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Abstract

The ZnS thin films have been deposited by radio frequency magnetron sputtering at room temperature. Post-deposition rapid
thermal annealing treatment was done for the films deposited at different powers ranging from 70 to 100 W. One peak is
observed for as-deposited and annealed thin films at around 28.48° corresponding to the (111) reflection plane indicating a
zincblende structure. The overall intensity of the peaks and the FWHM values of as-deposited films increased after anneal-
ing corresponding to the increase in crystallinity. The optical energy bandgap is found in the range of 3.24-3.32 eV. With
increasing annealing temperature, the decrease in the Urbach energy values indicating a decrease in localized states which
is in good agreement with the XRD results where the crystallinity increased. The surface morphology of the films seems
to be composed of Nano-granules with a compact arrangement. Apparently, the grain size increases in the deposited films
as annealing temperature increases. The compositional ratio attained close to the stoichiometric ratio of 1:1 after anneal-
ing. From the Hall effect measurement, the carrier concentration and mobility are found to increase after annealing. The
high carrier concentration and mobility also comply with structural and optical analysis. Best results are found for the film
annealed at 400 °C deposited at 90 W.
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Introduction

The II-VI semiconductor compound thin films have been
investigated for many years because of the multiple appli-
cations of these materials, in the field of solar cells, pho-
tocatalysts, field-effect transistors, light-emitting devices,
and optoelectronic devices [1-10]. As buffer layer in solar
cell, I-VI compounds, such as CdS [7, 11-13], ZnS [9, 14,
15], CdZnS [16-20], CdSe [21, 22], CdSSe [23], etc., have
been usually used. This binary/ternary compound thin film
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detection emission [32], and modulation of UV-visible light
[33], ZnS thin film is potentially important material.

Pathak et al. [34] deposited ZnS thin films on different
substrates, such as ordinary glass, indium tin oxide (ITO)
coated glass, and Corning glass by RF magnetron sputter-
ing, with a substrate temperature of 100 °C. They found
good crystallinity and preferential orientation of the cubic
structure. They also found the transmittance of the films was
about 77% in the visible region. Kim et al. [1] prepared the
ZnS thin films varying sputtering power from 85 to 115 W
with a 10 W increment. The deposition was carried out with
a substrate temperature at 200 °C. They achieved over 85%
transmittance in the visible light, good crystallinity and the
bandgap in the range of 3.3-3.4 eV for the films deposited
at 85 and 95 W power. Gayou et al. [8] varied substrate
temperature from 180 to 630 °C to deposit ZnS thin films
on GaAs layer by RF planar magnetron sputtering system.
The maximum grain size was found 34.95 nm by deposit-
ing with the substrate temperature of 270 °C. Shao et al.
[27] deposited ZnS thin films of about 50 nm on glass sub-
strates at a substrate temperature of 200 °C via RF reactive
sputtering by using a zinc plate target and hydrogen sulfide
(H,S) gas. They found a zinc blende (ZB) structure with 65%
transmittance in the wavelength larger than 350 nm having
3.59-3.72 eV bandgap. All these works had been done with
different substrate temperatures.

In this work, an attempt is taken to deposit earth-abun-
dant ZnS thin film using controlled RF magnetron sputter-
ing technique as well as to improve the quality of the films
by controlled annealing treatment that can be implemented
in thin-film solar cells specifically as a window layer. For
controlled annealing treatment, rapid thermal annealing of
the deposited films was carried out to investigate the effect
of different annealing temperatures on the structural, mor-
phological, optical, and electrical properties of the films.

Experimental details: preparation
and characterization

The soda-lime glass (SLG), as the substrate, of size
30 % 30 mm thickness 1.5 mm, was cleaned in an ultrasonic
bath, degreased by methanol-acetone-methanol solutions
and deionized water for 10 min. The substrates were then
dried with the blower of dry air and masked onto one side
with Ketone tape. The substrates were then immediately
placed in a top—down magnetron sputtering system manufac-
tured by Nano-Master Inc. with Model NSC-4000. Figure 1
shows the schematic diagram of the system used to deposit
ZnS thin films. For deposition material, ZnS sputtering tar-
get from Angstrom Sciences, Inc having purity 99.99% of
two inches diameter was placed 95 mm above the substrate.
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The RF gun (maximum 300 W, frequency 12.56 MHz) was
used to deposit the thin films. Before starting the sputtering,
the chamber was pumped down to a base pressure below
5.33 mbar.

The deposition of ZnS onto cleaned SLG substrates were
conducted at 6.67 mbar for 20 min under 70, 80, 90, and
100 W applied powers at 25 °C substrate temperature. After
deposition, the films were annealed in N, atmosphere at the
pressure of 25x 10~ Torr with a rapid thermal annealer
manufactured by Advance Riko with Model MILA-5000-
P-N. Each set of deposited films were annealed at 350 °C,
400 °C, and 450 °C for 20 min with the ramp of 20 °C per
minute. Annealed samples were then cooled down to 25 °C
within 35 min.

After annealing, all the characterizations were performed
at room temperature. The film thickness was measured with
a surface profilometer manufactured by Bruker Corporation,
USA, with Model DektaXT-A. The structural and crystal-
lographic properties of the films were observed from X-ray
diffractometer (XRD) (EMMA; GBC Scientific Equipment,
Australia) using Cu_Ka radiation (/=0.15406 nm) operated
at 35.5 kV and 28 mA. The composition of the films was
investigated by energy dispersive analysis of X-ray (TEAM
EDS; EDAX, USA). The morphology of the films was meas-
ured by scanning electron microscopy (EVO18, Carl Zeiss
AG, Germany). For optical properties, an ultraviolet—vis-
ible-near-infrared (UV-Vis-NIR) spectrometer (UH-4150;
Hitachi High Technologies Corporation, Japan) with a wave-
length range from 320 to 900 nm was used. The electrical
parameters were determined by the Hall effect measurement
system (HMS-3300; Ecopia Corporation, South Korea),
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Result and discussion
Structural properties

Figure 2 shows XRD patterns of as-deposited and annealed
ZnS thin films deposited at different RF power ranging from
70 to 100 W. One peak was significantly observed for all of
the films in the diffraction angle (260) ranging from 20° to 70°.
Only one significant peak for the films indicating that the films
are of a single crystalline structure and the planes are parallel
to the substrate surface [9].

For as-deposited films, as shown in Fig. 2, the peak around
20=128.48° is observed to appear corresponding to the (111)
reflection plane occurring for a cubic or zincblende (JCPDS
Card: 00-001-0792) structure. The overall intensity of the
peaks of as-deposited films increased after annealing. From
Fig. 2, the highest peak is found, for the film deposited with
90 W power, which indicates better crystallinity among the
as-deposited films. The lattice parameter ‘a’ for cubic phase
structure [hkl] for all of the films at different deposition powers
is determined from the Brag’s law and Vegard’s law [35] as
tabulated in Table 1.

The mean crystallite sizes (D) of the films are calculated
using the Scherrer formula [35]:

where A is the X-ray wavelength (0.15406 nm), and f is the
full width at half maximum (FWHM) of the film diffrac-
tion peak at 26, where 6 is the Bragg diffraction angle. The
micro-strain (¢) developed in the thin films can be calculated
from the relation [36]

Pcotd
E =
4

@

where 0 is Bragg’s angle, § is the width of the peak at half
of the maximum peaks. The dislocation density for non-
isotropic distribution of thin films are calculated by the Wil-
liamson and Smallman’s relation [4]

5=_"

D ﬁkl )
where n is a factor, which equals unity giving minimum
dislocation density and D, is the crystallite size along [hkl]
direction. Different structural parameters of the as-deposited
and annealed ZnS thin films having different growth at dif-
ferent powers are calculated by using relevant formulae and
are systematically presented in Table 1.

From Table 1, the FWHM values are found to decrease
from as-deposited to annealed samples and increase with the
increase in thickness. Almost the same value of FWHM is
found for the samples annealed at 400 °C and 450 °C. As,
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Fig.2 XRD patterns of as-deposited and annealed ZnS thin films
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Table 1 Calculated values of structural properties of ZnS thin films

Deposition Thick-  Annealing Peak d-spacing, d FWHM, B (°) The lattice Crystallite  Micro- Dislocation
Power (W) ness, t condition position,  (nm) parameter, a size, D strain, € density, & (Line/
(nm) 20 (°) (nm) (nm) (x107%) cm?)

70W 198 As-deposited  28.46 3.1334 0.535 5.4272 15.986 9.21 0.3913
RTA at 350 °C  28.48 3.1312 0.477 5.4235 17.945 8.20 0.3105
RTA at 400 °C 28.52 3.1275 0.500 5.4171 17.129 8.58 0.3408
RTA at 450 °C 28.51 3.1285 0.500 5.4188 17.125 8.59 0.3410

80 W 235 As-deposited  28.42 3.1380 0.379 5.4352 22.603 6.52 0.1957
RTA at 350 °C 28.43 3.1367 0.375 5.4329 22.844 6.45 0.1916
RTA at 400 °C  28.47 3.1321 0.430 5.4249 19.903 7.40 0.2524
RTA at 450 °C  28.48 3.1317 0.442 5.4243 19.389 7.59 0.2660

0 W 265 As-deposited  28.40 3.1401 0.423 5.4387 20.241 7.29 0.2441
RTA at 350 °C 28.46 3.1337 0.315 5.4277 27.212 541 0.1350
RTA at 400 °C 28.47 3.1325 0.285 5.4256 30.025 4.90 0.1109
RTA at 450 °C  28.48 3.1317 0.379 5.4243 22.580 6.52 0.1961

100 W 285 As-deposited  28.49 3.1386 0.375 5.4361 22.849 6.44 0.1915
RTA at 350 °C  28.50 3.1373 0.343 5.4340 24.960 5.89 0.1605
RTA at 400 °C 28.36 3.1449 0.378 5.4472 22.669 6.52 0.1946
RTA at 450 °C 28.52 3.1347 0.387 5.4294 22.099 6.65 0.2048

the FWHM of an XRD peak is reliant on the crystallite size
and the lattice micro-strain caused by the defect and/or dislo-
cations [37], the calculated value shows maximum crystallite
size of 30.025 nm, corresponding minimum micro-strain of
4.90x 1072 for the sample deposited at 90 W power and
annealed at 400 °C. Among the various deposition powers in
conjunction with annealing temperature, the film deposited
at 90 W power was found to possess the lowest micro-strain
and dislocation density. It is possibly due to the collision
rate between Ar atoms and ejected ZnS atoms; hence, the
kinetic energy of these sputtered particles at 90 W power is
sufficiently suitable to arrange them with minimal disloca-
tion defects. Therefore, further analysis was carried out only
for this set of samples.

Optical studies
Transmittance and absorption coefficient

Figure 3 illustrates the variation of transmittance spectra
with wavelength for the films deposited at 90 W. It is found
that the average transmittance percentage is about 83.77%
in the visible region. It is seen that the optical transmittance
of the films increases after annealing. The maximum aver-
age transmittance, 84.67%, is observed for the film depos-
ited with 90 W sputtering power and annealed at 400 °C
temperature. As the crystallinity was found highest in XRD
peak analysis, the regular arrangement of ZnS atoms causes
higher optical transmittance of the film. Pathak et al. [34]
found about 77% transmittance in the visible region for
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Fig.3 Transmittance versus wavelength plots of as-deposited and
annealed films deposited with 90 W sputtering power

sputtered ZnS thin film. Rahimzadeh et al. [30] found 84.1%
transmittance for sulfur-rich sol-gel spin-coated films. Even-
tually, the buffer layer needs to be transparent enough to
pass through the light to the absorber layer [38]. Therefore,
in our case, this ZnS thin film is applicable as a buffer layer
for thin-film solar cells.

The optical absorption coefficient [37] o was calculated
from transmittance and reflectance data corresponding to
different photon energies, using the equation:

1 1
=-ln—=
a tnT 4)
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Fig.5 Dependence of the optical absorption edge on the annealing
temperature

where t is the film’s thickness, and 7 is the transmittance.
It has been observed that the absorption coefficient has
high values, in the order of 10° cm™", for all ZnS thin films.
Figure 4 shows that the value of the absorption coefficient
decreases from as-deposited to annealed samples. A sud-
den decrease, in Fig. 4, from 320 to 390 nm, is observed in

Table 2 Values of the optical parameters of the ZnS thin films

the absorption spectra, indicates the presence of the optical
bandgap in the thin films and behavior as a semiconductor.

The absorption edge is determined for each thin film
by extrapolating the steep portion of the absorption curve
to intercept the photon wavelength axis. The effect of the
annealing temperature on the onset of the absorption edge of
ZnS thin films is clearly observed in Fig. 5 and recorded in
Table 2. The absorption edge in the spectra is shifted toward
the lower wavelength from as-deposited to annealed sam-
ples. This was probably due to the high degree of crystallin-
ity of ZnS films for higher annealing temperatures. This shift
is expected behavior [6] because it indicates the increase in
the optical bandgap with increasing annealing temperature
[9]. The linear nature of the plots at the absorption edge
confirmed that ZnS is a semiconductor with the presence of
a direct transition between the parabolic edges of the valance
band and conduction bands.

Optical bandgap

Plotting (ahv)® with respect to incident photon energy allows
the calculation of semiconductor direct optical energy band-
gap (E,) using the Tauc [39] relation:

(ahv)* = (hv - E,), ®)

The optical energy bandgap is calculated from
Fig. 6 by extrapolating the linear portion of the curve
to (ahv)?=0 for each thin film and found from 3.24 to
3.32 eV. Kim et al. [1] found the bandgap of 3.3-3.4 eV
for sputtered ZnS thin film and got 2.11% conversion effi-
ciency of glass/Mo/CZTS/ZnS/(i-ZnO/AZO) solar cell.
Islam et al. [24] found a 5.34% conversion efficiency of
MBE-grown ZnS of Al/n—Zn0/i-ZnO/ZnS/CIGS/Mo/
SLG thin-film solar cell with 3.6 eV ZnS film bandgap.
It is observed that the bandgap of the thin films increases
from as-deposited to increasing annealing temperature.
The increase in the bandgap of ZnS films with substrate
temperature could be attributed to the Burstein—Moss
effect [40], as the Fermi energy is strongly temperature-
dependent. In general, the generation of a Burstein—-Moss
shift depends upon the creation of a very high density of

ZnS thin films depos- ~ The wavelength of Optical band- Urbach energy, The constant,  Steepness param- Electron—phonon

ited at 90 W power absorption edge (nm) gap, E, (eV) Ey (eV) oy (cm™) eter, 6 (V) interaction, E.,
(eV)

As-deposited 380 3.24 2.98E-01 38.82 8.62E—-02 7.73

RTA at 350 °C 378 3.29 2.61E-01 6.92 9.86E—02 6.76

RTA at 400 °C 377 3.31 2.49E-01 3.54 10.32E-02 6.46

RTA at 450 °C 376 332 2.44E-01 2.56 10.51E-02 6.34
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electrons (holes) in the conduction (valence) band such
that the energy levels near the bottom of the band fill up,
and optical transitions thus have to involve higher empty
band states, resulting in a blue shift of the fundamen-
tal absorption edge. This increasing phenomenon of the
bandgap and its range is in good agreement with previous
works of ZnS thin film [9, 10].

The skin

The absorption of the electromagnetic wave spectrum
within thin films is dependent upon the material type,
thickness, photo-conductivity, and extinction coefficient
of the films [41]. Due to the surface morphology, the den-
sity of films, the refractive index, and the microstructure
of samples, the photon current density decreases expo-
nentially from the surface toward the midway of films.
The depth at which the intensity of the radiation inside
the medium becomes 1/e (about 37%) of the value at the
surface is called skin depth (). The skin depth is calcu-
lated from the well-known equation [42]:

_1
x=- ©)

where a is the absorption coefficient.

Figure 7 shows the dependence of skin depth on the
incident photon energy for the films of ZnS deposited at
90 W power. It is clear from the figure that the skin depth
increased when the photon energy also increased up to the
value of the highest absorption region then it decreased
[37, 38]. It is also observed that skin depth increases
from as-deposited to increasing annealing temperature.
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Fig. 7 Variation of skin depth of the ZnS thin films

The highest skin depth is found for the film annealed at
400 °C, which can be correlated with the XRD result, as
this sample is found to have the highest crystallinity and
lower dislocation density.

Absorption band tail

Along the absorption coefficient curve and near the opti-
cal band edge, there is an exponential tail that appears for
the low crystalline, disordered and amorphous materials.
The exponential part called the Urbach tail appears because
the materials have localized states extended in the bandgap
[43—45]. The spectral dependence of the absorption coef-
ficient () and photon energy (Av) in the low photon energy
range,is known as Urbach empirical rule, which is given by
the following equation [46]:

ho

o = agett @

where a) is a constant and E;; denotes the energy of the band
tail, Urbach energy. Taking the logarithm of both sides of
the equation, hence one can get a straight-line equation. It
is given as follows:

Ina = Ing, +@
= Inag + - ®)

U

Therefore, the band tail energy or Urbach energy (E))
can be obtained from the reciprocal slope of the straight line
of plotting In (@) against the incident photon energy (hv).
Figure 8 shows the dependence of In (o) against the incident
photon energy (hv).

The thin films of ZnS have low crystallinity nature as
detected by X-ray diffractograms and have been confirmed
from the spectral behavior of the transmittance. The calcu-
lated values of Urbach energy (E;;) and the constant () are
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tabulated in Table 2. It can be observed that the value of the
band tail energy (E;,) decreased with increasing annealing
temperature.

Figure 9 illustrates the dependence of the optical bandgap
and the band tail energy of the as-deposited and annealed
thin films of different temperatures. The decrease in Urbach
energy comes opposite to the behavior of the optical energy
as shown in the figure. To get the interrelation between E,
and E;, as shown in Fig. 10, the plot of the values can be
fitted. It can observe that the interrelation between E, and
the E; has a linear relationship. The empirical equation from
this linear fitting is given as:

E, =249 - 0.68E, 9)

The average value of the constant () of Eq. (7), which
also can be obtained from the linear fitting of Fig. 10 is equal
to 2.49 eV, which represents the bandgap energy in the case
of the absence of tailing. The linear relation between band-
gap energy and the width of the Urbach tail was observed
for other semiconductors [44, 47, 48].

The steepness parameter, ¢ characterizing the broaden-
ing of the optical absorption edges due to electron—phonon
interactions, was calculated by the following equation [49]:

kT

o=
EU

(10)
where kg is the Boltzmann constant and 7 is the absolute
temperature in Kelvin. Hence, the values of the strength of
the electron—phonon interaction (E,_,) can be estimated by
the following relationship [46, 49]:

2
E_ ==
P 3¢

an

The estimated values of steepness parameters and the
strength of the electron—phonon interaction are listed in
Table 2. The decrease in the E;; values with increasing
annealing temperature is associated with the decrease in
localized states originated from the non-radiative recom-
bination [50]. As from XRD analysis, the crystallinity
increases with increasing annealing temperature, minimize

Fig.9 Dependency of anneal- 0.31

ing temperature on the optical
energy gap and the band tail
width
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Fig. 10 Relation between the energy bandgap and the width of the
Urbach tail of the as-deposited and annealed ZnS thin films

localized states which may be resulted either from a decrease
in the vacancies or dislocation defects of the films.

Morphological and compositional study

The morphology of the deposited films with 90 W power
is shown in Fig. 11. It is observed from the figure that the
films seemed to be composed of nano-granules with a com-
pact arrangement. Apparently, the grain size increases in the
deposited films as annealing temperature increases.

Fig. 11 SEM image for the
films deposited with 90 W
power a as-deposited b RTA at
350 °C, ¢ RTA at 400 °C, and d
RTA at 450 °C

1 pum*

EHT = 25.00 kV
WD= 8.5mm

Table 3 Average elemental compositions of ZnS

Element As-deposited RTA at RTA at RTA at
350 °C 400 °C 450 °C
Atomic % Atomic % Atomic % Atomic %
S 63.2 62.5 59.6 58.4
Zn 36.8 37.5 40.4 41.6
Zn:S 1:1.7 1:1.6 1:1.4 1:1.4

The measurements of the atomic percentage of corre-
sponding materials are performed only on the films which
were deposited with 90 W power. The elemental compo-
sition is listed in Table 3. As the annealing temperature
increases, the compositional ratio attained close to the
stoichiometric ratio of 1:1. At higher temperature sulfur
evaporation might have caused such a change; hence, XRD
shows an increase in crystallinity and an increase in the
bandgap.

Electrical properties

From Hall measurement, among all the as-deposited and
annealed samples, a better result is found for the samples
deposited with 90 W sputtering power. Figure 12 shows
the carrier concentration, mobility, and resistivity against

Date :8 Apr 2018 2, P4
Time :14:33:12 Sl gy ekl

Signal A= SE1
Mag= 20.00 KX

@ Springer



Journal of Theoretical and Applied Physics (2020) 14:53-63 61
Fig. 12 Electrical measurement - 30 - 5.0x10°
of the films deposited with . 3x10 - L [ 450107
90 W power @ / - | o5 ;
g \ - 4.0x10°
~ N — =
a -4x10"2 4 ~
b4 ™~ \ L20 £ | 35x10° 5
= N \ Carrier concentration o~ CIJ'.
9 N Mobility £ laoxio® <
®  -5x10"+ N\, /\  —Resistity F15 = =
= N/ = ba2sx10t 2
@ /\\ P =
8 6x102 - \ F10 = F2.0x10° @
s -BX N S 2
o N [e) 2
= NN = p15x10°
2 AN -5
- \
5 7x10" 1 N_ - 1.0x10°
(&) T
T -0 - 5.0x10*
-8x10"2 T T T .
as-depo RTA at 350°C RTA at 400°C RTA at 450°C

as-deposited to annealed films, deposited with 90 W
power. As shown in Fig. 12, the negative value of carrier
concentration implies the n-type conductivity of the films.
The high carrier concentration of 7.18 x 10'> cm™ and
high mobility of 26.47 cm?/Vs are observed for the films
annealed at 400 °C. Haque et al. [9] also found carrier
concentration of the order of 10'2 cm™.

From Fig. 12, the lowest resistivity of 8.74 x 10* Q-cm is
found for the film deposited with 90 W power and annealed
at 400 °C. The high carrier concentration and mobility also
comply with structural and optical analysis.

Conclusions

In this experiment, the deposition conditions and anneal-
ing temperatures have been optimized to grow better-quality
ZnS thin film for using it as a buffer layer in solar cells. ZnS
thin films were deposited upon soda-lime glass substrate by
the RF-sputtering method with 70, 80, 90, and 100 W pow-
ers. After that each film was annealed at 350 °C, 400 °C, and
450 °C temperature with 20 °C/min ramp rate for 20 min.
Structural, electrical, and optical characterizations show bet-
ter properties for the films deposited with 90 W power and
annealed at 400 °C temperature. The XRD pattern indicates
preferential orientation along (111) planes of the zincblende
phase with a peak at around 28.48° for the films deposited
with 90 W power. The lattice constant gradually decreases,
and crystallite size gradually increases with the increase in
annealing temperature. The wide direct bandgap is found in
the range of 3.24-3.32 eV with above 84.67% transmittance.
Urbach energy, or the band tail width (Ey), steepness param-
eters and electron—phonon interactions were estimated. The
relation between these parameters at different annealing tem-
peratures was studied. The highest electron carrier concen-
tration achieved was 10'? cm™ with 26.47 cm?/V's mobility.

The result anticipates the wide range of potentiality of sput-
tered deposited ZnS thin films.
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