in G1. Ti;O3 lines from Ref. [20] are indicated in the graph. The
spectra were offset vertically for better visibility.

The Raman spectra of the films grown at a working pressure of 0.25 Pa with an
oxygen partial pressure of 0.10 to 0.20 Pa (G2 samples) are dominated by strong lines
at 450 +- 2 cm~! and 608 4 3 cm ™! (Figure 8). These lines point to the presence of nano-
crystalline rutile-type TiO,, whose strongest Raman lines are the Eg line at 447 cm~! and
the Ajg line at 612 cm ™! [21]. The line positions found for the films grown in this work are
close to the literature values, shifted by +3 (Eg) and by —4 cm ™! (A1g), respectively. The
observed downshift of the Ajg line might be caused by the small size of the rutile-type
TiO, crystals grown here. According to Swamy et al. a shift of —4 cm~! would indicate
a crystallite size of 10 nm [22]. This value is in very good agreement with that of 6 nm
obtained by XRD for these samples (Table 2).

T ¥ T ) T %
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Figure 8. Raman spectra of samples in G2 and G3. Reference lines for the Eg and Ay, positions of rutile-
type TiO, are included in the graph. Spectra were offset vertically for better visibility. The contribution of
Si at 20 cm™! was removed from the graph.
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The Raman spectra of films belonging to group 3 exhibit two broad Raman lines at
around 460 cm~! and 608 cm~! that indicate the presence of nanocrystalline Rutile-type
TiO; in coexistence with the amorphous phase (Figure 8). According to Parker et al., the
Eg line frequency scales linearly with the oxygen content in rutile-type TiO; [23]. Hence,
the observed upshift of the Eg-derived line to 460 cm~! in the G3 samples, compared to
the E; at 447 cm ™! in single crystals, can be qualitatively explained by the oxygen excess
(O/Ti = 2.2) detected by RBS. The origin of the Ajg line downshift by —4 cm ™! compared
to the reference value is presumably the same as for the G2 samples.

3.3. Optical Properties

Spectral transmittance and ellipsometry measurements were performed to correlate
the changes observed in the stoichiometry and crystallinity of the films with their optical
properties. Figure 9 shows the transmittance spectra of the films deposited on glass
substrates for samples of the three different groups. Only stoichiometric samples or
samples with O/Ti > 2 exhibit a high transmittance in the visible and near IR region, in
agreement with the images of the samples depicted in Figure 2. The transmission spectrum
of G1 (O/Ti = 1.6) consists of a straight line in the whole UV-Vis-NIR. It is therefore a broad
band absorber, presumably based on different color centers from differently charged ions
(Ti2*, Ti%* (Ti*)) and maybe oxygen vacancies.

100 . - . : . . ,

glass

= 2 G2 (O/Ti= 2.0 |
" 40 | Gé(O/Ti= 1.9)
20. .
0[/] . G1(0mi=16)
500 1000 1500 2000 2500

Wavelength (nm)

Figure 9. Transmittance of selected representative samples deposited on glass. The reference was
air and the spectrum of glass substrate is also included in the graph. The code color indicates the
samples belonging to group 1 (red), 2 (green), and 3 (blue), and the O/Ti ratio of the different samples
is indicated next to each line.

As mentioned above, the transmittance of TiO; thin films is very sensitive to slight
variation in the stoichiometry. The G2 sample deposited at po, = 0.1 Pa can be considered a
reduced rutile sample. Breckenridge and Hosler [24] reported light absorption in the visible
region in the case of slightly reduced oxygen-deficient TiO;. Reduced rutile could imply
some fraction of Ti**, or two O?~ vacancies for one Ti**. Several authors have reported the
fabrication of reduced TiO, films [8,25,26].

In Figure 10, the spectral refractive indexes (a) and extinction coefficients (b) of repre-
sentative samples for each group obtained from ellipsometry measurements are shown.
Several groups have studied the optical constants of titanium oxide thin films under var-
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ious deposition conditions. Refractive index and extinction coefficient both tended to
decrease as the working pressure increases [9]. In contrast, in this work, there is no direct
relation with the total working pressure, as the refractive index is highly dependent on
the crystalline phase of the TiO;. In general, amorphous films show a lower refractive
index than that of crystalline film. Rutile structure exhibits the highest refractive index
due to its superior density among all the TiO; phases. In this work, refractive indexes at a
wavelength of 550 nm were 1.56, 2.63, and 2.57, measured for representative samples of
groups 1, 2, and 3, respectively. The higher value of the refractive index obtained for group
2 is in line with the crystalline rutile structures observed in XRD and Raman. A refractive
index of 2.57 at 550 nm (similar to the obtained for G3 samples) has been reported in the
literature for amorphous TiO; films deposited at RT with no bias by FCVA [27]. This n is
higher than the one obtained for amorphous films with other deposition techniques [9], due
to the enhanced reactivity and high energy of the Ti ion beam impinging on the growing
TiO, films by FCVA.
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Figure 10. Refractive index (a) and extinction coefficient (b) in the 200-1700 nm wavelength range for one representative

sample of group 1 (red), 2 (green), and 3 (blue). The refractive index at 550 nm is marked as an open square and the actual

value is included in the graph.

4. Discussion

Titanium oxide films were grown by FCVA and the influence of the total working
pressure and the oxygen partial pressure during the deposition process was systematically
studied. A strong correlation between those parameters and the properties of the films was
found, and three different growth regimes or groups were identified.

Samples belonging to group 1 were obtained (i) with the lowest working pressure
used in this work (P, = 0.1 Pa) and, (ii) with the intermediate pressure (P, = 0.25 Pa)
if the oxygen partial pressure was below 0.1 Pa. These samples exhibited a columnar
structure in the SEM cross-section images and were opaque. Besides, all the samples
shared an O/Ti ratio < 2, and the presence of crystalline phases different fromTiO,. For
samples with a pp, of 0.04, 0.05, and 0.06 Pa, the combination of XRD and Raman pointed
out the coexistence of nanocrystalline and amorphous TiO. For the samples deposited at
po2 = 0.7 Pa, both XRD and Raman revealed features, which were attributed to Ti;Os3. The
Raman spectra also revealed a significant amount of amorphous Ti;O3 phase in this film.

In the range corresponding to intermediate working pressures (0.25 Pa) and oxygen
partial pressure above 0.10 Pa, we found the samples forming group 2. In addition to a
stoichiometry close to TiO,, they shared their crystalline structure. Both XRD and Raman
indicated that the samples in this group exhibited a rutile TiO, structure. This crystalline
structure provided the samples of this group with very interesting properties for optical
applications. The rutile crystalline structure and the high film density (~4.5 g cm~2) led
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to a higher refractive index (1550, = 2.62) in comparison to amorphous TiO, or rutile
TiO, fabricated with less energetic deposition techniques and obtained by post-annealing
processes. Samples of this group are very promising, for example, as high refractive index
dielectric material in ultra-high reflectance metal-dielectric multilayered mirrors [6]. The
sample deposited with the lowest oxygen partial pressure (ppy = 0.10 Pa) is worthy of note.
It exhibited similar characteristics to the other samples belonging to this group, with a
stoichiometry close to TiO, and a rutile phase structure. However, contrary to them, it
is not transparent but exhibited a blueish colour and was absorbed in the visible region.
This reduced TiO; sample is very interesting as it preserves the properties of crystalline
rutile TiO,, while, and at the same time is photoactive in the visible region, being a very
promising photocatalyst material, among other applications.

Finally, samples belonging to group 3 were obtained with the highest working pressure
(Pw = 0.5 Pa), regardless of the oxygen partial pressure. All the samples are transparent
and exhibit oxygen excess with O/Ti ratios above 2.1. The combination of SEM images, the
lower values for density and refractive index compared to group 2, together with XRD and
Raman results, pointed out the amorphous phase structure of these samples. However, a
tendency of growth regimes from amorphous to crystalline TiO, could be inferred from a
small rutile peak in XRD and broad Raman lines for Rutile- type TiOs.

A summary of properties reported for TiO, films deposited by FCVA in previous
references is included in Table 3. A final line has been added to the table with the results
obtained in the current work.

Table 3. Summary of previous references of TiO, films deposited using FCVA, including information about the applied bias,

temperature and working pressure during deposition, the observed crystalline phase, and the refractive index. The results

observed in the current work are included in the last row.

Ref. Bias T Py (Pa) Crystalline phase n
Zhang and Liu, 1998 [28] —400V 300 °C 0.04,0.2 rutile
Zhang et al., 1998 [29] 0to 400V 300 °C 0,2 rutile (bias); amorphous (0V)
Bendavid et al., 1999 [30] 0 to —400V RT anata:st(i(l)e\g)i %I(I)Otrf }1(2(1]%(\7)50 Y a?ﬁ?lse?f}gz;
Martin et al., 1999 [31] amorphous amorphous: 2.45
Takikawa et al., 1999 [32] 0.1-2.0 amorphous

anatase (0 V); amorphous (=50 V); amorphous: 2.56;

Bendavid et al., 2000 [17] 0 to —400V RT 0.35 rutile (—100 to —400 V) anat.ase: 2.62;
rutile: 2.72
Z.W. Zhao et al., 2004 [33] - - - amorphous 2.57 at 550 nm
Z. Zhao et al., 2004 [27] - RT 0.03 amorphous 2.56 at 550 nm
) . _ o amorphous (0V); anatase, (—200
Huang et al., 2006 [34] 0, —200, —500V 450 °C V); rutile (—500 V)
Kleiman et al., 2006 [35] 200-400 °C amorphous (200 °C); anatase
(400 °C)
. . o amorphous (<300 °C); anatase
Kleiman et al., 2007 [36] no RT-400 °C (>300 °C)
Zhang et al., 2007 [37] no RT amorphous 2.51 at 550 nm
Zhao, 2007 [38] amorphous
Zhang et al., 2007 [37] 0 to —900V amorphous
Bendavid et al., 2008 [39] —50 V to —300 V RT 0.3 anatase and some rutilo 2.59 at 550 nm
Zhirkov et al., 2011 [12] no amorphous -
500 °C, 300 500 °C, 300 °C, no bias: rutile
. 0, -1, =50, °C, 150 °C, 0.6,0.01, 150 °C (0, —10, —50, —70 V): only
Zhirkov etal,, 2011 [12] —70V 200°C, 15 0.006 a broad (101) rutile peak -
°C RT: no bias: amorphous
RT: amorphous (RT);
Arias et al., 2012 [5] no RT-570 °C 25 anatase/rutile (in SS, 360 °C); -

anatase-+rutile (400-500 °C); rutile
(560 °C)
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Table 3. Cont.

Ref.

Bias T° Py (Pa) Crystalline phase n

Paternoster et al., 2013 [40]

o _ amorphous (RT); rutile )
100 °C Pop =0.06 (Tsub > 300 °C)

. B 0.013,0.13, amorphous (0 V),
Aramwit et al., 2014 [3] 0or —250 V RT 13,13 some rutile (bias) -
300 °C or small rutile and anatase peaks
Franco Arias et al., 2017 [16] —120 400 °C 5-8 (no Ti interlayer); rutile (with -
Ti interlayer)
TiO/Ti, O3/Rutile TiO, and rutile: 2.63
Current work 0 RT 0.02-0.41 amorphous TiO; amorphous: 2.57

It is commonly observed in PVD that the phase formation is mainly determined by
the temperature and ion energy [41]. At room temperature, without external heating and
substrate bias, titanium oxide thin films deposited by FCVA are usually amorphous in
structure [9]. Zhang et al. [29] observed that when the substrate bias was —100 V, films
exhibited rutile-type structure with XRD (110), (101), and (111) diffraction peaks, the (111)
peak being dominant. These authors further demonstrated that without bias, the film
structure remained amorphous. This is a result generally observed, as shown in Table 3.
Some exceptions are found, for example in the works by Bendavid et al. [17,30]. These
authors reported an anatase structure without substrate bias at room temperature at an
oxygen pressure of 0.35 Pa. When the substrate bias was applied from zero to —400 V, the
film structure varied from anatase (0 V) to amorphous phase at —50 V, evolving into a
rutile structure with (101) orientation dominating in the films when the applied voltage
is <—=100 V. These authors ascribed the formation of the rutile phase to two concurrent
factors: (i) the high concentration of ionic species (e.g., Ti*), a typical feature of plasma
produced by FCVA, and (ii) the high energy of particles impinging on the substrate, due to
the applied bias [17,30].

However, in the present work, XRD and Raman indicated that the rutile phase was
obtained at room temperature without the need for any applied bias. Besides, no anatase
phase formation was observed within the range of studied process parameters, although the
rutile phase usually requires higher activation energy for its formation [42]. This is, to the
best knowledge of the authors, the first time that the fabrication of rutile-type TiO; at low
temperature with no applied bias is reported for a FCVA process. This paves the way for the
deposition of this TiO; crystalline phase with outstanding optical properties in transparent
substrates such as glass, which is non-conductive and also on heat-sensitive substrates.

In summary, this work describes a very versatile method for the deposition of titanium
oxide films with different stoichiometries and crystalline phases, demonstrating the great
potential of FCVA for the deposition of these films for optical applications.
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Abstract: The properties of spectrally selective solar absorber coatings can be fine-tuned by varying
the thickness and composition of the individual layers. We have deposited individual layers of
WAISIN, SiON, and SiO; of thicknesses ~940, 445, and 400 nm, respectively, for measuring the refrac-

tive indices and extinction coefficients using spectroscopic ellipsometer measurements. Appropriate
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updates dispersion models were used for curve fitting of 1 and A for individual and multilayer stacks in

obtaining the optical constants. The W/WAISiN/SiON/SiO; solar absorber exhibits a high solar
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. layer. The graded refractive index of the individual layers in the multilayer stack enhances the solar
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absorption. In the tandem absorber, WAISiN is the main absorbing layer, whereas SiON and SiO, act
as anti-reflection layers. A commercial simulation tool was used to generate the theoretical reflectance
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o 1. Introduction
iations.

Solar energy is one of the abundantly available renewable sources and has drawn

researchers’ interest due to diminishing non-renewable energy (fossil fuels). The solar

radiation is converted into thermal energy through photothermal conversion by means of
concentrated solar power (CSP) plants, which is a suitable way of producing thermal energy
and disposable electricity [1]. The solar absorber has a significant role in improving the
overall efficiency of CSP, as solar absorber coating determines the photothermal conversion
of incident solar radiation to heat energy [2]. A real solar absorber coating should possess
conditions of the Creative Commons  Nigh solar absorptance (x > 0.950) in the solar spectrum range (0.25-2.5 um) and very
Attribution (CC BY) license (https://  10W thermal emissivity (¢ < 0.10) in the infrared (IR) range (2.5-25 um) [3]. Spectrally
creativecommons.org/licenses /by / selective solar absorbers with high solar absorptance, low thermal emissivity and high
4.0/). thermal stability deposited using physical vapor deposited (PVD) are widely used in
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parabolic trough collectors operating at temperatures of 400 °C at maximum. In recent
years, solar absorbers have drawn massive interest due to their novel optical properties
in the solar spectral and IR range [4]. Solar selective coatings are broadly classified into
five different types namely: (a) Intrinsic absorber, (b) semiconductor absorber, (c) textured
surfaces, (d) multilayer stack, and (e) cermet-based absorbers. Amongst these, multilayer
stack and cermet-based solar absorbers are widely investigated [5]. The multilayer stack
and/or cermet-based solar absorber consists of an infrared reflector, an absorber and an
anti-reflection layer. The metal interlayers such as W, Mo, Ni, and Ti in the multilayer
stack are mainly used to reduce the thermal emissivity of the coating in the infrared region
at high temperatures [6,7]. Tungsten (W) is a potential material as interlayer due to its
excellent thermal stability, low infrared emissivity and also acts as diffusion barrier. In
case of absorbers, a wide range of transition metal nitrides/oxynitride based solar absorber
coatings have been developed due to the tuneable optical properties and high thermal
stability at elevated temperatures. Transition metals like Cr, Mn, W, Ni, and Mo usually
show good selectivity and good thermal stability via doping of nitrogen and oxygen to
form respective nitrides, oxynitrides, and oxides as main absorber layers [8]. Various
anti-reflection layers such as SiO,, SiOyN, Si3Ny, TiO,, Al,03, and AlSiOy are used in
solar absorbers based on the application [9-11]. The anti-reflection layer deposited on the
absorber layer reduces the surface reflection and thereby reducing the reflection losses. In
this regard, a multilayer stack is designed by optimizing the optical properties of individual
layers to achieve high absorptance.

The optical properties of thin films are mainly dependent on the optical constants, i.e.,
refractive index (1) and extinction coefficient (k). The refractive index of the individual
layers has a significant effect in designing a high absorptance solar selective coating. A
gradation in refractive index from top anti-reflection layer to bottom of the substrate in the
multilayers stack significantly increases the absorption of the coating [6]. A wide range of
wavelengths in solar radiation can experience enhanced absorption due to multiple reflec-
tions at layer interfaces. Two factors are usually attributed to the absorption in thin films:
One is because the phase difference between the top and bottom layers of the coating sur-
face accounts for destructive interference of light and the other is band-to-band transitions.
The refractive indices and extinction coefficients of the individual layers in the multi-layer
stack determine the reflectance behavior, thereby, helping in better under-standing of the
absorption mechanism and high solar selectivity («c/€). In the past decade, several reports
have been devoted on the effect of refractive index and extinction coefficient on the optical
properties [12-16]. The refractive index and extinction coefficient of each layer is broadly
interpreted with spectroscopic ellipsometry measurements. Biswas et al. reported the
ellipsometry studies of TIAIN/TiAION/SizN4 tandem absorber deposited on Cu substrate.
They correlated the measured ellipsometry spectra with theoretical simulated spectra
based on the optical constant determined for each layer [17]. Dan et al. reported the optical
constants of W/WAIN/WAION/Al,O3; multilayer coating with the presence of intermixed
layers between WAIN and WAION based on ellipsometry studies. The simulation using
these optical constants indicates good correlation between the simulated and experimental
measured reflectance spectra [18]. Similarly, Al-Rjoub et al. reported the optical constants
of WAISiNy, WAISiOyNy, and SiAlOy layers by varying the nitrogen and oxygen partial
pressures. The multilayer stack was designed based on obtained optical constants using
simulation software which exhibited a high solar absorptance of 0.96 and low thermal emis-
sivity of 0.105 (calculated e4q0°c) [19]. Yet in another work, Escobar-Galindo et al. reported
AlyTiy,(OxN1.4) based solar absorber multilayer coatings, which are stable up to 650 °C
for 12 h and the simulated results are in good accordance with the experimental reflectance
data [20]. Similarly, Wang et al. reported an aperiodic metal-dielectric multilayer based on
AICrN and AICrON high-temperature stable coating (500 °C for 1000 h) with high solar
selectivity (oc/¢€) of 0.94/0.11 [21]. In this regard, a wide range of solar selective coatings
developed by several groups are: Cu/TiAICrN/TiAIN/AISiN [22], MoSi,-SiO; [23], Al-
CrSiN/AICrSiON/AICrO [24], Al/NbMoN/NbMoON/SiO2 [25], TiN/nano-multilayered
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AlCrSiO/amorphous AICrSiO [26], and W/ AISiTiN, /SiAITiOyN, /SiAlOy [27]. The optical
design of the coating based on optical constants, layer thickness and composition plays a
major role in developing a spectrally selective absorber coating with high solar absorptance
and low thermal emissivity.

In our previous work, we have demonstrated the in-depth effect of process parameters
affecting the optical properties of individual layers as well as the multilayer stack of
W/WAISIN/SiON/SiO; [28]. In this manuscript, we had presented the effect of reactive
gas flow rates, sputtering power, deposition time and thicknesses of individual layers to
achieve high spectral selectivity. A very low reflectance (R < 5%) was observed in the
wavelength range of 450-1500 nm and very high reflectance (R > 95%) in the IR region,
resulting in high solar absorptance (x = 0.955) and low thermal emissivity (¢ = 0.10 @
82°C). In another study, the thermal stability of the optimized multilayer stack has been
investigated in vacuum (700 °C for 200 h) and air (400 °C for 500 h and 500 °C for 100 h) for
longer duration under cyclic heating conditions. Further, the high-temperature emissivity
measurements have been carried out in the temperature range of 80 °C to 460 °C and
the optimized sample exhibited a thermal emissivity of 0.15 @ 460 °C [29]. The proposed
multilayer stack is a potential candidate as absorber coating on receiver tubes of parabolic
through collector.

One of the biggest problems for central receiver tubes used in CSP is to improve the oper-
ating temperature of solar absorber coatings to enhance the overall photo-thermal conversion
efficiency. In the literature, very few coatings are reported with good thermal stability (air) in
the temperature range of 400-500 °C operating for long duration [20,23,27-30]. Because of
high optical absorption along with low thermal emissivity as well as enhanced thermal stabil-
ity of the tandem absorber of W/WAISiN/SiON/SiO, owing to its unique nano-multilayer
design, it is important to investigate the optical constants (n and k) of individual layers as
well as tandem absorber. Therefore, in this manuscript, we report the phase-modulated
spectroscopic ellipsometry measurements of individual layers of WAISIN, SiON and SiO, and
multilayer stack of W/WAISIN/SiON/SiO; for their optical constants. The optical properties
of thick individual layers were measured using UV-Vis spectroscopy and the effect of surface
roughness on thermal emissivity was verified. The obtained refractive indices and extinction
coefficients of individual layers and multilayers stack are curve fitted using suitable dispersion
medium theories. The wide-angle absorptance was investigated by varying the incident angle
in the UV-Vis-NIR region from 8° to 68°. The simulated reflectance spectra using obtained
optical constants of the individual layers and multilayer stack are in good agreement with the
experimentally measured reflectance spectra with minimal deviation.

2. Experimental Details

Spectrally selective coatings of W/WAISiN/SiON/SiO, were deposited on stainless
steel (SS) and silicon (Si) substrates by a Reactive Unbalanced Direct Current (DC) Mag-
netron Sputtering System with high purity (>99.9%) targets of W, Al, and Si. The substrate
and targets were maintained at a constant distance of 10 cm throughout the deposition.
Pulsed DC power supplies were used to deposit W, WAISIN, SiON, and SiO, layers. The re-
active sputtering of W, Al, Si targets in suitable Ar, N, and O, environments for depositing
the multilayer stack and individual layers. All the coatings were deposited at a substrate
temperature of 200 °C and in-situ Argon (Ar) plasma cleaning for 5 min at a voltage of
—1000 V. The optimized process parameters (such as: Power density, reactive gas flow
rates, bias voltage, and deposition time) were used to deposit each layers as discussed in
our previous paper [28].

The refractive index (1) and the extinction coefficient (k) of the multilayer stack were
measured by the phase-modulated spectroscopic ellipsometry (Model UVISEL 460, ISA
Jobin-Yvon-Spex, Palaiseau, France) in the wavelength range of 300-900 nm. The obtained
data were further analyzed by fitting with the appropriate dispersion models. Solar ab-
sorptance and emissivity of the as-deposited samples were measured using Solar Spectrum
Reflectometer (Model SSR) and Emissometer (Model AE) (Devices & Services Company,
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Texas, TX, USA) of Devices and Services. The emissivity was measured at a tempera-
ture of 82 °C. The reflectance spectra of the as-deposited samples were measured in the
wavelength range of 0.25-2.5 pm using UV-VIS-NIR spectrophotometer (PerkinElmer:
Lambda 950, (PerkinElmer, Massachusetts, MA, USA). Fourier transform infrared spec-
troscopy (PerkinElmer, Massachusetts, MA, USA) was used for measuring the reflectance
from NIR to MIR (2-25 pum). Cross-sectional studies of the individual layers were carried
out using field-emission scanning electron microscopy (FESEM, Carl Zeiss, SUPRA 40VP,
Oberkochen, Germany). The cross-sectional FESEM images of individual layers were
measured using secondary electron detection mode (SE) and at an acceleration voltage of
10 kV. The thicknesses of the individual layers were measured using a 3D profilometer,
Nano Map500LS (AEP Technologies, California, CA, USA). A commercial simulation tool
(SCOUT Version 2.99) was used for simulating the reflectance spectra of each layers of
the tandem absorber using obtained optical constants and compared with the measured
reflectance spectra [31].

3. Results and Discussion
3.1. Optical Properties of Individual Layers

The optical properties of individual layers in the multilayer stack enabled us to
understand the spectral selectivity of the W/WAISIN/SiON/SiO; solar absorber coatings.
To obtain the individual layer optical properties, we have deposited the layers of WAISIN,
SiON and SiO; for long durations on SS and Si substrates. Their optical properties were
measured in the wavelength range from 250-2500 nm using UV-Vis-NIR spectrophotometer.
The thickness and average roughness of the film were measured from the Si substrate. The
individual layer thicknesses were: 940, 445, and 400 nm for WAISiN, SiON and SiO; layers,
respectively, as labelled in insets of Figure 1. The layer thickness was measured using cross-
section FESEM images as shown in the insets of Figure 1 and verified from 3D profilometer
data. It is to be noted that the optical properties of W metal such as reflectance and refractive
indices are well reported in the literature, therefore, the detailed characterization of W
interlayer has not been carried out to avoid duplications. Figure 1a shows the reflectance
spectrum of WAISIN layer, wherein it is observed that the overall reflectance of the film is
less than 40% in the UV-Vis-NIR region, indicating its absorbing nature. The layer has good
absorption in UV-Vis-NIR region and we observe the interference fringes in near-IR region
due constructive and destructive interference in the film. Similarly, the reflectance spectra
of SiON and SiO, anti-reflection layers are as shown in Figure 1b,c with cross-section
FESEM images of the coatings. However, the high reflectance of the SION and SiO; layers
indicates their non-absorbing nature. The SiON and SiO; layers are transparent in visible
and near infrared region and acts as an excellent anti-reflection layers [32]. Moreover,
the fringes observed in the UV-Vis region of reflectance spectra are due to interferences
owing to the fact that light gets partially reflected from the substrate as these layers are
transparent in this wavelength range.
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Figure 1. Reflectance spectra of individual layers deposited on stainless steel (SS) substrate (a) WAISIN, (b) SiON, and (c)
SiO;,. The cross-sectional FESEM images of the individual layers are shown in the insets.

The thermal emissivity depends on the material property and surface roughness
of the coating. The coatings high surface roughness would considerably increase the
thermal emissivity. The statement mentioned above has been proved theoretically and
experimentally by various research groups [33]. The theoretical expression which correlates
the dependence of thermal emissivity, surface roughness and reflectance of the coating is

as in Equation (1):
2
R: = Rp exp{— <47/€7> } (1)

where Ry, Rp, 0 and A are reflectance of rough surface, reflectance of polished surfaces, root
mean square roughness and wavelength, respectively. According to Kirchhoff’s law, the
emissivity and reflectance can be related using the following equation: €, = 1-R) [34,35].
From the above two equations it is evident that with increasing surface roughness, the
emissivity of the film increases [7]. However, a fine nanostructure formed on the coating
surface will enhance the light absorption by multiple reflections due to light trapping [36].
Cao et al. numerically investigated the dependence of surface roughness of the film on
the reflectance and thermal emissivity [37]. Similarly, Wen et al. reported the modelling of
surface roughness of aluminum alloy by different theoretical models and results indicate
a clear correlation between the surface roughness and thermal emissivity [38]. Recently,
metal-liquid—crystal-metal (MLCM) based metasurface of Au/LC/Au are reported for
their enhanced thermal camouflage by structuring the surface emissivity and optimizing
the surface microstructure [39,40]. In this regard, we carried out AFM studies to evalu-
ate the effect on optical properties based on surface roughness of individual layers and
multilayer stack, as shown in Figure 2. The main absorber layer (WAISiN, layer thickness
~940 nm) exhibited the average roughness (R,) of 1.87 nm, as shown in Figure 2a and
the layer exhibits a selectivity (cc/¢) of 0.80/0.63. However, SiON and SiO, depicted low
average roughness values of 1.31 and 1.16 nm, as shown in Figure 2b,c. The anti-reflection
layers exhibit almost similar selectivity of 0.440/0.20 and 0.428/0.20 for SiON (layer thick-
ness ~445 nm) and SiO; (layer thickness ~400 nm), respectively. The multilayer stack of
W/WAISIN/SiON/SiO, deposited on SS substrates depicts a low surface roughness of
0.61 nm and exhibits good spectral selectivity (/) of 0.955/0.10. The results indicate that
the surface roughness of the thin films influences the thermal emissivity of the coatings.
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Figure 2. 3-dimensional AFM images of (a) WAISiN, (b) SiON, (c) SiO,, and (d) multilayer stack
deposited on SS substrates.

3.2. Spectroscopy Ellipsometry Measurements
3.2.1. Optical Constants of Individual Layers

The solar selective properties of each layer were examined for a better understanding
of optical properties. The individual layers of WAISiN, SiON, and SiO, are deposited
for measuring the optical constants using phase-modulated spectroscopic ellipsometry.
In spectroscopic ellipsometry, it measures the change in the monochromatic light’s po-
larization state reflected from the sample surface. The variations are represented as a
function of 1 and A of the individual layers, which represents the amplitude ratio of s and
p polarized light and their phase change, respectively. \p and A can be represented in a
complex reflection ratio (o), which is defined as the ratio of Fresnel reflection coefficient for
s and p polarized light [17,41].

o= :—p = tamp exp(iA) (2)
S

where, r, and 75 are the reflection coefficient of p and s component of the electric field,

respectively [17,18,41].

The obtained 1) and A data from ellipsometry are curve fitted by assuming a physical
model appropriate for each layer. Theoretical simulated spectra consider a suitable optical
dispersion medium for the layers. However, \p and A data from ellipsometry measurements
are derived from experiments and are curve fitted with an optical dispersion model for
optical constant of individual layers. Some of the assumptions, considered during the
fitting of experimentally obtained data with the theoretically generated data are [38]:

e Theindividual layer deposited are considered as homogenous model of thin-film and
is simulated with a theoretical dispersion model to generate optical constants.

e The optical constants of the bare substrate are measured to attain more realistic results,
and these results were compiled for curve fittings.

The optical constants are determined by considering a physical model that matches
the sample and generates a generally suitable optical dispersion oscillator. In this regard,
Cauchy’s absorbent dispersion model was considered for WAISiN main absorber layer,
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as this layer act as absorbing layer in the multilayer stack [17,18,42]. The relations for
Cauchy’s absorbent dispersion medium are as shown in Equations (3) and (4):

B C

k()t):D—i-%—i-% 4)

where, A is the wavelength and A, B, C, D, E, and F are fit parameters. The above equation
mentions that A, B, and C corresponds to the long-wavelength asymptotic refractive index
value, slope and amplitude, respectively of refractive index curve, a similar notation for D,
E, and F [17,18]. The top SiON and SiO; layers were curve fitted with the Tauc-Lorentz (TL)
oscillator model. TL model is effective for nanocrystalline and amorphous thin films [18,43].
The complex dielectric functions can be expressed in a simple oscillator model and the
expression for ¢, is as shown in the Equation (5):

AE,T (E— Eg)*
[(E—Eg)* + 12E]

€y =

1
25 E> Eg (5)

e2=0; E< E

where, E,, Eg, I' and A are the peak transition energy, optical band gap energy, broadening
parameter, and optical transition matrix elements, respectively [20,44]. From Kramers—
Kronig transformation (KKT) the real part (e7) of the dielectric function is expressed as
depicted in Equation (6):

2., [ Gea(d)
= —P
€1 = &uv + )

de (6)

where, €, 117, ¢ and P represents the high frequency dielectric constant, linear dielectric
susceptibility and principal values of the integrals, respectively [45].

Using the above dispersion models {) and A data of WAISiN, SiON and SiO, samples
were curve fitted using a minimization process. This minimization process has a maximum
of 100 iterations and the basis of convergence is 0.000001 (x> minimization—which defines
the good fitting of curves). The model parameters are varied by a regression analysis until
the calculated and experimental data are as close as possible. The following average square
error function is minimized by weighing it to the approximate experimental errors.

2 2
1 N 1l)mod _ q)?xpt AmOd _ A?xpt
X= [l — , |\ | @)
2N -M 1=21 Uflfpt, i Ume, i

where, N, M, and ¢ are the number of measured { and A pairs, number of variable
parameters and standard deviation, respectively. The superscripts “mod” and “expt” mean
the theoretical calculations and experimental data [18,46]. The curve fitted 1} and A of
individual layers are shown by lines, which are in good accordance with the measured
data, represented by symbols in Figure 3. However, the oscillations observed in SiON and
Si0; in the wavelength range of 300-900 nm, due to interference as shown in Figure 3b,c.
In contrast, the absence of such oscillations for the WAISIN layer, as depicted in Figure 3a,
indicates a strongly absorbing property [19]. The optical behavior of such absorbing thin
films can be observed from the reflectance spectra shown in Figure 1. It is to be noted that
the WAISIN layer contains fine nano-multilayers of W,N and AISiN, a total of 36 layers
(18 layers each) as reported previously [29]. However, during the ellipsometry fitting we
have considered the nano-multilayer structure of W, N (t ~1.5 nm, polycrystalline phase)
and AISiN (f ~3 nm, amorphous phase) as a single composite layer of WAISiN and effective
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optical constants of WAISIN layer are obtained. This is assumed as the individual layer
thickness (~3 nm) is very small compared to the measurement wavelength (300-900 nm) of
the ellipsometry. The best fitted optical constant o are plotted as a function of wavelength,
which are shown in Figure 4a. In the case of, WAISIN layer the refractive index increases
with wavelength, thereby making this layer ideal a material for selective absorption of solar
radiation, as depicted in Figure 4a. The refractive indices of SiON and SiO, decrease with
increasing wavelength, but the change is minimal throughout the wavelength range, as
shown in Figure 4b,c. The decrease of the extinction coefficient (k) in WAISIN film indicates
the presence of interband transitions and metallic nature of the film. The “k” values of
SiON and SiO; are zero as expected for dielectric materials. The excellent optical behavior
of SiON and SiO, makes them a potential candidate for anti-reflection layers. The optical
constants (n and k) of the individual layers were calculated using different dispersion
models, discussed above.
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Figure 3. Ellipsometry spectra of individual layers, (a) WAISIN, (b) SiON, and (c) SiO, deposited on SS substrate.
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Figure 4. Refractive indices
SS substrate.

and extinction coefficients of individual layers (a) WAISIN, (b) SiON, and (c) SiO, deposited on

The absorption coefficient of a material determines the depth of penetration of solar
radiation into the material. It is well known that the extinction coefficient of a material
is directly proportional to the optical absorption coefficient, which is as shown in the

below equation:
ak

z ®)
where, «, k, and A are absorption coefficient, extinction coefficient and wavelength [41]. The
absorption coefficients calculated for individual layers using the obtained extinction coefficient
are shown in Figure 5a. The higher absorption coefficient of the WAISIiN layer indicates it
absorbs the incident solar radiation efficiently compared to that of SION and SiO,. Similarly,
penetration depth indicates the extent to which the incident radiation penetrates inside the
film thickness and the same for WAISIN layer is shown in Figure 5b. For the WAISIN layer
with increasing wavelength, the penetration depth increases, indicating good absorption
property of the layer. In contrast, SION and SiO; films are transparent in the wavelength
range of 300-900 nm.

N =
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Figure 5. (a) Absorption coefficient, (b) penetration depth, (c) real (¢1), and (d) imaginary (e3)
part of the dielectric constants as a function of wavelength for single layer coatings deposited on
SS substrate.

The optical properties of thin films are influenced by various material properties
such as dielectric constant (¢), dielectric susceptibility (x), and conductivity (o), which are
treated as scalars for isotropic materials. Moreover, semiconductors and dielectric films
are considered nonmagnetic and do not possess excess electrons other than the electrons
bound in atoms. The relation between the optical constants (1 and k) for dielectric and
semiconductor materials can be calculated from the following relations:

N=n+ikande= ¢ +ie 9)

where, N and ¢ are complex refractive index and complex dielectric constant, respec-
tively. Similarly, the real and imaginary part of dielectric constant can be calculated using
g1 =n? —k* and ¢, = 2nk, respectively [41]. The real (¢1) and imaginary (ep) part of di-
electric constants of individual layers were plotted using the obtained optical constants
(n and k), which are shown in Figure 5¢,d. The imaginary part (e;) of dielectric constant
is related to the conductivity of the material and higher (¢;) indicates good conductivity
due to metallic nature of the film. The ¢; is related to the polarization and ¢, is related to
dissipation, which accounts for wide-angle selectivity and better absorption in the film,
respectively. The ¢, for WAISIN layers increases with wavelength, depicting excellent
absorption property of the film. However, SiON and SiO, demonstrate no absorption and
are highly transparent films in the wavelength range [47,48].

3.2.2. Optical Constants of Multilayer Stack

The optical properties of the optimized multilayer stack were designed based on
gradation in optical constants of each layers calculated using the dispersion theories. The
metal W is well explored and reported in the literature as a material with high refractive
index of 3.83 and good IR reflector [49]. Moreover, the sole purpose of the W interlayer is to
reduce the overall thermal emissivity of the coating and acts as a diffusion barrier at high
temperature. The experimentally measured optical constants of individual layers were
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fitted for W/WAISIN/SiON/SiO, with multilayer model. By considering this we account
the overall optical behavior of the layers in the stack as well as the effect of each individual
layers in achieving high solar selectivity («/¢). The curve fitted 1\ and A of the multilayer
stack are shown in solid lines and which are in good accordance with the measured data,
as shown in Figure 6a. The best curve fitting of the multilayer stack shown in Figure 6a
emphasizes that the assumption of considering the nano-multilayers of WoN and AISiN
layers present in WAISiN main absorber layer, which is considered as a single composite
layer, has insignificant impact on the calculated optical constants. The experimental fitting
of the multilayer stack depicts the presence of intermixed layer in between WAISIN and
SiON layer. The optical constants of intermixed layer were evaluated using Bruggeman
effective-medium approximation (EMA) [18,50,51]. The EMA model is sensitive to the
surface roughness of the layers, but the intermixed layer thickness is ~5 nm and the surface
roughness can be neglected. The intermixed layer formed at the interface of WAISiN and
SiON layer has to be better understood for its influence over the optical properties of the
multilayer stack. The multilayer stacks optical constants with gradation in the refractive
index and extinction coefficient are drawn as a function of wavelength and is as shown
in Figure 6b,c. The refractive indices of W, WAISiN, intermixed layer, SiON and SiO, in
the multilayer stack measured at 550 nm are 3.83, 2.52, 2.28, 1.56, and 1.51, respectively,
as shown in the inset of Figure 6b. The lower refractive index of SiON and SiO; layers
shows the dielectric nature of the films. The trend of refractive index in the multilayer stack
depicts an increase from top anti-reflection layers to the substrate. At each interface of the
layers, the incident solar radiation will change the phase by 180°, leading to maximum
absorption of light [52]. This graded refractive index concept is well reported and is an
efficient way in trapping light and in achieving enhanced solar absorption of the multilayer
coatings as explained in the below section [53-55].
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(a) Ellipsometry spectra of solar absorber coating, (b) refractive index and (c) extinction coefficient of

WAISIN/SiON/SiO, multilayer stack deposited on SS substrate. The refractive index and extinction coefficient of W

are depicted in (b) and (c).

3.3. Optical Properties of Multilayer Stack

To understand the behavior of high solar absorptance of the multilayer stack, we have
deposited successive layers step by step (SS, SS5/W, SS/W /WAISiN, SS/W /WAISiN/SiON,
and SS/W/WAISIN /SiON/SiO,) and measured the reflectance spectra of each sample.
From the reflectance spectra it clear that by addition of one more layer on the top, the
reflectance in the UV-Vis region reduces and near-zero reflectance is achieved after deposi-
tion of last layer, as shown in Figure 7. We have measured the reflectance of polished SS
substrate as a reference of reflectance for characterization of layers deposited on it succes-
sively and the optical properties (« and ¢) are tabulated in Table 1. The deposition of the
WALISIN layer with fine-nano multilayers over the W interlayer results in a significant drop
of reflectance in the UV-Vis region due to interference, as seen in Figure 7. Further, adding
of SiON and SiO, anti-reflection layers the reflectance to near zero in the wavelength range
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of 500-1300 nm is achieved due to gradation in refractive indices of the layers as shown in
Figure 6 [56].
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Figure 7. The reflectance spectra of successive layer-by-layer deposited on SS substrate.

Table 1. Solar absorptance and thermal emissivity of layer-by-layer deposited on SS substrate.

S1. No Description Solar Absorptance (o) Thermal Emissivity (&)
1 SS 0.320 0.13
2 SS/W 0.40 0.08
3 SS/WAISIN 0.850 0.12
4 SS/WAISIN/SiON 0.950 0.11
5 SS/WAISIN/SiON/SiO, 0.955 0.10

The schematic representation of the multilayer tandem stack of W/WAISiN/SiON/SiO,
deposited on the SS substrate, as shown in Figure 8a. The schematic depicts an intermixed
layer between WAISIN and SiON layer, a detailed explanation of this is mentioned in
the below section. The thicknesses of each individual layers in the multilayer stack are
labelled in the schematic, as depicted in Figure 8a. The selective solar absorber coating
is designed based on a graded refractive index with a double anti-reflection layer. The
reflectance spectra of the multilayer stack are as shown in Figure 8b, exhibits near-zero
reflectance in the wavelength range of 0.6-1.4 pm and high reflectance of above 90% in
the infrared region [28]. The low reflectance and high absorptance in the multilayer stack
is due to destructive interference and band-to-band transitions [3]. A graded design of a
multilayer stack generates a step-by-step change in the refractive index, resulting in lower
reflection due to interference effect. Additionally, the double anti-reflection layer (DLAR)
of SION/Si0O; reduces the reflection losses at the surface and enhances the absorption by
trapping the incident solar radiation [10,32,57]. Kim et al. reported the DLAR coatings of
SiN, /SiO; of different thicknesses and the refractive indices of each layer were theoreti-
cally calculated using Essential Macleod software. They also reported that DLAR coatings
exhibited better solar efficiency when compared to single SiN, anti-reflection layer [10].
Moreover, the absorption of light over a wide range of wavelength is achieved better in
DLAR than a single ARC layer [58]. In summary, we have demonstrated that the gradient
in the refractive index of the individual layers in the multilayer stack responsible for the
enhanced absorption (high ).
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Figure 8. (a) Schematic of the multilayer stack deposited on SS substrate and (b) The reflectance spectrum of the optimized

sample of the multilayer stack [28].

3.4. Angular Dependence of Solar Absorptance

The angle of incidence of solar radiation on the multilayer stack has direct influence
over the reflectance and overall performance of the system. By varying the angle of
incidence, the reflectance spectra are measured for the multilayer stack using UV-Vis-NIR
spectrophotometer. The influence on optical properties of the multilayer stack with change
in incident angle was studied in detail. The incident angle was varied from 8°-68° and the
transverse electric (TE), i.e., s polarization and transverse magnetic (TM), i.e., p polarization
reflectance spectra were recorded as a function of wavelength, as shown in Figure 9. The
p polarization reflectance spectra (Rp) depict a decrease in reflectance up to an incident
angle of 58° and further it increases at 68° incident angle, as shown in Figure 9a. The
reflectance of the multilayer stack is less than 6% in the wavelength range of 500-1500 nm,
which indicates good selectivity as well as wide angle solar absorptance. Similarly, the
s polarization reflectance spectra (Rs) show an increase in reflectance of the film with
increasing incident angle, as shown in Figure 9b. A slight shift in reflectance minima
towards shorter wavelength is observed in reflectance spectra form 38°—68°. This is due
the fact that at higher incident angles the effective thickness of the coating interacting with
light is thinner compared to the actual thickness [59]. However, the average reflectance
spectra of s and p polarization indicate a low reflectance (less than 10%) with varying
incident angle, as shown in Figure 9c. These results demonstrate excellent wide-angle solar
selectivity of W/WAISiN/SiON/SiO, multilayer stack up to 58°.
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Figure 9. Angular absolute reflectance studies of the multilayer stack in UV-Vis-NIR region (a) TM polarization (Rp), (b) TE

polarization (Rs), and (c) Average reflectance R = (Rp + Rs)/2.
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3.5. Optical Simulation of Individual Layers and Multilayer Stack

A commercial simulation tool is used for determining the calculated reflectance spectra
based on optical constants of the materials and film thicknesses [31]. The design of the solar
absorber coating of W/WAISiIN/SiON/SiO, was carried out using simulation to minimize
the number of experiments. The simulation was carried out to reduce the reflectance in the
UV-ViS-NIR region by varying the refractive indices and thicknesses of the individual layers in
the multilayer stack. Subsequently, the simulated reflectance data of the designed solar absorber
coating was compared with the actual deposited W/WAISIN/SiON/SiO; coating and similar
approach was used for individual layers (WAISIN, SiON and SiO,) as well. The computational
studies of WAISIN, SiON, and SiO, layers were based on the optical constants obtained using
spectroscopy ellipsometry and the reflectance spectra is generated in the wavelength range of
3002500 nm. The refractive index (1) and extinction coefficient (k) of each individual layer are
used for the simulation. Reference was inputted from experimentally measured reflectance
spectra. The deviation was computed as a simple mean squared difference. Individual points
on the simulated and imported reflectance spectra were compared and deviation was computed.
The displayed value is the average of mean squared values over the defined range. The
simulation fitting between the simulated and the measured spectra is evaluated using the
deviation value. The simulation fitting is described as rejected, bad, acceptable, good and
excellent based on the fit deviation valuei.e., 0.1, 0.01, 0.001, 0.0001, and 0.00001, respectively [31].
The fit deviation values of all the simulated spectra are tabulated in Table 2 and a low deviation
value indicates good and excellent fits of the simulated spectra. The simulated and experimental
spectra of WAISIN, SiON, and SiO, thick individual layers (Figure 10a—c and the deviations of
the fit are tabulated in Table 2. The optical constants are acquired from ellipsometry studies
of the individual layers as well as the multilayer stack, as discussed above. The data fitting in
simulation software of the individual layers showed a deviation, which is attributed to available
ellipsometry data of the individual layers in the limited wavelength range (300-900 nm). The
deviation between the two spectra exists for various reasons. The most important one being
the range over which ellipsometry data was collected. Ellipsometry data is collected up to
900 nm, while reflectance data is plotted up to 2500 nm. The simulation tool assumes a constant
value (1, k at 900 nm) of the ellipsometry data in 900-2500 (missing data range). This can be
justified as the fitting for the particular layer thickness well matched with the experimentally
measured reflectance spectra in the range of 300-900 nm. These measurement errors influence
a minor deviation in the reflectance spectra generated through SCOUT simulation software
to that of the experimentally measured reflectance spectra. The fit deviations are tabulated
in Table 2. However, the effective optical constant of WAISIN layer used for simulation indicates
an excellent fit, which implies that the calculated optical constants of WAISiN layer are accurate.
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Figure 10. Experimental reflectance spectra of the individual layers in the tandem stack fitted with the simulated spectra
obtained from SCOUT simulation software (a) WAISiN, (b) SiON, and (c) SiO, layer.
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Table 2. Thicknesses of the individual layers and tandem absorber used to generate the simulated
reflectance spectra, fit deviation with experimentally measured spectra.

Layer Thickness (nm)

S1. No Description - - Deviation
Experimental Simulated
1 WAISIN 940 872 0.00128
2 SiON 445 407 0.00371
3 SiO, 440 430 0.00377
4 W /WAISiIN/SiON/SiO, 280/85/70/30 250/78/68/37 0.0002270
W /WAISIN/Intermixed

5 layer/SiON/SiO, 280/85/70/30 250/80/5/70/40  0.0002042

The effective optical constants of WAISIN layer and optical constants of SiON and SiO, anti-
reflection layers calculated are considered for simulation studies of the multilayer stack. In the
multilayer stack, the simulation indicates an excellent fit with a deviation in fitting of 0.0002042
between the experimental and simulated spectra. Moreover, the thickness of individual layers
in the multilayer stack after fitting shows a slight variation from the measured thickness of
the film (as tabulated in Table 2), as this variation of thickness is due to the measured optical
constants. However, at the interface of WAISIN and SiON layer there exists a thin intermixed
layer of ~5 nm in the multilayer stack, which is known from the spectroscopic ellipsometry
measurement. The influences of the intermixed layer on reflectance spectra are simulated with
respect to the measured reflectance spectra and the same is shown in Figure 11. The schematics
of multilayer stack with simulated thicknesses are incorporated as in-sets in Figure 11a,b. The
simulated spectrum without the presence of intermixed layer depicts a small hump in the
wavelength range of 600-1200 nm and two reflectance minima at 712 and 1305 nm, as indicated
in Figure 11a. The simulated thicknesses for the individual layers are labelled in the schematic
(inset) of Figure 11a and are tabulated in Table 2. Figure 11b shows the simulated and the
experimental reflectance spectra of multilayer stack in which the presence of the intermediate
layer between WAISIN main absorber layer and SiON layer exhibits an excellent fit. After
introducing the intermixed layer, the reflectance minimum shifts from 712 nm to 637 nm,
thereby implies better absorptance property of the multilayer stack, as marked in Figure 11b.
However, the reflectance minimum at 1305 nm does not shift but the overall reflectance in the
wavelength range of 600-1300 nm is less than 1%. Furthermore, the gradual change in the
refractive index of the multilayer stack due to intermixed layer ensures the near-zero reflectance,
i.e.,, W/WAISiIN/intermixedlayer/SiON/SiO; (3.83/2.52/2.28/1.56/1.51 @ 550 nm) from the
top anti-reflection layer to the bottom of the substrate. This comparison of simulated spectra
with and without intermixed layer confirms that due the formation of the intermixed layer
in between WAISIN and SiON layers, the reflectance decreases in the wavelength range of
600-1200 nm. So, the intermixing at the interface favors in lowering the reflectance by a gradual
change in the optical constants. Similar, intermixing is also observed at the interface of WAIN
and WAION in W/WAIN/WAION/Al,O; solar selective coating [18]. Zhao et al. reported the
optimized three-layer solar absorber coating using CODE simulation tool, which exhibits a high
solar absorptance of 0.97 and low thermal emissivity [60]. Their simulated results were in good
agreement with the experimental data, which indicates the reliability of the approach through
computational simulation.
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Figure 11. The multilayer reflectance spectra of the solar absorber fitted with simulated spectra
generated from simulation: (a) Without the intermixed layer and (b) with the intermixed layer. The
schematics of the multi-layer stack with simulated layer thicknesses are presented as insets.

4. Conclusions

We report the detailed evaluation and analysis of enhanced spectrally selective so-
lar absorber coating of W/WAISIN/SiON/SiO; by means of spectroscopic ellipsometry.
The optical constants of individual layers and multilayer stack were obtained by curve
fitting the 1\ and A plots using appropriate dispersion models. The Cauchy absorbent
dispersion model was used for main absorber layer (WAISiN), Tauc-Lorentz model for
anti-reflection layers (SiON and SiO,) and Bruggeman effective medium approximation
for the intermixed layer formed in between WAISiN and SiON layers. The obtained optical
constants depict a gradation in the designed multilayer stack from top anti-reflection layer
to substrate due to which an enhanced solar absorption is achieved. The multilayer stack
of W/WAISiIN/SiON/SiO, (280/85/70/30 nm) deposited on SS substrate exhibits a high
solar absorptance of 0.955 and low thermal emissivity of 0.10. Furthermore, the wide-angle
selectivity of the multilayer stack was measured by varying the incident angle (8°-68°)
and the multilayer stack exhibits an excellent wide-angle selectivity up to 58°. The optical
simulated spectra of individual layers and multilayer stack using software shows a good
correlation between the measured and experimental spectra. The simulation results based
on optical constants of multilayer stack measured using ellipsometry describe the influence
of intermixed layer in achieving high solar absorptance.
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Abstract: Nanoimprinting is a well-established replication technology for optical elements,
with the capability to replicate highly complex micro- and nanostructures. One of the main challenges,
however, is the generation of the master structures necessary for stamp fabrication. We used
UV-based Nanoimprint Lithography to prepare hierarchical master structures. To realize structures
with two different length scales, conventional nanoimprinting of larger structures and conformal
reversal nanoimprinting to print smaller structures on top of the larger structures was performed.
Liquid transfer imprint lithography proved to be well suited for this purpose. We used the sample
prepared in such a way as a master for further nanoimprinting, where the hierarchical structures
can then be imprinted in one single nanoimprinting step. As an example, we presented a diffusor
structure with a diffraction-grating structure on top.

Keywords: Nanoimprint lithography; UV-NIL; reversal NIL; liquid transfer imprint lithography;
hierarchical structures; optical micro- and nanostructures

1. Introduction

UV-based Nanoimprint Lithography [1,2] is a method to replicate nanostructures on a large area,
and is commonly used for the fabrication of microlenses [3-5], wafer-level cameras [6,7] and diffractive
optical elements [8-10]. The basic process flow is the following: a nanostructured stamp is pressed into
aliquid, UV-curable material on a substrate. While the stamp is in contact with the polymer, the material
is cured by UV-irradiation and then the stamp is removed, resulting in a nanostructured crosslinked
polymer on the substrate. Typically, and for cost-of-ownership considerations, the stamp itself is
a copy from a master structure, which can be prepared by many different types of fabrication methods,
for example, electron beam lithography [11,12], ion beam lithography [13], x-ray lithography [14],
diamond turning [10,15] and even by copying from natural structures [16]. For many applications, it
is interesting to investigate nanostructures on top of larger microstructures: so-called “hierarchical
structures’. Such structures often appear in nature (e.g., lotus flower leaves [17] or gecko feet [18,19]),
but can also be interesting for other applications like grating couplers on waveguides (e.g., [20]), energy
applications [21], or sensors [22]). Nanoimprinting is ideally suited to replicate complex structures in
a single process step. In most cases it is, however, non-trivial to fabricate the complex master structure,
which is then used for stamp fabrication. We investigated the combination of two nanoimprint steps to
create such masters with hierarchical structures.
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2. Materials and Methods

As nanoimprint materials, we focused, in this work, on UV-curable hybrid polymers, so-called
‘Ormocers’. They are commercially available and are designed for use in optical applications [23].

Usually, in nanoimprint lithography, it is the substrate which is coated with the UV-curable
imprint polymer, e.g., by spin coating, droplet dispensing or inkjet printing. However, for certain
applications, it can be advantageous to coat the stamp rather than the substrate, which is then called
‘reversal NIL' [24]. This procedure is especially advantageous if NIL has to be performed on top of
existing micro- or nanostructures while preserving the topography. It is usually not possible to apply
a homogeneous coating directly on top of already existing micro- or nanostructures without filling
up the gap between these structures or changing their geometry. However, reversal NIL is often
challenging since the Nanoimprint stamps are designed to exhibit anti-sticking properties, which makes
good wetting - and therefore homogeneous coating of the stamp — difficult, or leads to spontaneous
dewetting. This puts limitations on the type of materials that can be used as well as on the type
of stamps.

A variant of reversal NIL, so-called liquid-transfer imprint lithography (LTIL) [25], is a possible
solution for this problem. The basic principle of LTIL is that, initially, a flat substrate is spin coated
with the UV-curable resin. This so-called donor wafer is a material that can be spin-coated nicely. It is
used to prepare a thin and well defined nanoimprint material layer on a substrate. Next, a flexible
stamp is brought into contact with the resin layer on the donor wafer, and this stamp is then peeled
off from the donor wafer in a well-controlled way. A thin, homogeneous layer of liquid UV-curable
resin stays on the stamp, which is then transferred to the target substrate, where the UV-NIL process is
finished by curing the resin by UV radiation and the subsequent demolding step.

This LTIL process can be used to nanoimprint a structure on an already prestructured substrate to
combine different structures and functionalities [26-28]. In our work, we combined the optical effects
of a line and space diffraction grating with that of a diffusor in order to create a sample with such
a hierarchical pattern, whichwe then used as a new master for further stamp fabrication and imprinting,
improving the facilitation of the overall process in the end. The diffusor and grating pattern was
chosen to demonstrate the technology and has no specific application in the context of this work.

In the following paragraphs we describe the way in which we prepared our prestructured
substrates, how we perform the LTIL nanoimprinting on top of the prestructured substrate, and how
we used the result of this process as a master for working stamp fabrication and single-step imprinting
of hierarchical structures.

As the material for our prestructured substrates, we chose OrmoComp [29] on a standard PVC foil.
The 100-pum-thick PVC foils were used as received, without any further treatment. OrmoComp has good
adhesion to PVC and excellent optical and nanoimprint properties. We used a standard nanoimprint
process to pattern the OrmoComp and create an OrmoComp diffusor substrate. The stamps for this
nanoimprint process were prepared by casting Polydimethylsiloxane (PDMS, Sylgard 184, 1:10 mixing
ratio, 40 °C temperature, 23 h curing time) on a commercial diffusor foil. The imprint material was
droplet dispensed onto the PVC substrate. UV curing was accomplished using an in-house built
high-power UV-LED light source with a wavelength of 365 nm. For the imprinting, no pressure was
applied. A photograph and an AFM image are shown in Figure 1. The typical peak to valley height is
around 2.5 pm.

On top of the OrmoComp diffusor substrate, we performed the LTIL nanoimprint process.
The stamps for this process were also made from PDMS (Sylgard 184, same procedure as for the diffusor
PDMS stamp) and copied from a line and space quartz master (fabricated by electron beam lithography
and reactive ion etching and treated with our BGL-GZ-83 anti adhesion layer [30,31]). Figure 2 shows
a photograph and an AFM image of the master that was used. It contains, in total, 16 4 X 4 mm?
large fields with four different periodicities. The line and space dimensions are 600 nm/1800 nm,
400 nm/1200 nm, 300 nm/900 nm and 200 nm/600 nm.
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Figure 1. Left: photograph of the diffusor foil master. Right: AFM image of this master. The scan area
is 50 X 50 pm?,
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Figure 2. Left: photograph of the grating master. Right: AFM image of this master.
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Again, OrmoComp was used for the final imprinting with the PDMS grating stamp. For the LTIL
process, OrmoComp was diluted 1:2 with PGMEA (Propylene glycol monomethyl ether acetate)
and then spin coated at 5,000 rpm on a silicon wafer. The solvent was then evaporated at 100 °C on
a hotplate for 1 min. Prior to spin-coating, the wafer was treated with Profactor’s HMNP-12 adhesion
promoter [32]. The PDMS stamp was carefully brought into contact with the coated wafer and then
peeled off again. Then the stamp was used for UV-NIL on top of the diffusor substrate. Pressure was
applied using a self-built air pressure-based imprinting setup, which allows very homogeneous pressure
distribution even on curved substrates [33]. UV-curing was performed again using the high-power
UV-LED system at 365 nm.

The whole process sequence is schematically sketched in Figure 3, beginning with the fabrication
of the diffusor substrate (step A (diffusor stamp fabrication) and step B (nanoimprinting of OrmoComp
on PVQ)). Step C is the fabrication of the PDMS stamp from the grating master, which is then used in
the LTIL process (D-H). First, the material transfer from the donor wafer to the stamp for reversal NIL
is accomplished (steps D and E). The coated stamp is then brought in contact with the prestructured
substrate (F, G). By applying external pressure, the flexible PDMS stamp conforms to the topography
of the underlying substrate (G), the OrmoComp is cured (G) and the stamp is removed (H), finalizing
the LTIL process. The sample now contains the hierarchical structures.
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Figure 3. Process flow for master fabrication: First, a PDMS stamp from the diffusor master was
fabricated (A), which is then used to imprint OrmoComp onto a PVC foil (B). Using a grating master,
another PDMS stamp was made (C), which was used in an LTIL process (D,E) to print on the diffusor
substrate (F-H). The flexible stamp conforms to the topography of the diffusor substrate as sketched in
G. The results are the grating structures on top of the diffusor structures (H).

To avoid the trapping of air bubbles (especially in step G), two aspects are important. Firstly,
the grating stamp has to be flexible enough to allow real conformal contact. In our case, the PDMS
stamp was approximately 2 mm thick; for other substrate geometries thinner (i.e., more flexible)
stamps will be necessary. Secondly, the contact geometry is critical. We bring the stamp into contact
with one side of the substrate and then carefully lower the rest of the stamp in a lamination-type of
process. Furthermore, nanoimprinting was performed in a vacuum [33]. Finally, the fact that PDMS is
gas-permeable to some extent also helps in avoiding air bubbles [34,35].

The imprinting process was performed in such a way as to obtain four different areas on a single
sample: the unstructured area, the diffusor structure alone, the grating structure alone, and an area
with the hierarchical structure of grating on top of the diffusor. This was achieved by aligning the stamp
to the substrate in such a way that the overlap between the diffraction grating pattern and the diffusor
pattern was only achieved in a small area of the substrate.

From a sample that was prepared as described above, it is now possible to replicate a stamp
for further nanoimprinting. A PDMS copy was prepared using conventional Sylgard 184 PDMS
(1:10 mixing ratio, 23 h at 40 °C in a laboratory oven) as described above.

This stamp now contains the hierarchical structures and can be used in a conventional single
step nanoimprint process. The imprint was again performed using OrmoComp as imprint material
and a PVC foil as substrate. Figure 4 shows the processing sequence. In steps A—C the hierarchical
structures sample is used as a master for working stamp fabrication. This working stamp is then used
in a conventional Nanoimprint process (D-E). The advantage is that now the hierarchical structures
can be replicated in a single nanoimprinting step.

> o> = — > — >

Figure 4. Process flow for stamp fabrication (A-C) and single step nanoimprinting of hierarchical
structures (D-F).

3. Results

3.1. Hierarchical Stamp Master

Figures 4-8 show the result of these experiments. Figure 4 shows an optical micrograph image of
the stamp master fabricated by combining conventional UV-NIL and LTIL. Both the diffusor structures
and the grating structure can clearly be seen. AFM images from different positions of the same sample
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are shown in Figure 5. The grating structure follows the topography of the underlying diffusor structure
in a conformal way and is present both in the valleys and on the hills. Looking at the line scan from
one of the AFM images (Figure 6), it can be seen that the height of both types of structures is preserved.

100.0pym

Figure 5. Optical micrograph of the grating on top of the diffusor structure. The lines and spaces follow

the topography of the surface.
Opm 10 20

30 40

7 2.71 ym 3.03 um

2.50

2.50
2.00

2.00
1.50

1.50
1.00 1.00
0.50 0.50
0.00 0.00
1.12 um 1.49 ym
1.00

1.20
080 1.00
0.60 0.80

0.60
0.40

0.40
020 0.20
0.00 0.00

Figure 6. AFM images of the hierarchical structures master used for further imprinting. The left
and right images have line and space dimensions of 300 nm/900 nm and 400 nm/1200 nm, respectively.

The dashed line in the lower right corner indicates the location of the extracted linescan shown in
Figure 7.
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Figure 7. Line scan of the hierarchical structures master shown in Figures 5 and 6 above. The height of
both types of structures is well preserved from the individual masters to the hierarchical structure.

Figure 8 compares the optical effects of the four different areas on the sample using a standard
green laserpointer (A = 532 nm). It can be seen that in the area with the hierarchical structures,
both effects—the one of the diffusor and the one of the grating—are present.

Figure 8. Photographs illustrating the optical effect of the differently stuctured areas by passing a green
laser beam through the sample in 4 different areas: (a) unstructured, (b) only grating, (c) only diffusor
and (d) grating on top of diffusor. The difference between b and d can be clearly seen.

3.2. Direct Hierarchical Nanoimprint

Figure 9 shows a compilation of four AFM images of the final sample, which was fabricated
by a single imprint with a stamp copied from the hierarchical master sample. Due to the irregular
structure of the diffusor, it was not possible to perform the measurements on the exact same spots as for
the master again. However, our results show that the single step nanoimprint replication of hierarchical
structures could be achieved with high fidelity. The line scan in Figure 10 shows the same characteristics
as that produced by the flat grating master, the intermediate hierarchical structure master, and here on
the final imprint. By evaluating the peak positions of the Fourier transformed images in Gwyddion [36],
it was verified that the periodicities (1.60 pm or 1.20 um, respectively) of the regions used for the line
scans are identical on the grating master, the hierarchical structures master, and on the final imprint
within the measurement error (+/- 60 nm, evaluated from 10 independent measurements using the 2D
FFT function in Gwyddion). The volume shrinkage of the material, which is around 5%-7% according
to the datasheet, does not play a significant role here, since the material is a thin layer fixed to a rigid,
much thicker substrate. Shrinkage therefore will mainly happen in z-direction, since x- and y-directions
are fixed. Due to the irregular nature of the diffusor structure, this effect could not be observed.

As far as the lifetime of the PDMS stamp is concerned, it strongly depends on the imprint resin
used [34,37-40]. Furthermore, there are different types of PDMS that can be used, which also have
different mechanical properties, e.g., h-PDMS [41,42] or X-PDMS [43].
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Figure 9. AFM image of the final imprint. The left and right images have line and space dimensions of
300 nm/900 nm and 400 nm/1200 nm, respectively. Comparing these with the results from Figure 5,
it can be seen that the hierarchical structures could be replicated with high fidelity. The dashed line in
the lower right corner indicates the location of the linescan shown in Figure 10.
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Figure 10. AFM linescan taken on the final imprint. The location is indicated by the dashed line in
the lower right AFM image in Figure 9. Again, the height of both types of structures is well preserved
from the individual masters to this final imprint.

4. Discussion

We showed that combining conventional NIL and LTIL is a suitable way to achieve multifunctional
hierarchical surfaces. This has already been shown in other studies [26-28] and involves two separate
nanoimprint steps and an unconventional nanoimprint method (LTIL). Using such a sample with
a complex hierarchical geometry as a master for further stamp fabrication has several advantages
in our opinion. To produce the final sample, the number of nanoimprint steps is reduced. Just one
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imprinting step is necessary instead of two, and consequently, the overall number of process steps is
significantly reduced - typically by a factor of two - reducing cost of the overall process significantly.
Material use is also optimized, since a spin-coating step can be omitted, resulting in a greener and more
cost-effective process. Furthermore, potential adhesion problems between the two layers (diffusor layer
and grating layer) can be avoided, although we have seen no evidence that this might be a problem
with the materials we used in our experiments.

As an example, we demonstrated the combination of diffraction grating and diffusor structure.
Such a sample was also successfully used as a master to fabricate a working stamp for nanoimprint
lithography to replicate hierarchical structures in a single process step. The choice of structures for
this work was based on the availability of masters and the possibility to easily distinguish between
the optical effects of the two. In general, we are optimistic that the same process can also be used
for combinations of other structures and also for other types of effects, ranging from antimicrobial
to superhydrophobic. Moreover, applications like antireflective moth-eye structures on micro lenses
should be feasible with this process. We have seen in different processes that PDMS stamps are capable
of strong deformations, while still maintaining conformal contact. Examples are given in Appendix A.

Another interesting aspect of the use of such a master structure is that—assuming vertical sidewalls
in the master and stamp for the grating—the hierarchical master should have negative sidewalls in
many areas on one side of the grating structures. We have seen no evidence that the presence of
such undercut features represents a problem for the soft PDMS stamp that we used. Both for larger
and smaller structures, it has been shown that PDMS or other types of soft stamp materials are capable
of replicating such features [44,45]. We will continue to work on combining different types of structures.

Furthermore, we will also work to apply this process to larger areas (DIN A4 and more), to be
able to implement such stamps in our roll-to-plate nanoimprint process.

In conclusion, we presented a nanoimprint-based process for the creation and cost-efficient
replication of hierarchical surfaces, demonstrated using a diffusor and a diffraction pattern. Using two
subsequent nanoimprint steps, we realized a master structure that was further used to replicate a stamp
for nanoimprinting. With this stamp we were able to create the structure that was initially created by
two separate nanoimprinting steps using one single step.
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Appendix A

To further illustrate the deformation properties for PDMS stamps, some examples are given
here. The UV-NIL process used here was slightly different. The imprint material OrmoComp was
droplet-dispensed, and the nanoimprinting was performed using a vacuum-based process with a tool
described elsewhere in detail [33]. The substrate was generated using glass spheres glued to a glass
substrate. Gluing was accomplished using a layer of OrmoComp. Due to the strong deformation
of the PDMS stamp, the stamp stretches on top of the structures, as illustrated in Figures A1-A3.
Figure A2 shows an additional SEM image of the sample shown in Figure Al. Figure A3 shows
an optical micrograph of an additional sample.
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Top: Period 4.4um, D= 2.96um
Side view

Bottom: Period 2.75um D = 2.27uym
Top view Side view

Figure A1l. SEM images illustrating the deformation capabilities of PDMS stamps in nanoimprint
lithography. The pattern on top of the sphere is significantly stretched. Consequently, the structures
(pillars on the imprint, holes in the stamp) are also distorted. The period on the top is 160% of the period
on the bottom, the diameter D of the features is also increased. The scale bars in the right images,
which are cutouts from the left image and Figure A2, are 10 um.

Figure A2. SEM image of microstructures nanoimprinted on top of a microsphere.
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Figure A3. Optical micrograph (3D image stacking using a Keyence VHX-5000 digital microscope)
of different types of microspheres over-imprinted with a PDMS stamp. In contrast to Figures A1 and A2
here, the stamp contained pillars instead of holes. It can clearly be seen that the pillars on the stamp
are less stable under the imprinting pressure and collapse on top of the spheres, whereas the holes in
the stamp remain more stable as can be seen in Figure A2.
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