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Abstract

The morphology, structure and optical properties of zinc sulfide (ZnS) thin films prepared through radio-frequency (RF)
magnetron sputtering have been analyzed using atomic force microscopy (AFM), UV-Vis—NIR spectrophotometry, X-ray
diffraction, and multifractal analyses. The X-ray diffraction patterns revealed that all ZnS thin films show a single peak at
around 29.6°, which has been ascribed to the (111) planes of sphalerite phase, indicating that the growth direction of the
films is the [111] direction. UV-Vis—NIR transmittance spectra were used to determine the refractive index of the samples,
their thickness, and their band gap energy, showing the optical and semiconductor properties a clear dependence of the film
thickness. Finally, ZnS thin films were characterized and analyzed by atomic force microscopy (AFM) measurements and
multifractal analyses for a complex and precise interpretation of the 3-D surface microtexture characteristics. The multifractal
examinations of the samples revealed a particular distribution at the nanometric level associated with multifractal surface
characteristics. These experimental results are corroborated, presented, and discussed together with the essential stereometric
parameters of the thin films. The combination of the different experimental information and the comprehensive stereometric
and multifractal analyses provide new and deeper insight into the ZnS thin films that would be exploited to develop novel
micro-topography models.

1 Introduction
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Zinc sulfide (ZnS) is one of the metal chalcogenide that has
attracted more interest of researchers in thin-film technology
due to its high wide band gap (3.68 eV). It has significant
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applications in optics and electronics, solar systems, elec-
troluminescence, optical sensors, laser devices, UV light-
emitting diodes (LEDs), and many others. ZnS has excel-
lent anti-reflective and coating characteristics due to its high
refractive index value of 2.35 [1]. The growing demand in
thin films for various applications, such as those mentioned
above, inspires a continuous investigation about the deposi-
tion, performance, and applications of a wide range of thin-
film materials, including ZnS.

Due to the attractive properties of the ZnS, several com-
plex experimental and theoretical studies have been per-
formed. These investigations show that ZnS thin films can
be efficiently prepared by a variety of methods including
chemical vapor deposition (CVD) [1], ionic layer adsorption
and reaction techniques [2], chemical bath deposition [3, 4],
chemical spray pyrolysis [5-7], electrochemical deposition
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[8], magnetron sputtering [9-11], pulsed laser deposition
[12], sol—gel [13], and electron beam evaporation [14].

From the published works, it can be deduced that the con-
ditions of the process greatly influence ZnS thin-film proper-
ties. For instance, the effect of spray rate on ZnS films pre-
pared by chemical spray pyrolysis method on the structural
and optical properties was reported by Al-Diabat et al. [15],
in which XRD and UV-Vis absorption analyses techniques
were used. Different studies have reported the effect of dop-
ing on the structural and optical properties of ZnS [8, 13,
16-19], and it is highlighted that the addition of impurities
such as Cu, Gadolinium, Sn, Cd, Al, Co, and many others
tunes the optical band gap and improves other properties of
the ZnS thin films [16, 19, 20]. For instance, for improved
performance as an emitter layer in photovoltaic devices, ZnS
thin films must be doped with some metallic impurities such
as Cr, Al, and transitional metals [20].

Sputtering is one of the most preferred techniques for the
film fabrication due to its flexibility and production of high-
quality thin films [21], which includes metallic, nonmetal-
lic, and polymers specimens [22]. The critical issue during
the sputtering process is to adjust the deposition parameters
to obtain quality thin films. Various studies on the sputter-
ing of ZnS have investigated the influence of some process
parameters, and important advances have been achieved. For
instance, the effect of the substrate type on ZnS thin films
deposited on glass, indium titanium oxide (ITO), and corn-
ing glass through radio-frequency (RF) magnetron sputtered
has been explored [23]. The complex structural characteri-
zations revealed that thin films on corning glass exhibited
better crystallinity, morphology, and electrical properties,
indicating the significance of the substrate nature. Donne
et al. [24] studied the effect of the sputtering power and
deposition time on ZnS films prepared via RF magnetron
sputtering at room temperature on lime glass substrates. This
study based on AFM results reported that there exists an
optimal RF power for the deposition of ZnS thin films with
fewer surface defects and a lower roughness. Similar results
concerning the effect of the sputtering power on the sur-
face micromorphology of Al thin films prepared through RF
magnetron sputtering has been reported [25, 26]. However,
in other study, it was contrary revealed that ZnS deposited
on ZnO substrate at 500 °C and in sulfur vapor exhibited a
linear increase of crystallinity with a RF power from 40 to
120 W [27]. Similar trend for RF power on structure, mor-
phology, and optical characteristics was reported by Kim
et al. [28]. In another investigation, Chelvanathan et al. [29]
investigated the influence of the substrate temperature of
ZnS sputtered on soda-lime glass at a temperature range
between 25 and 300 °C. The study revealed that the sub-
strate temperature greatly influenced the grain size, crystal-
linity, and optical properties. More studies on the influence
of other process parameters on properties of sputtered ZnS
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are available in the scientific literature [30, 31]. A conspicu-
ous gap is obtained on the sputtering of ZnS adjusting the
effect of argon gas flow rate and working pressure on the
properties of the films. These parameters are responsible for
the creation and sustenance of the plasma, which plays the
major role of dislodging the target material and transporting
it to the substrate surface. It means that these parameters
influence both the sputtering yield and efficiency (as the
mean free path is associated with the chamber pressure). It is
expected in experimental studies that the choice of the right
combination of these parameters contributes to enhancing
their structure, morphology, and optical properties. Differ-
ent studies applied fractal [32-34] and multifractal [35-37]
geometry, stereometric analysis [38—41], and power spectral
density (PSD) functions [42] for the analysis of the AFM
data [43] to gain insight into the complex three-dimensional
(3-D) surface morphology of thin films.

This article aims to report a detailed analysis of the mor-
phology, structure, and optical properties of ZnS thin films
prepared through RF magnetron sputtering with different
working pressures and Ar gas flow rates. The combination of
the different experimental information and the comprehen-
sive stereometric and multifractal analyses provides a new
and deeper insight of the physical properties of the ZnS thin
films and their dependences on the deposition parameters.

2 Experimental section

In this work, ZnS thin films were prepared through RF
magnetron sputtering. This method was chosen due to its
flexibility and ability to deposit films under vacuum. The
facility’s vacuum system consists of two pumps: a mechani-
cal rotary pump and a turbo pump. During the deposition
process, the rotary pump is used to vacuum the system at a
pressure of 0.05 Torr (low vacuum) beyond which the turbo
pump is used to create a very high vacuum in the deposition
chamber. The high vacuum is responsible for the creation of
sustainable plasma and enhances the dislodgement of the tar-
get material resulting in impurity-free films. A disk of ZnS
(purity of 99.9%) with a diameter of 100 mm was used as the
target (cathode), while BK7 glasses were used as the sub-
strates. Before deposition, these substrates were thoroughly
cleaned in an ultrasonic bath with acetone to remove any
embedded particles on their surfaces. They were rinsed in
distilled water and dried in high pressure and hot air. The
substrates were then mounted onto the substrate holder at a
constant distance of 140 mm from the target surface. There
was no heating of the substrates in this case, but because of
the plasma and sputtering process, the temperature reached
a maximum of 40 °C. The base pressure of the system was
evacuated up to 2 x 107 Torr, and the working pressure was
varied within the order of 1073. All of the samples have been
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Table 1 Deposition parameters of the ZnS thin films

Samples Argon gas flow rate (sccm)  Working pres-
sure (mTorr)

S, 20 44

S, 40 6.2

S; 60 8.1

S, 80 9.7

prepared with a RF power of 70 W, and argon gas of 99.99%
purity was used as the working gas. The argon gas flow rate
was controlled by mass flow controllers. Pre-sputtering was
conducted for 60 s under the deposition conditions with the
target shutter closed. The film thickness and the rate of depo-
sition were monitored by a crystal monitor. The deposition
time for 1 h was used for all the samples. Table 1 describes
the samples of ZnS prepared in this experiment. The effects
of pressure and working gas flow rate on properties of the
ZnS film were studied.

The crystalline structure of the films was characterized
by X-ray diffraction with a 26 angle in the range of 20-90
using Cu-Ka radiation in a step of 0.02. The crystal size of
the samples was estimated calculating the size of the mean
coherent diffraction domain, D, utilizing the Scherrer for-
mula [44]:

0.904
D =
pcosd 1)

where f is the full-width at half-maximum (FWHM) in radi-
ans and 6 is the Bragg angle of the diffraction peak.

The transmission spectra were measured by spectrom-
eter Rayleigh UV-visible 2601, over wavelengths from 400
to 1200 nm. Also, the scattering of samples was measured
with an integrating sphere attachment. The thickness and
the refractive index of samples were estimated from these
spectra using the Swanepoel method [45, 46]. Therefore,
the refractive index, n=n(1), was calculated using the fol-
lowing equation:

n=1\N+VN?—s? @)

where s is the substrate refractive index, and A is the wave-
length of the electromagnetic radiation, and N=N(4) is
given by:

Ty(A) —T,,(4)
Ty(A) - T,,(4)

2+ 1

N(A) = 2s > 3)

being T),=T,,(A) and T,,=T,(A), the transmittance maxima
and minima of the interference fringes.

The film thickness was estimated from the interference
fringes by means of the following formula [45, 46]:

- A1,
= 2n(ay) = Ay )

where 4, and 4, are the wavelengths corresponding to
two adjacent maxima or minima of the transmittance,
respectively.

The direct transition band gap energy, E, of the different
samples was estimated by means of the Tauc’s plot analysis
utilizing the following formula [47]:

(ahv)* = A(hv - Eg) 5)

where «a is the absorption coefficient, v is the frequency of
the photons, A is a constant, and 4 is the Plank s constant.

Morphological properties of the films have been studied
by Atomic Force Microscopy (AFM).

3 Results and discussion

Figure 1 shows the XRD patterns of the four studied sam-
ples. These diffractograms depict only one peak, correspond-
ing to the crystalline growth direction of the films, which
emerge with increasing intensity as the pressure and working
gas flow rate increase. In this manner, this is more intense for
sample S4, and it vanishes for sample S1. The only observed
diffraction peak is located at 29.66°, 29.55°, and 29.58°,
for samples S2, S3, and S4, respectively. These peak posi-
tions are shifted to the expected positions for the reflection
ascribed to (002) and (101) of the wurtzite phase (JCPDS
card No. 36-1450), which are at 28.48° and 30.53°, respec-
tively, and the reflection ascribed to the (111) reflection of
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Fig.1 XRD patterns of the four studied samples. The reference
patterns of the wurtzite (JCPDS card no. 36-1450) and sphalerite
(JCPDS card no. 05-0566) are represented with blue and red bars,
respectively (Color figure online)
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the sphalerite phase (JCPDS card No. 05-0566), which is
at 28.58°. The crystal size calculated from the diffraction
peak using the Scherrer formula [44] is 20, 30, and 24 nm
for samples S2, S3, and S4, respectively.

The AFM micrographs of samples were processed with
MountainsMap® Premium software ver. 8.0 [48]. Figure 2
shows the surface morphology of samples with specific
nanopatterns.

The interface width profiles obtained from the AFM
micrographs are shown in Fig. 3 (in distinct color for every
sample), representing the root mean square height (RMS) as
a function of length. This dependence is an important part of
measuring the depth profile of a thin-film structure. The low-
est value of RMS was found for sample S1 (3.1+0.38 nm),
while the highest value of RMS was found for sample S4
(16.7 +3.8 nm); samples S3 and S4 have similar medium
RMS values (according Table 3).

The representation of the surface texture directions of
analyzed samples using Cartesian graphs is shown in Fig. 4,
and the corresponding values are given in Table 2.

It can be seen that the isotropy parameter has the highest
value for sample S3 (57.33%), while the lowest value was
found for sample S4 (52.88%). The highest value of the first

RMS height (nm)

—
>

4 6
Length (um)

N~

o b

10

Fig. 3 Interface width profiles of AFM micrographs of samples: (a)
S1, (b) S2, (c) S3, (d) S4

Fig.2 3-D AFM micrographs of ZnS thin films of samples: (a) S1, (b) S2, (¢) S3, (d) S4
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Fig.4 The representation of surface texture directions of samples using Cartesian graphs fora S1, b S2, ¢ S3, d S4

Table2 The surface texture directions of analyzed samples using
Cartesian graphs

Parameters S1 S2 S3 S4
Isotropy (%) 53.76 54.22 57.33 52.88
First direction (°) 89.98 135.0 90.02 90.00
Second direction (°) 116.5 90.01 135.0 116.5
Third direction (°) 135.0 116.4 116.5 135.0

direction parameter is observed in the sample S2 (135.0°),
whereas the lowest values of this parameter are reached for
all other samples (S1, S3, and S4). The highest value of sec-
ond direction parameter appears in the sample S3 (135.0°),
while the lowest value is found for the sample S2 (90.01°);
the other samples have the same values (116.5°). The high-
est value of the third direction parameter is observed in the
samples S1 and S4 (135.0°), whereas the lowest values of
this parameter are reached for the other samples S2 and S3
(116.5°).

The surface skewness (Ssk) parameter of all samples is
positive (Ssk > 0). It indicates the dominance of peaks on
their surface, and the highest value is associated with the
sample S4 (1.5+0.5), while the lowest value was found for
the sample S1 (0.3 +£0.4). For samples S1, S3, and S4, the

surface kurtosis (Sku) parameter is positive (0 < Ssk <3, for
bumpy surfaces), while for S2 , the surface kurtosis (Sku)
parameter is negative. The Sku parameter qualifies the flat-
ness of the height distribution. The representation of cube
count versus size plots to calculate the monofractal dimen-
sion (represented as log [N(e)] versus log[1/e]) is shown in
Fig. 5, and the corresponding values are given in Table 3. As
can be seen, the highest and lowest monofractal dimension
for samples belong to S2 (2.56 +£0.05) and S4 (2.43+0.04),
respectively, whereas intermediate values belong to samples
S3(2.53+0.06) and S1 (2.45 +0.03), respectively.
Multifractal analysis, as a precise mathematical method
for studying the local similarity of the surface topography,
is a generalization of the fractal geometry approach and
is effective if a single fractal measure cannot describe the
local characteristics of thin-film morphology. In order to
minimize the influence of the external values 4 (x, y) on
the multifractal characteristics, we applied the multifractal
detrended fluctuation analysis (MFDFA) method to calculate
the generalized Hurst exponents, mass exponents, and the
multifractal singularity spectrum, flar) [35-37]. These func-
tions provide useful information to study structural details
on the surface of samples. In this study, momentum values
q are set from — 10 to+ 10. The generalized Hurst exponents
(H,) have values in the range between 2.65 and 3.33, see
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Fig.5 Cube count versus size plots to calculate the monofractal
dimension for (a) S1, (b) S2, (¢) S3, (d) S4

Fig. 6. It can be seen that the highest values are associated
with the samples S4 and S3, while the lowest values are
found for the samples S2 and S1, in the range of —10<g < 0.
The generalized Hurst exponents have values in the range of
2.65<H <2.7for 0<g<10.

The non-uniformity of the nano-irregularities is also cor-
related with the mass exponents 7 represented as a function
of statistical moments g (Fig. 7). In this case, it can be seen
that the values of mass exponents increase from sample S4
towards samples S3, S2, and S1, in the range of —37 <7< 30
for—10<q<10.

The multifractal singularity spectrum f{a) versus a was
calculated for all samples. It is graphically represented
in Fig. 8, where the f{a) spectrum was computed in the
range — 10 < ¢ <10. As can be seen in Fig. 8, the curve
fla) versus «a is a non-linear asymmetric curve that has two
arms and a width Aa. The left shoulder of the multifractal

3313
32t
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29¢
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Fig.6 The generalized Hurst exponents (Hg) versus statistical
moments plot (g) for (a) S1, (b) S2, (c) S3, (d) S4

30F

Fig.7 Mass exponents (7) as a function of statistical moments g for
() S1, (b) S2, (c) S3, (d) S4

singularity spectrum f{«) is much shorter than the right one.
On the other hand, the right shoulder of the multifractal
singularity spectrum f{a) for sample S4 is much longer than
those of the other samples. The surface of S4 sample exhib-
its the most irregular topography (Aa=0.72, value bigger
than the values of the other samples). On the other hand,
the more regular film surface was found for the surface of
sample S1 (Aa=0.17) (Table 4). On the other hand, the left
arm of the multifractal spectrum corresponds to strongly
irregular areas, defined by a high dimension value, while
the right arm of f(a) is associated with flat zones. A« is

the multifractal width spectrum, Aa=a,,,, — a,,;,- Af is the

Table 3 Conventional surface roughness parameters and monofractal dimension computed from the ZnS surface micrographs deposited at differ-

ent deposition conditions

Sample name Interface width (nm) Root mean square ~ Skewness (—) Kurtosis (—) Monofractal Hurst exponent
height (nm) dimension (—)

S1 3.0+04 3.1+0.38 0.3+04 02+1.5 2.45+0.03 0.55+0.03

S2 11.0+1.0 11.1+0.9 0.6+0.2 -0.4+0.6 2.56+0.05 0.46+0.05

S3 10.0+1.0 10.5+0.9 1.2+0.3 12+1.3 2.53+0.06 0.47+0.06

S4 17.0+4.0 16.7+3.8 1.5+0.5 3.0+£2.0 2.43+0.04 0.57+0.04
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Fig.8 The multifractal singularity spectrum, f(c), of samples: (a) S1,
(b) S2, (c) S3, (d) S4

difference of the spectrum arms heights Af=f(a,, ,.) = f(,,in)-
As can be seen from Table 4, Aa and Af have positive values.

The surface of sample S4 has the higher spectrum arms’
heights difference Af (Af=0.87). On the other hand, the low-
est spectrum arms’ heights difference Af (Af=0.49) is found
for the surface of sample S1 (Table 4).

Determined mass exponents and the multifractal singular-
ity spectrum f{a) functions indicate multifractal properties
of ZnS thin films, which are influenced by changes in the
self-similarity and scaling properties of observed surface
features.

Figure 9 shows the averaged power spectrum density
(PSD) of all samples. It can be seen that there is the same
wavelength of 1.770 pm for all samples, considering the
same zoom factor X 4. In addition, the sample S4 has the
lowest value of amplitude (0.02587 nm); the middle val-
ues belong to sample S1 (0.1134 nm) and sample S2
(0.1457 nm), while the highest value belongs to sample S3
(0.1883 nm). The samples S2, S3, and S4 have the same
dominant wavelength at 0.1133 pm, while the sample S1
has the dominant wavelength at 0.2265 pm. The sample S1
has the lowest maximum amplitude (2.668 nm), the middle
values belong to samples S3 (8.728 nm) and S2 (9.728 nm),
while the highest value belongs to sample S4 (12.08 nm).

Figure 10 depicts the slices of samples.

The conventional surface roughness parameters, mono-
fractal dimension, and the Hurst exponents are computed
in Table 3, and the multifractal parameters of the ZnS sur-
faces deposited at different deposition conditions are given
in Table 4.

Figure 11 depicts the transmittance spectra of the four
samples. These spectra show interference fringes that
are shifted as the working pressure and the gas flow rate
are increased. The average transmittance at wavelengths
between 450 and 1200 nm is around 77.7% for all samples.

Figure 12 shows the dependence of the refractive index
on the radiation wavelength calculated using the Swanepoel
method [45, 46]. It is observed that n(1) decreases as the
working pressure and gas flow rate increase during the film
deposition. The film thickness calculated using Eq. (4) is
presented in Table 5.

The absorption spectra of the ZnS thin films are shown in
Fig. 13. These data are represented in Tauc plots in Fig. 14,
and the obtained band gap energy and the thickness of all
ZnS thin films are presented in Table 5. It is observed that
the values of band gap increased from sample S1 towards
samples S2, S3, and S4, in the range from 2.95 to 2.99,
while the film thickness decreased from sample S1 towards
samples S2, S3, and S4, in the range of 1.38 to 0.96. Thus,
E increases as the film thickness is decreased, probably due
to confinement and surface effects [47].

4 Conclusions

The optical, semiconductor, and 3-D surface micromorphol-
ogy of the ZnS thin films deposited on glass substrates by
RF magnetron sputtering with different working pressures
and Ar gas flow rates were determined using appropriate
instruments and test methods. The 3-D surface microtexture
of all samples in amplitude, spatial distribution, and pattern
of surface characteristics highlighted multifractal charac-
teristics quantified by the multifractal detrended fluctua-
tion analysis (MFDFA) method. It was found that the most
irregular topography was found for sample S4 (Aax=0.72),
while the most regular topography was found for sample S1
(Aa=0.17). The most regular surface was found for sample
S1 (RMS =3.14+0.38 nm), while the most irregular was the
surface S4 (RMS =16.7 + 3.8 nm). Multifractal approach in
correlation with the surface statistical parameters is a use-
ful tool for quantifying the 3-D surface morphology of ZnS
thin films.

The refractive index decreases as the pressure and work-
ing gas flow rate increase, and the film thickness decreases,
whereas the band gap energy has the contrary tendency. The

Table 4 Multifractal parameters

Sampl ) . A . A

of ZnS$ thin-film surface e RO nar ADrin d Gmax Cimin a

microgra?l}s comlp(ljlted ded S1 1.93 1.44 0.49 2.85 2.68 0.17

using multifractal detrende

fuctuation analysis (MEDFA) S2 1.91 123 0.68 2.92 2.67 0.25

method S3 1.93 1.19 0.74 3.37 2.68 0.69
S4 1.96 1.09 0.87 3.41 2.69 0.72
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Fig.9 The averaged power spectral density (surface) for the samples: a S1, b S2, ¢ S3, d S4

optical analyses combined with the stereometric and multi-  models of ZnS thin films deposited on glass substrates by RF
fractal analyses provided a deeper analysis that can serve as ~ magnetron sputtering.
a foundation for the development of novel micro-topography
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Fig. 10 The slices for the samples: a S1, b S2, ¢ S3, d S4
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Fig. 11 UV-Vis-NIR transmittance spectra of ZnS thin films depos-
ited at different deposition conditions for samples: (a) S1, (b) S2, (c)
S3, (d) S4
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Fig. 12 Refractive index as a function of the radiation wavelength
calculated using the Swanepoel method [45, 46]

Table 5 Optical band gap and thickness calculated from the transmit-
tance spectra of ZnS thin films deposited at different deposition con-
ditions

Sample name Band gap energy Film thickness (nm)
Q%

S1 2.95 81070

S2 297 696 +25

S3 2.98 680+45

S4 2.99 596+5
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