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Enhancement of the VIS-NIR absorption
in a sulfurated-high-entropy filmf

Jie Ren,#? Ping Song,%° Cong Wang, {2 **¢ Ying Sun,® Yong Zhang,
Angélique Bousquet® and Eric Tomasella®

This paper introduces a simple method for a high-entropy film to achieve a high optical absorptance in the
visible-near-infrared (VIS-NIR) range by means of a sulfuration process. The as-deposited (NiCrCuFeSi)O
films were annealed together with S powders in a vacuum and then desulfurized under the conditions of
argon flow protection. Rutherford backscattering spectroscopy results confirm that the S element appears in
the sulfurated films (NiCrCuFeSi))OS (referred to as (NCCFS)OS below). Furthermore, the distribution of
elements along the depth of the films is no longer uniform but gradient. X-ray diffraction indicates that the
(NCCFS)OS films have the same face-centered cubic structure as the as-deposited films, while the CuS and
SiO, type phases may be generated after sulfuration. Scanning electron microscopy reveals the formation of
island-like structures on the surface of the (NCCFS)OS films. The VIS-NIR spectrum shows that the
(NCCFS)OS films achieve a high absorptance with low reflectance and low transmittance. After sulfuration,
the average absorptance of the (NCCFS)OS films can reach up to 0.9 in the range of 300-1700 nm. The
high absorptance of the (NCCFS)OS films may be due to joint contributions of the formation of CusS, gradi-
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1. Introduction

As a kind of important sustainable energy, solar energy
keeps on attracting research attention in the field of energy
utilization."™ Efforts mainly focus on the development of
solar-thermal conversion,** solar-electric conversion,®™® and
solar-chemical conversion.” " The key step of these conver-
sions is increasing the efficiency of solar harvesting, i.e.
enhancement of visible-near-infrared (VIS-NIR) absorption.
There are a lot of state-of-the-art works on enhancing the
absorption in the VIS-NIR wavelength region. Multilayer
solar spectral selective absorbing coatings with a high
absorptance in the VIS-NIR wavelength region have been
explored widely in the field of concentrated solar power."””* The
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ent distribution of elements, and island-like structures.

subwavelength-scale metasurface can realize ideal absorption due
to its excellent ability to manipulate electromagnetic waves in the
VIS-NIR wavelength region.*> However, all these approaches are
complex due to the combination of layer stacks or optimization of
the nano-size structures.

High-entropy alloys have many special properties such as
high hardness, high strength at room temperature or high
temperatures, a sluggish diffusion effect, high wear resistance,
high irradiation resistance, high corrosion resistance, biocom-
patibility, high saturation magnetization, low coercivity and
high Curie temperature.®*> Due to their unique properties,
high-entropy alloys have attracted an increasing amount of
attention in recent years. The applied research studies of
high-entropy alloys are mainly focused on barrier layers, mag-
netic materials, hydrogen storage materials, cutting tools,
functional coatings, thin-film resistors, hard protective coat-
ings, oxidation resistance materials, high-temperature struc-
tural components, and biomedical coatings.*® High-entropy
films, prepared from high-entropy alloys, not only inherit many
excellent properties but are often superior to bulk high-entropy
alloy materials in certain properties. However, compared with
the abundant study of mechanical properties, the optical
properties of the high-entropy films still receive less attention
due to their poor absorption performance (less than 80%).*”

In this paper, we report a simple method to realize the
enhancement of VIS-NIR absorption. The high-entropy films
can achieve a high absorptance after the sulfuration process.
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2. Experimental

The (NiCuCrFeSi)O (referred to below as (NCCFS)O) thin films
were deposited on silicon and glass substrates in a magnetron
sputtering system at room temperature. The 3-inch alloy target
was synthesized by a powder alloy method with an equiatomic
composition of pure metals of Ni, Cr, Cu, and Fe (>99.99 wt%)
and another 3-inch target was Si (>99.99 wt%). Both targets
were placed at a tilt angle of 60° in the vacuum chamber toward
the center of the rotating substrate. The base pressure of the
chamber was kept at ~5 x 10”7 Pa before deposition, and the
working pressure was kept at 0.5 Pa. Argon and oxygen gas flow
rates were fixed at 6 and 3 sccm (standard cubic centimeter per
minute) respectively. The power on the alloy target was main-
tained at 2.2 W cm 2, and the one on the Si target was
maintained at 4.4 W ¢cm™>. The as-deposited (NCCFS)O films
were sealed together with S powders (99.95 wt%) in a vacuum
quartz tube and then annealed at 400 °C for 20 hours at a
sulfuration pressure of 50 kPa. The sulfurated films were then
desulfurized at 400 °C for 5 hours under the condition of argon
flow protection to remove the residual S on the surface of the
films. The sulfurated film (NiCrCuFeSi)OS is referred to as
(NCCFS)OS below. The schematic diagram of the film prepara-
tion and sulfuration process is shown in Fig. 1.

X-ray diffraction (XRD) patterns with Cu-Ko radiation are
obtained at room temperature. The composition and homo-
geneity of the films are evaluated by Rutherford backscattering
spectroscopy (RBS). The RBS measurements (CEMHTI-CNRS-
Orleans, France) are carried out using a 2 MeV alpha particle
beam and a current of 15 nA at an incidence normal to the
surface of the films. The backscattered particles are collected
using silicon detectors at a scattering angle of 165°. The
microstructure and thickness of the films are confirmed using
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Fig.1 Schematic diagram of the (NCCFS)O film preparation and sulfura-
tion process (NiCrCuFe referred to as NCCF).
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a scanning electron microscope (SEM). The reflectance (R) and
transmittance (7) spectra are measured using a UV/VIS/NIR
spectrophotometer.

3. Results and discussion

3.1. Comparisons of the film structure, composition, and
microstructure before and after sulfuration

Fig. 2 shows the XRD patterns of the (NCCFS)O films before and
after sulfuration. For the as-deposited (NCCFS)O film (black
line), three peaks appear at the positions of 20 = 33.0°, 47.7°,
and 56.3°, respectively. The peak at 20 = 33.0° corresponds to
the (112) peak of the Si substrate. The two other peaks corre-
spond to the (022) and (113) peaks of the as-deposited film,
indicating the face-centered cubic (FCC) structure. For the
(NCCFS)OS film, the XRD pattern (red line) is different from
that of the as-deposited film. Eight new peaks are observed at
the positions of 20 =27.1°, 27.6°, 28.3°, 29.3°, 30.9°, 31.7°, 32.8°,
and 47.9°, respectively. The peaks at the positions of 20 = 27.1°,
27.6°% 29.3°% 31.7°, 32.8° and 47.9° are indexed to the (100),
(101), (102), (103), (006), and (110) peaks, respectively, indicat-
ing a hexagonal structure, which may have a similar structure
to CuS (powder diffraction file (PDF): #98-002-1479). The other
two peaks at the positions of 20 = 28.3° and 30.9° are indexed to
the (102) and (112) peaks, indicating a cubic structure, which
may accord with SiO, (PDF: #98-005-0838). The formation of
new compounds after the sulfuration process shows that the
crystal structure of the sulfurated film is not only composed of
an FCC phase but a mixture of different structures.

To have access to the composition of the films, the coatings
deposited on the Si substrate are characterized using Ruther-
ford Backscattering Spectroscopy (RBS)**° (as shown in Fig. 3).
For the as-deposited (NCCFS)O film, as shown in Fig. 3(a), two
characteristics are worthy of note. Firstly, the characteristic
signals of the backscattering of the alpha particles from the O,
Si, Cr, Fe, Ni, and Cu atoms correspond to the remarkable
shoulders at the channels of 373, 587, 700, 761, 779, and 812,
respectively. Secondly, all the characteristic signals have a good
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Si substrate FCC structure
(NCCFS)0
= cus Sio, (022) (113)
= v (100) « (102)
< * (101) % (112)
2 2 (102)
a u (103) FACﬁs_tructure
-
‘g 4 (006) &% u (022]
- v
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20 (degree)

Fig. 2 XRD patterns of the (NCCFS)O films before (black line) and after
(red line) sulfuration.
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Fig. 3 RBS results of the (NCCFS)O films before (a) and after (b)

sulfuration.
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symmetry indicating the fairly uniform distribution of atoms in
the (NCCFS)O film. A fitting result, which is represented by a
solid red line in Fig. 3(a), shows a good agreement with the
experimental data (black cross) and provides a quantitative
estimation for the elemental concentration of the (NCCFS)O
film. The concentrations of the Ni, Cr, Cu, Fe, Si, and O atoms
are shown in Table 1.

For the sulfurated (NCCFS)O film, its RBS result is different
from that of the as-deposited one. As shown in Fig. 3(b), first of
all, the characteristic signal at the channel of 630 indicates the
appearance of the S element.

Moreover, the asymmetric signal peaks of the original metal
strongly suggest that the distribution of elements along the
depth of the film is no longer uniform but is gradient. As shown
in Table 1, all the elements Ni, Cr, Cu, Fe, Si, and O diffuse from
the bottom to the top of the film, while S diffuses in the
opposite direction in the sulfuration process. It is worth noting

Table1l The concentration of elements in the (NiCrCuFeSi)O films before
(referred to as (NCCFS)O) and after sulfuration (referred to as (NCCFS)OS)

Elements Ni Cr Cu Fe Si (6] S

(NCCFS)O film (at%) 6.0 56 185 57 59 583 —

NCCFS)OS film (at%) Top ~ 0.1 0.1 30.7 0.1 4.8 17.8 46.4
Bottom 11.8 17.2 9.7 15.0 21.2 25.1 0

© 2021 The Author(s). Published by the Royal Society of Chemistry
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that the content of other metal elements at the top of the film is
very small compared with those of Cu, O, and Si, which
indicates that S may be easier to react with Cu, O, and Si during
the sulfuration process.

By calculating the Gibbs free energy change (4,G,,) of four
reactions: FeS + CuO — CuS + FeO, NiS + CuO — CuS + NiO,
SiS, +2Cu0O — 2CusS + Si0,, and Cr,S; + 3CuO — 3CuS + Cr,03,
respectively, as shown in Table 2,*>*! we find that all the 4,Gy,
values of four reactions are negative, which means that Cus is
stable and easier to be formed during the sulfuration process. It
accords well with the XRD and RBS results above. The high Ni,
Cr, Fe, and Si at. % of the bottom sulfurated film may be due to
the uphill diffusion caused by Cu reacting with S.

Fig. 4 shows the surface and cross-section SEM images of the
as-deposited (NCCFS)O film. The as-deposited film has a
smooth surface as shown in Fig. 4(a) and a clear interface
between the film and substrate with a film thickness of 466 nm
is observed as shown in Fig. 4(b).

Fig. 5 shows the surface and cross-section SEM images of the
sulfurated (NCCFS)O film. As shown in Fig. 5(a), the smooth
surface before the sulfurated process transforms into an island-
like structure with a plethora of polyhedrons with sharp edges
and corners after the sulfuration process. Fig. 5(b) shows a
partially enlarged view of the dashed-line-marked area in
Fig. 5(a). The edges of the polyhedrons are highlighted with
green lines. According to the cross-section SEM image as shown
in Fig. 5(c), the island-like structure of the sulfurated (NCCFS)O
film is a huge 3-dimensional structure, and the clear interface
between the island-like structure and substrate with a film
thickness of about 590 nm is observed. The thickness change
may be caused by the interface moving due to the Kirkendall
effect while island-like structures of the sulfurated (NCCFS)O
film may be similar to the 3-dimensional nanostructures
formed by the Kirkendall effect through metal thermal
oxidation.**** The (NCCFS)OS film has not been broken and
there is only a slight change in thickness, indicating stability
during the sulfuration process.

3.2. Enhancement of the visible-near-infrared absorption for
the (NCCFS)O0S film

From Fig. 6, the average reflectance (R) of the (NCCFS)O film is
0.16, while the (NCCFS)OS film has a lower reflectance and
shows relatively smaller change. The average transmittance (7)
of the (NCCFS)O film is 0.54 in the wavelength range of
300-1700 nm, in contrast, the transmittance of the (NCCFS)OS
film is near zero. As a result, the average absorptance (4) of the
(NCCFS)OS film reaches up to 0.90 compared with the
(NCCFS)O film (4 = 0.30).

While the film is thick, the reflectance of the film can be
calculated using the following equation as follows:**

k-2 4
Tkl 42n

1
2 +1 )
n+2+

Mater. Adv,, 2021, 2, 6411-6417 | 6413
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Table 2 The Gibbs free energy change (4,Gy,) of four reactions at T = 673 K and p = 50 kPa (ignore the change of heat capacity with temperature)

Chemical equation FeS + CuO
AeHy, (K] mol™) —81.06 —141.48
A¢Sm (J (mol ™ K1) 101.48 76.98
A4:Gyy (K] mol™) — —
Chemical equation NiS + CuO
A¢Hy, (K] mol™) —64.34 —141.48
AtSem (J (mol ™' K1) 91.37 76.98
A,G, (K] mol™) — —
Chemical equation SiS, + 2Cu0
A¢Hy, (K] mol™) —184.18 —141.48
AtSm (J (mol ™' K1) 143.67 76.98
A,Gy (K] mol ™) . —
Chemical equation Cr,S; + 3Cu0
A¢Hy, (K mol™) —304 —141.48
AtSm (J (mol ' K1) 281.41 76.98

A4,Gyy (k] mol™) — —

(a)

Fig. 4 Microstructure of the as-deposited (NCCFS)O film. (a) Surface SEM
image. (b) Cross-section SEM image.

and

ol
k=1

(2)

where R is the reflectance, « is the absorption coefficient, n is
the refractive index and k is the extinction coefficient.

From eqn (1) and (2), a high value of k will increase the
reflectance while a low & will decrease the absorptance. Only
when the value of k is moderate could a high absorptance be
caused. When the value of n* > k* + 1, R increases mono-
tonically with n, in contrast, when n*> < k¥* + 1, R decreases

6414 | Mater. Adv, 2021, 2, 6411-6417

— CusS + FeO
—35.18 —253.28
105.44 101.41

- Cus + NiO
—35.18 —223.98
105.44 74.10

- 2CuS + Sio,
—35.18 —893.96
105.44 77.76

- 3CuS + Cr,03
—35.18 —1095.49
105.44 177.9

Total
—65.92
28.39
—85.03

Total
—53.34
11.19
—60.87

Total
—497.18
—8.99
—491.13

Total
—472.59
—18.13
—460.39

Fig. 5 Microstructure of the sulfurated (NCCFS)O film. (a) Surface SEM
image. (b) Partially enlarged view of the dashed-line marked area in (a). Green
lines highlight the edges of the polyhedrons. (c) Cross-section SEM image.
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Fig. 6 Spectral properties of the (NCCFS)O films before and after sulfura-
tion. (a) Reflectance, (b) transmittance, and (c) absorptance. Black symbols
indicate the as-deposited film [(NCCFS)O] and red symbols indicate the
sulfurated film [(NCCFS)OS]. Solid lines indicate the fitting results.

monotonically with n. To find the reason for the higher
absorptance of the (NCCFS)OS film, we fit the effective optical
constants n and k of the (NCCFS)O and (NCCFS)OS films.

Fig. 7 shows the fitted effective optical constants of the
(NCCFS)O and (NCCFS)OS films. For the (NCCFS)O and
(NCCFS)OS films, both the values of k are less than 1 and most
values of n are more than 1.4, in other words, n* > &* + 1. In
this case, the low refractive index results in low reflectance, and
the high extinction coefficient results in high absorptance. As
shown in Fig. 7, the lower refractive index and higher extinction
coefficient of the (NCCFS)OS film, compared to that of the
(NCCFS)O film, will cause lower reflectance and higher
absorptance.

The changes of the effective optical constants (the decrease
of n and increase of k) of the (NCCFS)OS film may originate
from the low refractive index (0.6-1.7 at 300-1700 nm) and high
extinction coefficient (0.2-2.5 at 300-1700 nm) of CuS.*> Based

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Fitted effective optical constants of the (NCCFS)O films before and
after sulfuration. (a) Refractive index (n) and (b) extinction coefficient (k).
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on the points of view discussed above, these changes of the
effective optical constants could significantly increase the
absorptance of the (NCCFS)OS film. In other words, the high
absorptance of the (NCCFS)OS film may be caused by the
formation of the CuS phase in the sulfuration process.

To figure out the effect of CuS on absorptance, we calculate
the reflectance and absorptance of the CusS film in the range of
300-1700 nm (see the ESI for detailed calculations). The
average reflectance of the CuS film is 0.35 and the average
optical absorptance is only 0.63 in the range of 300-1700 nm.
This result strongly indicates that Cus is just one of the reasons
for high absorptance and there are some other reasons also for
the increase in the absorptance.

The RBS result of the (NCCFS)OS film (Fig. 3) indicates a
gradient distribution of elements along with the film thickness
after the sulfuration process. As a result, the gradient distribu-
tion of elements will make a gradient distribution of the optical
constants, which can cause a high absorptance.**® Hence, the
gradient distribution of elements may be another reason for the
increased absorptance.

Looking for the effect of the island structure on absorptance
performance, we carry out theoretical modeling on the surface
structures of the (NCCFS)O films before and after sulfuration.
The surface structure of the (NCCFS)O film is assumed as a
planar model (as shown in Fig. 8(a)) and the island-like
structure of the (NCCFS)OS film is simplified as a pyramidal
structure with a bottom side length of 0.25 um and a height of

Mater. Adv, 2021, 2, 6411-6417 | 6415
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Fig. 8 Normalized contour map of the electric field in the cases of planar and pyramidal structures. The schematic diagram (a) and the simulated results
of the reflection detector (b) and cross section (c) of the planar model. The simulated results of the reflection detector (d) and cross section (e) and the

schematic diagram (f) of the pyramidal structure.

0.5 pm (as shown in Fig. §(f)). During the simulation, the planar
light source (4 = 600 nm) is placed on the top of the planar and
pyramidal structures, and a reflection detector is applied for
reflection collection (as shown in Fig. 8(a)). The simulated results
are shown in Fig. 8(b-e). From Fig. 8(b)-(d), the normalized
reflected electric field (E/E, = 0.018) of the pyramidal structure
is lower than that of the planar structure (E/E, = 0.145), thereby
greatly increasing the absorptance. The cross-section views of the
contour map of electric field are shown in Fig. 8(c) and (e) to make
this difference stand out.

According to our previous study,?” when the metasurface is
designed as the pyramidal structure, there will be a significant
improvement of the absorptance in the range of 300-1700 nm
due to the excellent impedance match between the structure
surface and air. In this work, newly formed CusS, gradient
distribution of elements, and the formation of the island-like
structures jointly contribute to the increased absorptance in the
range of 300-800 nm, while the formation of the island-like
structures plays a dominant role in the range of 800-1700 nm.

4. Conclusions

In this study, we report a simple method, sulfuration, to
achieve a high absorptance of the film. After the sulfuration
process, CuS and SiO, are formed in the (NCCFS)O film, the
surface of the (NCCFS)O film will form an island-like structure,
and the distribution of elements along the depth of the film is
no longer uniform but gradient. The average optical absorp-
tance of the high-entropy film can achieve 0.9 in the wavelength
range of 300-1700 nm after a simple sulfuration process. The
increased absorptance of the (NCCFS)OS film may be due to
three aspects: newly formed CuS, gradient distribution of
elements, and the island-like structures. CuS decreases the

6416 | Mater. Adv, 2021, 2, 6411-6417

n and increases the & of the (NCCFS)OS film, gradient distribution
of elements also makes the distribution of optical constants
gradient, which causes a high absorptance, and island-like struc-
ture can also increase the absorptance. All of them contribute to
the high optical absorptance of the (NCCFS)OS film.
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