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Abstract
In this work, thin films of ZnSB were deposited by a thermionic vacuum arc technique. ZnSB thin films were deposited to 
various substrates such as glass, polyethylene terephthalate and silicon wafer. Structural, optical, morphological properties 
and chemical analysis of ZnSB thin films were investigated. The thicknesses values of the thin films were measured as to be 
60 nm, 5 nm and 40 nm on glass, PET and Si substrates, respectively by using interferometer. The X-ray diffraction (XRD) 
were used to identify the structural characteristics of the thin films. ZnSB thin films were observed in polycrystalline struc-
tures from the XRD results. UV–Visible spectrophotometer were carried out to determine optical properties of ZnSB thin 
films. The average transmittance values of the ZnSB thin films were obtained to be 89% and 85% on glass and PET substrates, 
respectively. The band gap energy for ZnSB thin films were estimated as 3.69 eV and 3.54 eV on glass and PET substrates. 
By using photoluminescence spectroscopy, ZnSB thin films are located at 413 nm (3.08 eV) where is known as near band 
emission band. From FESEM and AFM analyses, ZnSB thin films have exhibited smoothness, uniform and densely formed 
surface profile. Chemical analyses of ZnSB thin films were carried out by Raman spectroscopy. Considering Raman spectra 
of ZnSB thin films, ZnS peaks were observed mainly.

1  Introduction

Zinc sulfide (ZnS) is one of the most important stable II–VI 
semiconductor material [1]. ZnS exhibits n-type conductiv-
ity, high transparency (> 94%), very high resistivity, large 
exciton-binding energy (~ 40 meV) and has direct wide band 
gap (3.2–3.9 eV) at room temperature. ZnS consists of two 
crystal structures as a cubic phase (zinc blend) and a hexago-
nal phase (wurtzite). On the other hand, ZnS is a low-priced 
and abundant raw material. In addition, it is chemically and 
mechanically stable and non-toxic [1–7]. ZnS thin film is 
a promising material for Cu(In,Ga)Se2 (CIGS) based solar 
cells [1], window layer material solar cells, ultra-violet (UV) 
light emitting diodes (LEDs) [8], flat panel displays, field 
effect transistors (FET), infrared (IR) windows [9], optical 
sensors [10], lasers, reflectors [1, 4, 5, 11]. According to the 
literature, ZnS thin films could be deposited with different 
techniques such as ion beam sputtering [12], radio-frequency 
(RF) sputtering [13], chemical vapor deposition (CVD) [14], 

electrochemical deposition [15], spray pyrolysis [16], chemi-
cal bath deposition (CBD) [17], sol–gel [18], thermal evapo-
ration [19] and electron beam (e-beam) evaporation [20] on 
various type of substrates. As it is known, when appropriate 
dope material is chosen, structural, optical and electrical 
properties of the ZnS thin films might in significant changes 
as well. According toliterature, various elements such as 
Cu, Ag, Al, Ga, Ti, Cd, Cr and B have been doped to ZnS 
[21–28]. Among group III elements, Boron (B) has an attrac-
tive material due to unique properties and wide applications. 
Also, Boron is close to the refractory metals and very suit-
able candidate for p-type doping in semiconductors. Nev-
ertheless, boron doped ZnS thin films seem less discussed 
when the literature has been reviewed.

In this study, the ZnSB thin films were prepared on amor-
phous glass, semi crystalline polyethylene (PET) and silicon 
(Si) substrates by TVA technique. The structural, optical, 
surface properties and chemical analysis of ZnSB thin films 
were reported. X-ray diffractometer (XRD) were utilized to 
determine the structural and phase properties of the pre-
pared ZnSB thin films. The optical properties of ZnSB thin 
films were investigated by using interferometer, UV–Vis and 
photoluminescence (PL) spectroscopic techniques. Surface 
properties of the ZnSB thin films were analyzed by Field 
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Emission Scanning Electron Microscopy (FESEM) and 
Atomic Force Microscopy (AFM). Raman spectroscopy 
measurements were applied for obtaining chemical infor-
mation about ZnSB thin films.

Thermionic vacuum arc (TVA) technique is a fast, low-
cost and eco-friendly nanocrystalline thin film deposition 
technique in high vacuum conditions. By means of TVA 
technique, thin films can be deposited at room temperature 
upon substrates which have even low melting points. This 
technique does not require heating the substrates during thin 
film deposition. Also, no buffer gas is needed and no sophis-
ticated instrumentation is required in this technique. Thin 
films deposited by TVA technique have a number of advan-
tage like homogeneity, compactness, good adhesion, low 
roughness, high deposition rate and short processing time.

2 � Experimental

TVA is a thin film growth technique and unique method to 
produce nanostructured thin films. In this technique, high-
temperature annealing is no necessary. So far, there have 
been various reported studies in the literature about TVA 
technique [29–37]. TVA is a rapid plasma assisted thin 
film deposition technology. TVA is based on the anodic 
pure plasma generation. TVA system has two main compo-
nents as anode and cathode electrodes. The anode consists 
of spoon like crucible oftungsten or molybdenum andan 
evaporation material. The cathode is an electron gun includ-
ing tungsten filament with a diameter of 0.5 mm which is 
mounted inside an electron-focusing a Wehnelt cylinder. The 
distance is 5–6 mm between the electrodes. In this study, 
the boron (B) piece (Alfa Aesar, 99.95%) and zinc sulfide 
(ZnS) granule (Don Co., Ltd.) were used as anode material 
and ZnSB thin films were deposited on amorphous glass 
microscope slide, semi-crystalline polyethylene terephtha-
late (PET) and silicon (Si) wafer substrates. B piece and 
ZnS granule were placed into tungsten evaporation crucible. 
Unlike other vacuum techniques, anode materials like gran-
ule, pellet, pieces, rod, etc. can be placed into crucible in this 
technique. ZnS and B materials were used as co-evaporation 
sources. Plasma of ZnS and B anode materials was created 
using an electron beam simultaneously. So, the possibil-
ity of co-processing of ZnS and B mixure were presented. 
The vacuum chamber was pumped down to base pressure 
(6 × 10−5 torr). In the deposition process, thermionic elec-
trons were emitted from the tungsten filament and then the 
electrons were focused onto evaporation material (ZnSB) 
by aWehnelt cylinder. High voltage potential is being forced 
to heat and evaporates ZnSB materials. Thus, ZnSB mate-
rials start to be deposited on the glass, PET and Si sub-
strates. The TVA discharge occurs between the anode and 
cathode electrodes under high vacuum conditions. During 

deposition of ZnSB thin films, vacuum chamber pressure was  
1.18 × 10−4 torr. Filament current and voltage applied to 
cathode was 21.2 A and 18.5 V, respectively. However, volt-
age between anode and cathode was 200 V in the space and 
created discharge current between anode and cathode was 
0.05 A. The deposition process duration was just 5 min at 
room temperature. Schematic view of the TVA system is 
seen in Fig. 1.

3 � Results and discussion

Choice of deposition techniques and substrate materials are 
playing an important role in the microstructural properties. 
Generally, polycrystalline films can not be deposited on 
glass substrate at low temperatures. Whereas, it is possible 
with TVA technique having higher ion energy. At the same 
time, nature of substrates are important as well.

The crystal structure and phase properties of the ZnSB 
thin films were studied using (PANalytical/Empyrean) 
X-ray diffractometer (XRD). XRD patterns were obtained 
in the 2θ range of 20°–70° with Cu-Kα radiation source 
(λ = 0.154 nm) for the pristine ZnS and ZnSB thin films. 
The XRD patterns of ZnS and ZnSB thin films are displayed 
in Fig. 2. All the diffraction peaks in pristine ZnS belong to 
hexagonal and cubic phases of ZnS. The diffraction peaks 
at 26.94°, 27.88°, 28.54°, 30.50°, 33.10°, 39.62°, 45.56°, 
47.52°, 51.86°, 56.39° and 57.66° correspond to the (100), 
(101), (111), (101), (020), (012), (015), (202), (016), (111) 
and (201) planes, respectively. As can be seen in Fig. 2, ZnS, 
Zn, B, B8S16 and S5Zn5 reflections were detected at various 
degrees. It was concluded that while polycrystalline ZnSB 
thin films were deposited on glass and PET substrates, single 

Fig. 1   Schematic view of the TVA system for ZnSB deposition
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crystalline ZnSB thin film was deposited on Si substrate. As 
the XRD patterns compared, it can be seen that microstruc-
ture properties and intensities of the peaks are quitely dif-
ferent. Microstructure properties of ZnSB thin films were 
affected due to different structure of substrate materials 
which are amorphous glass, semi-crystalline PET and Si 

wafer. The peaks of ZnS and B were observed at different 
2θ values on glass and PET substrates. In this situation, it 
caused a shift of 2θ values due to background effect of glass 
and PET substrates. Peak positions, miller indices and crystal 
structures along with their reference Crystallography Open 
Database ID (COD ID) numbers were given in Table 1. These 
results are in harmony with the literature [38–45].

The refractive index (n) versus wavelength (λ) and thick-
nesses were measured simultaneously by using Filmetrics 
F20 tool. ZnSB thin film layers were measured as approxi-
mately 60 nm, 5 nm and 40 nm on glass (ZnSB/glass), on 
PET (ZnSB/PET) and on Si (ZnSB/Si) substrates, respec-
tively. The differences in the thicknesses are due to the dis-
tance differences between anode and substrates (see Fig. 1). 
ZnS/PET thin film thickness was found to be less because 
the PET substrate was placed further away from the glass 
and Si substrates. In the refractive index measurements, 
Cauchy dispersive model is used where the films are trans-
parent. It is well known that the refractive index (n) varies 
as a function of wavelength. That is, produced thin films 
exhibit the normal dispersion behavior in the visible wave-
length range. The graph of refractive index and reflectance is 
shown in Fig. 3a. Refractive indices of ZnSB/glass and ZnS/
PET thin films were measured as 1.54 and 2.21 at 550 nm, 
respectively. According to Fig. 3a refractive index values 
of ZnSB/glass and ZnSB/PET thin films are decreased with 
increased wavelength. This case related to both different of 
density and compactness of deposited layers and difference 

Fig. 2   XRD patterns of the ZnSB thin films deposited on the glass, 
PET and Si substrates

Table 1   Determined XRD 
parameters of ZnSB thin films 
on glass, PET and Si substrates

2θ (°) Diffraction plane Miller indices Crystal system COD ID

ZnSB/glass 29.36 S5Zn5 (1 0 4) Hexagonal 9000085
30.92 S5Zn5 (1 0 8) Trigonal (hexagonal axes) 9013410
32.58 ZnS (0 1 5) Hexagonal 9000086
35.89 Zn (0 0 2) Hexagonal 1512553
39.29 B (4 3 1) Trigonal (rhombohedral axes) 9011109
43.07 ZnS (1 0 23) Trigonal (hexagonal axes) 2310815
44.54 B (3 2 4) Trigonal (hexagonal axes) 9012122
47.48 ZnS (1 1 0) Hexagonal 100044

ZnSB/PET 29.45 S5Zn5 (1 0 4) Hexagonal 9000085
30.92 S5Zn5 (1 0 8) Trigonal (hexagonal axes) 9013410
32.67 ZnS (1 0 31) Trigonal (hexagonal axes) 2310813
36.07 Zn (0 0 2) Hexagonal 9011599
39.48 ZnS (0 1 2) Hexagonal 1011196
41.13 B (0 2 2) Tetragonal 9012309
43.25 Zn (1 0 1) Hexagonal 9011599
47.57 ZnS (1 1 0) Trigonal (hexagonal axes) 2310814
48.59 B (1 3 2) Tetragonal 9012310
57.51 ZnS (2 0 1) Hexagonal 1101051
60.82 S (0 4 5) Orthorhombic 9012334
65.79 B8 S16 (6 2 − 5) Monoclinic 1511701

ZnSB/Si 28.53 ZnS (1 1 1) Cubic 1538617
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of crystal structure because of substrate effect. Obtained 
refractive indices of ZnSB thin films are in good agreement 
with literature [1, 3, 4, 11].

Optical reflectance of ZnSB thin films were measured 
simultaneously with Filmetrics F20 tool and illustrated in 
Fig. 3a. As displayed in the figure, the intensity of optical 
reflectance were approximately 4% over the visible spectral 
region for ZnSB/glass and ZnSB/PET thin films. This situa-
tion indicated that the reflectance values of ZnSB/glass and 
ZnSB/PET thin films were almost the same where produced 
thin films were transparent. Reflectance values decreases 
because of defects, grain boundaries, smaller grains and 
crystalline imperfections [5]. Meantime, optical reflectance 
for ZnSB/Si thin film is 33% at 550 nm which is higher than 
the others. This observation can be related to the effect of 
substrates. Therefore, the reflectance spectra is in harmony 
with the XRD results.

The optical transmittance and absorbance of the ZnSB 
thin films were recorded by an Unico UV–Vis spectropho-
tometer in the wavelength range of 300–1100 nm. As it is 
known, grain boundaries of thin films absorb the visible 
light and exhibit high absorbing properties. The transmit-
tance and absorbance graph of the ZnSB thin films were 

presented in the same Fig. 3b for comparison. ZnSB/glass 
and ZnSB/PET thin films were behaved as transparent in 
the visible region. Transmittance values of ZnSB/glass and 
ZnSB/PET thin films at 550 nm were measured as 89% and 
85%, respectively. In this stiation, ZnSB/glass and ZnSB/
PET thin films indicate that they are optically similar [37]. 
However, crystallinity of the films can lead to higher trans-
parency. It is note worthy that ZnSB thin films exhibit low 
absorption in the infrared region. A steep absorption edge 
at ~ 310 nm was observed in the fundamental absorption 
region. The steep absorption in this region can be associ-
ated with homogeneous grain distribution.

Band gap of thin films is an important optical parameter. 
Tauc formula which is well – known and a simple methodis 
used to determine the band gap energy [46]:

where A is a constant, h� is incident photon energy, � is 
the absorption coefficient and, Eg is represented as band 
gap energy of the thin films in the formula. In addition, n 
value indicates the electronic transitions of materials and 
can get four different values (1/2, 2, 3/2 or 3). These values 
are related with direct and indirect forbidden transitions. As 

(1)�h� = A(h� − Eg)
n

Fig. 3   Optical properties of ZnSB thin films a reflectance and refractive index, b transmittance and absorbance, c band gap and d PL spectra 
graphs
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can be seen from Fig. 3c, optical band gap energy Eg were 
estimated by drawing the Tauc plot of (�h�)2 versus h� . The 
optical absorption coefficient � , can be calculated using the 
following relation:

where, d and T  are the thickness and transmittance values 
for the thin films, respectively. As can be noticed, the band 
gap energy of ZnSB/glass and ZnSB/PET thin films were 
obtained as 3.69 eV and 3.54 eV respectively, which is in 
agreement with previous studies [2–4, 36, 37, 47]. However, 
band gap structure of ZnSB/glass thin film, is sharp and 
smooth. That is defect level is lower than ZnSB/PET thin 
film.

Photoluminescence (PL) spectroscopy is an appropriate 
technique for investigation of crystalline quality, defects 
of the deposited films and band gap energy Eg of different 
materials. The PL spectra were obtained over the wavelength 
range 350–520 nm with 330 nm excitation for the ZnSB 
thin films by using Perkin-Elmer LS-55 device at room tem-
perature. Figure 3d displays PL spectra for the comparison 
of pristine ZnS material and all ZnSB thin films. Pristine 
ZnS material peak is located at 400 nm (3.10 eV). This PL 
emission peak is known as near band emission (NBE) band. 
On the other hand, ZnSB thin films are located at 413 nm 
(3.08 eV). However, these emission peaks are related to 
crystalline defects, impurity levels, defect levels, vacancies 
and interstitials. In our study, we concluded that the NBE 
peak of ZnS is shifted from 400 nm to 413 nm with the 
effect of B in thin films. The emissions at 3.08 eV stand for 
a transition from the conduction band to the IS level. These 
values are very good harmony with literature [3, 5, 37, 48].

Raman spectroscopy, which is sensetive and non-destruc-
tive method, gives information on materials. Raman analyses 
of ZnSB thin films were performed on a Renishaw inVia 
spectrometer using 532 nm laser (2.33 eV) excitation source. 
Raman spectra of the pristine ZnS material and ZnSB thin 
films are seen in Fig. 4. Position of pristine ZnS peaks were 
found at 178, 216, 272, 348 (strong), 672 cm−1, respectively. 
Observed peaks were characteristic raman peaks of ZnS. As 
can be seen, Raman shifts detected was related with ZnS. 
Raman shift peaks of PET and silicon substrates were also 
detected. According to earlier studies reported that Raman 
shift center at around 350 cm−1 the longitudinal optical 
(LO) Raman mode in the cubic and hexagonal phases of 
ZnS [49]. ZnS peak was detected at around 355 cm−1 for 
ZnSB/glass thin film [50]. For ZnSB/PET thin film, the posi-
tion of ZnS peaks were detected at 112, 153, 223, 282, 380 
and 1095 cm−1 respectively [7, 39, 50]. It was observed that 
the characteristic ZnS Raman peaks shifts to due to boron 
effect. Other peaks observed were from background of PET 
substrate. In the same way, ZnSB/Si thin film shows ZnS 

(2)� =
1

d
ln(1∕T)

peak which lies at around 303 cm−1 [39, 51]. The peaks 
were observed at 520 and 942 cm−1 from the silicon sub-
strate. Besides, we could not observe raman peaks of B in 
the spectrum. This suggests that the smaller radius and low 
amount of boron does not change the vibrational modes of 
ZnS, significantly.

The surface properties of the ZnSB thin films were inves-
tigated with both field emission scanning electron micros-
copy (FESEM) and atomic force microscopy (AFM). Carl 
Zeiss Supra 55 model was used for high-resolution surface 
imaging analyses. The FESEM images of ZnSB thin films 
with a magnification of 300 kx can be seen from Fig. 5a–c. 
It can be observed that ZnSB thin films exhibit dense, homo-
geneous and almost similar to each other from Fig. 6a–c. 
Although under the same conditions deposited ZnSB/glass 
and ZnSB/Si thin films exhibited smotth and uniform distri-
butions, ZnSB/PET thin film was appeared with presence of 
cracks. The formation of this cracks may be due to thermal 
expansion of the PET surface.

Average roughness (Ra) measurements and height dis-
tribution graph of the ZnSB thin films were used AFM 
(Ambios Q-scope atomic force microscope) device to obtain 
2D and 3D surface imaging. All measurements were done 
in non-contact mode using the Scan Atomic V 5.1.0 SPM 
control software at room temperature. The 2D and 3D AFM 
images of ZnSB thin films were scanned in the range of 
2 × 2 µm2 and shown in Fig. 6a–f. Also, the height dis-
tribution graph is plotted in Fig. 6g. As can be seen that 
images of ZnSB thin films are very similar to each other, 
nano-structured and having very smooth surface. Average 
roughness (Ra) is the mean value of the surface height with 
respect to a center plane [52]. Using 7 lines measurement at 
this scale, Ra values were approximately 0.53 nm, 0.76 nm 

Fig. 4   Raman spectra of ZnSB thin films
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and 0.46  nm for ZnSB/glass, ZnSB/PET and ZnSB/Si, 
respectively. These low values confirm the smooth surface 
of ZnSB thin films. It means that, this Ra values of ZnSB/
glass and ZnSB/Si thin films were smoother than Ra value of 
ZnSB/PET. Because the lattice mismatch had not appeared 
between ZnSB/glass and ZnSB/Si thin films and substrates.

FESEM images of ZnSB thin films support AFM images. 
In addition, the height distribution histogram of ZnSB thin 
films is shown in Fig. 6g. According to the height distribu-
tion histogram analysis of ZnSB thin films exhibited homo-
geneous grain distribution over the surfaces. This situation 
can be explain related to Gauss curve. It is evident that in 
the ZnSB/Si thin film was determined better Gauss curve 
than the others due to low roughness of ZnSB/Si thin film.

4 � Conclusion

In conclusion, ZnSB thin films were produced on glass, 
PET and Silicon substrates using TVA technique and were 
characterized by XRD, optical, morphological and chemi-
cal measurements. The XRD patterns of ZnSB showed 
that produced thin films have an polycrystalline character. 

The produced ZnSB thin films were determined to be wide 
band gap semiconductors. Also, band gap of ZnSB/glass 
and ZnSB/PET thin films were calculated as 3.69 eV and 
3.54 eV, respectively. Transmittance spectrum of ZnSB thin 
films have demonstrated high optical transmittance 85–89% 
at 550 nm. ZnSB/glass and ZnSB/PET thin films have lower 
reflection 4% while maximum reflection for ZnSB/Si thin 
film exhibits about 33%. In this situation, a higher level of 
reflectance can be understood due to the Si substrate. Refrac-
tive index values of ZnSB thin films were good agreement 
with literature. Raman spectroscopy measurements were 
applied. Raman spectrum related with ZnS and ZnSB were 
detected. It was observed that the amount of boron does not 
significantly change the vibrational modes of ZnS. Mean-
time, morphological properties of ZnSB thin films were 
reported. FESEM and AFM images showed that all ZnSB 
thin films were homogeneous and uniformly distributed 
over the surface. Ra values of produced ZnSB thin films 
were determined 0.53 nm, 0.76 nm and 0.46 nm for glass, 
PET and Si substrates, respectively. However, a symmetrical 
Gaussian surface distribution were observed for ZnSB thin 
films. ZnSB thin films deposited on three different substrates 
exhibited almost the same properties.

Fig. 5   FESEM images of 
ZnSB thin films deposited on 
glass (a), PET (b) and Si (c) 
substrates
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Fig. 6   2D and 3D AFM images 
of the a, b ZnSB/glass, c, d 
ZnSB/PET, e, f ZnSB/Si thin 
films and g height distribution 
graph of ZnSB thin films
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