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Abstract

Chromium thin films exhibit several properties that make them potential for solar thermal
applications. In this work the effect of film thickness and sputtering power based multilayer
structure on the optical properties of DC sputtered chromium thin films is reported. The
structural, topological, and optical properties of these films were determined by X-ray
diffractometer, Atomic Force Microscopy, and Ultraviolet-Visible-Near Infrared
spectrophotometer, respectively. XRD spectra revealed a single peak with preferential
orientation of (200) and (210) for single layer and multilayer chromium films, respectively.
The grain size and roughness were relatively higher for the multilayer compared to single layer
Chromium films. Spectral transmittance showed very high sensitivity to film thickness with
average peak of 69% and 5% at a wavelength range of 250-2500 nm for the film thickness of
12 nm and 94 nm, respectively. Spectral transmittance was also found to be higher in single
layered films than multi-layered films. Findings from this study suggest that multilayer
structure have the potential of tuning the microstructure and optical properties of low thickness
Cr films, hence, extending its potential applications in selective solar absorber applications.
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Introduction

Chromium (Cr) and its corresponding
oxides are among the most researched and
used thin films due to their diverse and
prospective properties. These properties
include good adhesion, high melting point,
high hardness, high wear and corrosion
resistance, low density and high thermal
conductivity that are very important for wide
and diverse range of applications (Kulkarni
and Chang 1997, Lovrin¢i¢ and Pucci 2009).
Cr based thin films have many applications
including corrosion protection, photo masks,
optical beam splitters, and in selective solar
absorber applications to mention few
(Foroughi-Abari et al. 2012, Bikul¢ius et al.
2017, Salo et al. 2020, Kuo et al. 2020).

Furthermore, Cr possess an intrinsic spectral
selectivity that can be tuned by employing
different deposition methods and conditions
thus making it a potential for novel design of
selective solar absorbers (Jingxue et al.
2016).

A variety of methods are reported for
coating these films including chemical
vapour deposition, pulse laser deposition,
spray pyrolysis, sol gel spin coating, thermal
evaporation and sputtering. Among these
methods, sputtering is versatile and suitable
for large area deposition due to its relatively
high deposition rate and being
environmentally friendly (Hoflich et al. 2016,
Singh et al. 2018). Most of thin films
produced by this method have high-quality
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uniform films with exceptional physical and
optical properties (Ollotu et al. 2021).

In most cases, metallic thin films
employed in selective solar absorber coatings
are deposited as single layer and their optical
and microstructural properties could be
modified by adjusting the deposition
parameters and conditions. However, in some
cases, the films could be deposited as
multilayer structure and their microstructure
and optical properties could be modified by
varying the deposition conditions such as
number of individual layers, film thickness,
and deposition power among the layers in a
multilayer configuration. The later deposition
approach is reported to be essential in
modifying the properties of thin films such as
adhesion of the films on a substrate and
enhancement of spectral selectivity due to

multiple  reflections and interferences
occurring between the layer interfaces.
Besides, multilayer structure has been

reported to minimize the residual stress in
some film coating (Jingxue et al. 2016).
Residual film stress is one of the prominent
defects in thin film solids deposited by
Physical Vapor Deposition (PVD) methods
attributed  to  unbalanced  equilibrium
processing  conditions.  Depending  on
intended final properties of the coating,
residual film stress could either positively or
negatively influence the performance of a
coating as high level of stress favours several
detrimental interfacial issues, such as
buckling or cracking which may cause poor
adhesion of film coating and hence affecting
the performance of spectral selective device
(Guilbaud-Massereau et al. 1995, Hoflich et
al. 2016). Thus, controlling the level of
residual stress in film coatings is still vital in
designing and developing high quality
selective absorber coatings. Along with the
improvement made in microstructure and
optical properties of Cr, still the systematic
research about the effects of structural design
and the deposition conditions particularly
multilayer structure deposited at different
powers on microstructure and optical
properties which are essential for spectral
selective of Cr thin films is lacking.
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In this study therefore, two different
growth configurations were adopted in which
three thin layers of Cr films were deposited
consecutively at different powers and their
results are compared with single Cr film of
the same thickness. The influence of
thickness on the optical properties was
investigated as well.

Materials and Methods

The deposition of both single and tri-
layered Cr thin films onto soda lime glass
(SLG) substrates were achieved at room
temperature by DC magnetron sputtering of
high purity Cr target (99.99%) from
Plasmaterials Inc. Prior to deposition, SLG
substrates with dimensions of 72 mm x 25
mm were first cleaned ultrasonically then
rinsed in distilled water and ethanol, before
being suspended in ethanol vapour. The
deposition chamber was evacuated to the
ultimate base pressure of 6.8 x 10° mbar
using turbo molecular pump bucked up by
rotary mechanical pump before deposition.
For single layer, the sputtering was done at a
power of 25 w and working pressure of 3.6 x
10° mbar using high purity argon gas
(99.99%) flowing at a rate of 15 sccm and the
thickness of 32 nm was achieved. For tri-
layer, sputtering was achieved using the same
conditions as those for single layer except the
sputtering power that was set at 25 w/50 w/75
w for the consecutive layers while
maintaining the overall thickness as that of
single layer. The thickness of each individual
layers in multilayer stack was set to 10/11/11
nm and was achieved by using the prior
optimized deposition rates. In both cases, the
substrate-target distance was set to 12 cm.
After deposition, the films were analysed for
structural,  morphological and optical
properties.  Films®  thicknesses  were
determined by using the Alpha Step surface
profiler that measured a step created using a
Teflon tape stacked on a substrate prior to
film deposition. The surface morphology of
the films was investigated with the help of
Nanoscope Illa Multimode AFM set in taping
mode using RTESP7, 125 pum pyramidal
silicon tips for a scan size of 1 x 1 um at a
scan rate 2 Hz. The obtained images were
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processed and analysed using Gwydion
software (Nedas and Klapetek 2012) and
WSxM software (Horcas et al. 2007),
respectively. The structural properties of the
films were determined using an X-ray
Diffractometer (XRD) in which Cu K-alpha
radiation of 0.1504 nm wavelength was used.
The value of Full Width at Half Maximum
(FWMH) of the dominant XRD peak was
determined by fitting the dominant peak
using origin lab Pro 2018 software. The
crystalline phases were identified by
comparing the measured Bragg diffraction
peaks with the corresponding cards provided
by ICDD. The transmittance and reflectance
in the wavelength range 250-2500 nm were
measured using a double beam Perkin Elmer
Lambda 1050+ UV/VIS/INIR
spectrophotometer. The optical constants
were determined through fitting of theoretical
and measured transmittance and reflectance
data using Scout software (2.4, WTheiss
Hardware and Software) as ascribed by
Khelifa et al. (2019).

Results and Discussion
XRD and AFM analysis

Figure 1 shows the X-ray diffraction
patterns of a 32 nm as deposited Cr thin
films. The patterns depict only one diffraction
peak at 20 =~ 44.2° for multilayer and 20 =
39.3° for single layer film indicating the
preferential orientation on (210) and (200)
planes, respectively (PDF No: 19-0323). The
observed shift of peak position to lower
angles may be associated with residual stress
due to the increase in deposition power
(Wang et al. 2011, Hoflich et al. 2016, Ollotu
et al. 2020). The structural transformation of
Cr films was also observed by other
researchers due to other processing
parameters such as substrate temperature,

operating pressure, and substrate biasing
(Balu et al. 2005). The average crystallite size
of single layer and multilayer Cr films were
computed using the Debye-Scherer formula
as per equation 1.

D~ 0.941
pcosé

Where: D, A, B and 6 are crystallite size,
XRD radiation wavelength, Full-Width at
Half Maximum (FWHM) of a dominant peak
and Bragg angle, respectively. The FWHM of
the diffraction peaks reveals the larger
crystalline size for single layer than
multilayer Cr films (Table 1). The broadening
of diffraction peaks for multilayer Cr films is
attributed to the deterioration of the
crystallinity of the films due to the formation
of stress (Lekshmy et al. 2013). These
findings suggest that the multilayer stack is
potential for structural transformation and
residual stress engineering (Balu et al. 2005,
Peralta et al. 2020) that might be of interest in
tuning the spectral selective and stability of
Cr coating for solar thermal applications.
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Figure 1: The XRD spectra for single layer
and multilayer Cr thin films showing a shift
in the preferred crystal orientation.

Table 1: FWHM, crystallite size (D), peak position (20°) and planar distance (d) and lattice

constant for Cr thin films

Sample ID No. of layers 20(°)
Single layer 1 39.2
Multilayer 3 44.2

FWHM (°) D (nm) (hkl)
0.34 0.434081 (200)
1.29 0.115957 (210)
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Figure 2 shows 2D and 3D AFM
topographical images of the as deposited
single layer and multilayer chromium thin
films. It was observed that the surface
morphology is changed by number of layers
deposited at different power. AFM
micrographs reveal the small cluster of grains
for both single layer and multilayer
chromium films, though the single layer film
has smaller grains relative to multilayer film.
The difference in trends between the XRD
and AFM data sterns from the fact that XRD
measures the size of crystallite while AFM
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determines the grains size. The micrographs
further reveal the increase of root mean
square (RMS) and the average roughness
from 2.8 nm and 2.1 nm for single layer film
to 4.3 and 3.6 nm for multilayer films,
respectively. The surface roughness plays an
important role on the quality and surface
texture of the deposited films. The increase of
roughness observed was associated with the
decrease in homogeneity of the film due to
nucleation of particles with the increase in
number of layers.
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2D and 3D AFM images with corresponding surface height distributions for Cr

thin films (a-c) single layer (d-f) multilayer.

Table 2: Surface parameters for Cr thin films analysed by AFM

Sample ID No. of layers  Roughness (nm) RMS (nm)  Kurtosis  Skewness
Single layer 1 2.1 2.8 6.9 1.2
Multilayer 3 3.6 4.3 2.5 -0.8

Table 2 indicates the skewness (Ska) and
kurtosis extracted from the surface height
distribution histogram of the measured
samples (Figure 2 c and f). The skewness and
kurtosis  measurements are  important
parameters for determining the symmetry and
sharpness or ‘peakedness’ of surface height
distribution values, respectively (Eaton and
West 2010). The skewness values of 1.2 and -
0.8 were recorded for single layer and

multilayer films, respectively indicating the
substantial ~ skewed  distribution.  The
skewness was found to lie on the positive
value for single layer and on negative value
for multilayers signifying a considerable
height values above the average for single
layer and considerable height below the
average for multilayer. This suggests the
average surface height in single layer was
dominated by peaks while the average
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surface height was dominated from valleys in
multilayers (Malik and De la Hidalga-Wade
2015). Moreover, the kurtosis values of 6.9
and 2.5 were recorded for single layer and
multilayer films, respectively indicating that
single layer films had narrower and sharper
surface height distributions than multilayer
Cr films.

Optical properties

Figures 3(@) and 5(@) show the
transmittance spectra of the deposited single
layer and multi-layer Cr films. The average
transmittance of films decreased with the
increase in thickness. Furthermore, the single
layer exhibited higher average transmittance
than the multilayer of the same thickness
(Figure 5a).

The refractive indices (n) and extinction
coefficients (k) of the deposited thin films

(a)

12 nm
80
g
2 60
(8]
=t
8
E 40
1%}
c
°
F 20 85 nm
94 nm
0
500 1000 1500 2000 2500
Wavelength (nm)
(c)
—4—12 nm
5.0
—o—36 nm
—o—51nm

500 1000 1500 2000 2500
Wavelength (nm)

Figure 3:

were determined by fitting the theoretical and
experimental transmittance and reflectance
into Scout software using suitable dielectric
models as depicted in Figures 3(c-d) and 5c.
As seen from Figures 3c-d and 5c, the
obtained refractive indices show decreasing
trends with wavelength, concurrently the
obtained extinction coefficients showed
increasing trends with wavelength indicating
the metallic behaviour of Cr metal (Khelifa et
al. 2018). The films® average solar
transmittances, T,, Wwere determined by
Equation (2) using Air Mass 1.5 solar
irradiance G()\) as ascribed by Maghanga et
al. (2010) and Ollotu et al. (2020).
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Optical transmittance (a) of as-deposited Cr thin films with different thickness

deposited at a power of 25 w and Argon pressure of 15 sccm and their
corresponding average transmittance (b), extinction coefficient (c) and refractive

index (d).
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Figure 4 shows the reflectance spectra of
the deposited chromium thin films. All films
exhibited a reflectance below 40%, and
similarly the reflectance of the film were
increasing with the increase in thickness.
Furthermore, the single layer exhibited lower
reflectance than the multilayer of the same
thickness (Figure 6). These findings suggest
that the multilayer fabrication approach in
this work is potential for tuning the optical
properties of Cr thin films while maintaining
the lower thickness required in enhancing
spectral absorption in the solar spectral range
while  suppressing infrared  emission
associated with larger thickness in selective
solar absorbers.
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Figure 4: Reflectance of as deposited Cr thin
films with different thickness deposited at 25
w powerand Argon flow rate of 15 sccm.

N
(=]

N
U1

Average Transmitances (%)
o 5

(=]

X
Mu\\'\\a\Je‘ o \¥°

S\

9 (c) —o—n; 25w
--0--k; 25w

o 25W/50W /75w o
--v--k; 25w /50 w /75wv"”
R

500 1000

1500

2000 2500

Wavelength (nm)

Figure 5: Optical transmittance (a) of as-deposited single layer and multilayer Cr films and
their corresponding average transmittance (b) and optical constants (c).
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Figure 6: Reflectance of as deposited single and multilayer Cr films deposited at different

sputtering powers.

Conclusions

The findings from this study reveals that
tuning and transformation of structural,
morphology and optical properties for lower
thickness Cr coatings could be achieved by
employing the power based multilayer
structural to suit some of the requirements of
spectral selective coating. XRD
diffractograms revealed a single diffraction
peak for all the chromium films with a
preferential orientation of (200) and (210) for
single layer and multilayer, respectively and
the crystallite sizes of multilayer were larger
when compared with single layer. AFM
micrographs revealed the relatively high
RMS and the average roughness in multi-
layered than single layered film. The optical
transmittance was higher in single layered
films than multi-layered films. Furthermore,
the transmittances were found to decrease
with thickness while reflectance were
increasing with thickness. These results
signify that the multilayer deposition
approach has significant influences on the
microstructure and optical properties of Cr
thin films, and thus it has a potential in tuning
the structural and optical properties of Cr
films  for  selective solar  absorber
applications.
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