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A B S T R A C T   

In the present work, ZnS thin films were deposited onto Si-substrate using the chemical bath deposition tech
nique, with a deposition time of 75 min and 100 min, and subsequently the deposited thin films were used to 
fabricate Ag/ZnS/p-Si/Ag heterojunction devices to study their visible light photodetection properties under 
illumination intensity of 30 mW/cm2 and 56 mW/cm2 under applied forward bias voltage of 0 V and 5 V. 
Glancing incidence X-ray diffraction analysis confirmed the cubic zinc-blende phase of the deposited thin films, 
and Scherrer analysis revealed a crystallite size of about 2.4 nm. Surface morphology was studied using scanning 
electron microscopy and scanning transmission electron microscopy. X-ray photoelectron spectroscopy 
confirmed the presence of desired Zn2+ and S2- chemical species in the deposited thin films. Optical trans
mittance spectra revealed the higher transmittance of the ZnS thin film deposited for 75 min, while Tauc analysis 
of the optical absorbance spectra revealed that the deposited thin films had an energy band gap of 3.9 eV. 
Photoluminescence emission spectra revealed the emission due to recombination transitions via defect-related 
energy sites. Analysis of the visible light photodetection parameters revealed that the fabricated devices 
exhibited high performance, especially in terms of response and recovery times, with stable, reproducible and 
rapid-switching on-off cycles, indicating the potential for application in optical sensing, detection, or 
communication.   

1. Introduction 

Out of the various semiconducting materials used in optoelectronic 
devices and applications, the II-VI compound semiconductor zinc sulfide 
(ZnS) stands out for being superior in several ways. In the cubic (zinc- 
blende) phase, it exhibits a direct band gap of ~3.6 eV, which is wider 
than the direct bandgaps exhibited by most II-VI semiconductor 

compounds like ZnO (~3.3 eV), CdS (~2.4 eV) and CdTe (~1.5 eV), and 
commonly used III-V semiconductor compounds like InP (~1.3 eV) and 
GaAs (~1.4 eV). This spectacularly wide band gap can be made wider 
due to quantum confinement effects when the ZnS material is restricted 
to the nano-size regime, as in the case of thin films. This wide band gap 
leads to the many superior optoelectronic properties of ZnS, like high 
ultraviolet (UV) absorbance, high refractive index, strong, stable, and 
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narrow luminescent emission peaks, fantastic charge carrier mobility, 
transport, separation, and collection properties, etc., which can also all 
be tuned and tailored to desired parameters with the help of appropriate 
doping [1–4]. Other than its superior optoelectronic properties, ZnS is 
also more environment-friendly and non-cytotoxic in comparison to 
cadmium-based semiconductor compounds, some of which are 
commercially used in optoelectronic applications, for example in the 
buffer layer of CIGS photovoltaic cells. Synthesis techniques for ZnS do 
not use dangerous or harmful precursors, and the mechanical and 
chemical stability of ZnS in nano-composite structures like core-shell 
nanoparticles also makes ZnS an ideal material to be employed in 
various optoelectronic devices and applications that have an additional 
requirement of being bio-compatible, for example in optical sensors and 
detectors employed for labelling, imaging or targeted delivery, photo
catalysis, energy storage and conversion [5–9]. 

Various methods can be used to deposit ZnS thin films, like spin 
coating, spray pyrolysis, magnetic sputtering, molecular beam epitaxy, 
chemical vapour deposition, electrochemical deposition, pulsed laser 
deposition, etc. Every method has its advantages and downsides, and the 
relevance of the method used depends on the substrate being employed, 
and the desired physical structure and surface morphology, which in 
turn has a profound effect on the properties of the deposited ZnS thin 
film [10–15]. One such synthesis technique is chemical bath deposition, 
which has certain advantages over the other methods, these being the 
simplicity of the technique, combined with the relatively low price and 
time investment required to reliably synthesize high-quality reproduc
ible thin films at ordinary synthesis conditions of relatively low tem
peratures, ambient atmosphere, and normal air pressure. The authors of 
the present work, among several other researchers, have previously 
investigated the effect of changing different synthesis parameters, like 
synthesis temperature and time, pH level and concentration of the 
chemical bath, material and inclination of the substrate, etc., to optimize 
the deposition of ZnS thin films to fabricate high performance hetero
junction devices [16–22]. The material and type of substrate employed 
also play a huge role in the quality of the deposited thin film; in the case 
of ZnS thin films, Si-substrate is an ideal candidate due to the closely 
matching lattice constants which promote the formation of a defect-free 
interface and growth of high-quality crystalline thin film layers. 

In nearly all fields of scientific research, light sensors or photode
tectors play a vital role in a number of applications, for example in 
sensing and detection of gases and pollutants, in chemical and 
biomedical analysis, in optical and thermal imaging, in fiber-optic and 
laser-based communications, for remote-sensing receivers, in frequency 
metrology, environmental sensing and astronomy, to name a few; they 
are also the industry standard for a number of security and control ap
plications. Desirable properties of a high-performance photodetector are 
high sensitivity and detectivity, rapid response to the presence (and 
absence) of photons, and reliable, stable and reproducible performance 
[23–27]. Conventional industry standard semiconductor materials used 
for photodetection like Ge, GaAs, InGaAs and especially Si are prone to 
mechanical or performance failure due to being brittle and bulky. They 
are gradually being phased out by more long-term cost-effective semi
conductors like ZnO and CdS that can be used for wider optical ranges 
and in smaller, more flexible devices. However, these materials still 
leave something to be desired in terms of responsivity to photons and 
efficiency of photogeneration and conversion, which once again makes 
the case for the investigation of the superior semiconducting material 
ZnS for photodetection applications. Li et al. investigated TiO2 nano
tubes (NTs) decorated with an Ag layer using a photochemical method 
and a ZnS layer using SILAR technique (TiO2/Ag/ZnS NTs) sandwiched 
between fluorine-doped TiO2 (FTO) substrates with a poly sulfide elec
trolyte solution for application as a fast-response self-powered UV 
photodetector [28]. Li et al. investigated ZnS quantum dots (QDs) syn
thesized using a wet chemical liquid phase colloidal synthesis method 
and drop-casted onto a Au/Cr film (with lithographically fabricated 
interdigital electrodes) deposited onto a quartz substrate for application 

as a room-temperature UV photodetector [29]. Zhu et al. investigated 
ZnS films prepared using the SILAR method onto Mg0.2Zn0.8O film 
spin-coated onto quartz substrate with Au interdigital electrodes fabri
cated using photolithography and frequency magnetron sputtering for 
application as a high photosensitivity UV photodetector [30]. Jebathew 
et al. investigated pristine and 1% Al, Sn, and Sb doped ZnS thin films 
synthesized using a nebulizer spray pyrolysis technique with Ag elec
trodes for application as UV photodetectors [31]. Benyahia et al. 
investigated a ZnO/ZnS microstructure composite deposited onto a glass 
substrate using a vacuum thermal evaporation technique for application 
as a self-powered multispectral photodetector [32]. Ismail et al. inves
tigated ZnS thin film deposited using pulsed laser deposition onto a 
multi-walled carbon NT (MWCNT) film drop-cast onto a silicon wafer 
with Al and In electrodes for application as a multispectral photode
tector [33]. Salam and Jayakrishnan investigated ZnS thin films 
deposited using the SILAR method onto SnO2:F thin film deposited using 
spray pyrolysis onto a glass substrate with Ag electrodes for application 
as a UV and visible light photodetector [34]. The authors of the present 
work are unaware of any investigation performed on pristine crystalline 
ZnS thin films deposited using the chemical bath technique onto 
Si-substrate for application as a visible light photodetector. 

To that effect, in the present work, ZnS thin films were deposited 
onto Si-substrate using chemical bath deposition and were subsequently 
used to fabricate Ag/ZnS/p-Si/Ag heterojunction device. Photo
detection properties of the fabricated heterojunction device were 
investigated under the visible light illumination, which exhibited the 
characteristics required of a high performance visible light 
photodetector. 

2. Experimental methods 

2.1. Chemical bath deposition of ZnS thin film 

Chemical bath deposition method, as described in our previously 
published reports [21,22,26,27,35], was used to deposit ZnS thin films 
onto Si-substrate. Ammonium hydroxide (28% NH3 in H2O, ≥99.99%) 
supplied by Merck was employed as the complexing agent, while reagent 
grade zinc acetate dihydrate [Zn(CH3CO2)2.2 H2O] and thiourea 
[CH4N2S] obtained from Sigma-Aldrich (and used without further pu
rification) were employed as the zinc source and sulfur source, respec
tively. Briefly, the chemical bath was composed of a solution of zinc 
acetate (0.1 M) and ammonia, with a dropwise addition of thiourea (0.3 
M), and was refluxed at 90 ◦C for 60 min with constant vigorous stirring. 
Si-substrates were prepared for deposition with thorough cleaning using 
ethanol and DI water, 20 min of ultrasonication, and drying in nitrogen 
atmosphere. ZnS thin films were deposited on the Si-substrate by 
immersing the substrate in the chemical bath in an inclined manner, at a 
temperature of 90 ◦C under constant vigorous stirring. Two ZnS thin film 
samples were obtained with different deposition times, i.e., one film was 
allowed to deposit for 75 min, and the other film was allowed to deposit 
for 100 min. After gently rinsing the thin film samples with DI water to 
remove lightly adhered particles and impurities, the films were dried in 
a nitrogen atmosphere and annealed for 30 min at 350 ◦C. 

Specimens for measurements of the STEM were also prepared by the 
chemical bath deposition method. Carbon copper grids were used for 
coating of ZnS. The chemical preparation of ZnS was done in the similar 
way as discussed in the above paragraph and thin ZnS films were pre
pared. Two different specimens were prepared at two deposition dura
tions of 5 min and 10 min. The thinnest part of the prepared films was 
used for the measurements of the STEM. However, in the present report, 
we reported the results obtained at 5 min deposition duration only. 

2.2. Fabrication of n-ZnS/p-Si heterojunction device 

Silver (Ag) was employed to prepare the ohmic contacts between the 
deposited film / substrate and the metal electrodes. After annealing of 
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the films, 7 mm × 8 mm Ag contacts were prepared on opposite sides of 
heterojunction (on the deposited film and substrate), and subsequently 
heat treated for 15 min at 300 ◦C to improve the ohmic contact. Thin 
copper wires were bonded to the Ag metal contacts with electrically 
conductive paste to couple the heterojunction device to a Keithley 6517 
electrometer. The fabricated devices were illuminated with white light 
halogen lamp (Havells 150 W) whereas the light intensities were 
measured with a lux meter. 

2.3. Characterizations 

Glancing incidence X-ray diffraction (Rigaku Smart Lab GIXRD 
employing 1.54056 Å Cu-Kα incident radiation, with a scanning rate of 
0.02◦/s at 40 mA and 40 kV operation) was used to obtain primary phase 
confirmation of the deposited thin films, and to extrapolate structural 
parameters of average crystallite size, interplanar spacing, lattice con
stant, microstrain and dislocation density. Ambios Technology Surface 
Profiler (Model XP-1 with 1 Å resolution) was employed to measure the 
thickness of the deposited thin films. Scanning electron microscopy 
(Zeiss Crossbeam 550 SEM) was employed to observe the surface 
morphology and to obtain the average grain size of the deposited thin 
films. Scanning transmission electron microscopy (FEI Titan 80–300 
STEM with Cs-correction operating at 200 kV) was employed to further 
corroborate the phase analysis of the deposited thin film. X-ray photo
electron spectroscopy (Scienta Omicron NanoESCA -II XPS, carried out 
in a vacuum of 2.4 ×10-9 Torr and referenced against the C1s peak at 
284.6 eV) was employed to quantitatively identify the oxidation states of 
the chemical species in the deposited thin film. 

Optical transmittance spectra were used to obtain the optical density, 
while the Tauc plot analysis of the absorption spectra was used to obtain 
the energy band gap and the absorption edge of the deposited thin films; 
optical transmittance and absorption spectra were recorded in the range 
of 290–800 nm using a LabIndia Analytical UV-Vis Spectrophotometer 
3092. Photoluminescent emission (PLE) spectra (recorded in the range 
of 340–550 nm using a PerkinElmer LS-55 with an excitation wave
length of 300 nm) analysis was used to obtain information about the 
various energy trap states in the forbidden energy band gap of the 
samples, and the emission colour of the deposited thin films (using a 
chromaticity diagram). Keithley 6517 electrometer was used to obtain 
the current-time (I-T) character of the fabricated thin film hetero
junction devices to study their photo response of the incident visible 
light at two different intensities (30 mW/cm2 and 56 mW/cm2) under no 
applied bias and 5 V of applied forward bias conditions. 

3. Results and discussion 

3.1. Structure and morphology 

Fig. 1 shows the GIXRD plots of the deposited ZnS thin films; singular 
sharp peak centred at a diffraction angle (2θ) of 51.2◦ in both the plots 
corresponds to diffraction from the Si-substrate on which the films were 
deposited. Three broad peaks can be easily identified in both the plots, 
centred at 2θ values of about 29.3◦, 47.8◦ and 56.3◦, and are attributed 
to diffraction peaks from the (111), (220) and (311) planes, respectively, 
of the cubic zinc-blende phase of ZnS. In comparison with the bulk ZnS 
Powder Diffraction File No. 05–0566, the peak centres show a very slight 
shift, and a large broadening of peak widths, both of which can arise as a 
consequence of nano-scale crystallite sizes in the deposited ZnS thin 
films. The deposited ZnS thin films show a strong preference of growth 
in the direction of the (111) plane, which can be understood from the 
high intensity of the characteristic peak. This highest intensity charac
teristic (111) peak was analyzed to obtain several structural parameters 
of the deposited ZnS thin films, starting with the lower limit of average 
crystallite size (D) using the Scherrer formula [36,37], given as 

D =
k.λ

β.cosθ
(1)  

where, β and θ are the full-width at half-maxima (FWHM) and the 
diffraction angle, respectively, in radians, of the highest intensity 
characteristic (111) peak, k is the shape factor which we have taken as 
0.9 for spherical particles (as confirmed by SEM analysis), and λ is the 
wavelength of the incident Cu-Kα radiation (= 0.154056 nm). Using the 
Scherrer formula, we calculated the lower limit of average crystallite 
size as 2.3 nm and 2.5 nm for the ZnS thin film deposited for 75 min and 
100 min, respectively, which is smaller than the Bohr excitonic radius of 
ZnS (= 2.6 nm), confirming the strong size confinement regime of the 
deposited ZnS thin films. Further analysis of the highest intensity 
characteristic (111) peak allowed us to obtain the structural parameters 
of interplanar spacing (dhkl) and lattice constant (a), given as 

dhkl =
λ

2sinθ
(2)  

a = dhkl

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
h2 + k2 + l2

√
(3)  

where, h, k, and l are the Miller indices of the highest intensity charac
teristic (111) peak; interplanar spacing of 3.0 Å and lattice constant of 
5.2 Å was calculated for both the deposited ZnS thin films. In compar
ison with the bulk ZnS PDF No. 05–0566, the interplanar spacing and 
lattice constant of both the deposited ZnS thin films exhibit slight 
contraction, which can again arise as a consequence of the strong size 
confinement of the ZnS particles to the nano-scale size regime; the ZnS 
thin film deposited for 100 min exhibits an interplanar spacing and 
lattice constant which is closer to the values of the same in the bulk ZnS 
PDF No. 05–0566. Strains and structural impurities in the lattice can also 
cause shifting of Bragg peak centres, peak width broadening, and 
contraction in interplanar spacing and lattice constants. The highest 
intensity characteristic (111) peak was further analyzed to obtain the 
microstructural parameters of microstrain (ε) and dislocation density 
(δ), given as 

ε =
β

4tanθ
(4)  

δ =
1

D2 (5) 

ZnS thin film deposited for 75 min exhibited a microstrain of 3.0 and 
a dislocation density of 1.84 × 1017 lines/m2, while the ZnS thin film 
deposited for 100 min exhibited a microstrain of 2.9 and a dislocation 
density of 1.52 × 1017 lines/m2. The smaller microstructural parameters 

Fig. 1. GIXRD plot of the deposited ZnS thin films on Si-substrate.  
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of the ZnS thin film deposited for 100 min is to be expected due to the 
larger size of the crystallites and the smaller contraction in the lattice 
structure as compared to the ZnS thin film deposited for 75 min 

Surface profile analysis of the deposited ZnS thin films revealed that 
the ZnS thin film deposited for 75 min exhibited a thickness of 
425.2 nm, while the ZnS thin film deposited for 100 min exhibited a 
thickness of 562 nm, which is to be expected due to the increase in 
deposition time. At higher deposition time the compactness and grain 
sizes also increase therefore the thickness of the deposited ZnS thin films 
also increases [21]. The mean deposition rate for both the deposited thin 
films was approximately 5.6 nm/min. Table 1 summarizes the observed 
and calculated structural parameters of the deposited ZnS thin films. 

Fig. 2 shows the SEM images at different magnifications and the 
statistical distribution of grain sizes for the deposited ZnS thin films. 
Primary analysis of the micrographs reveals that the ZnS thin films have 
been deposited in the form of densely packed spherical grains in the size 
range of 230–340 nm, consisting of embedded crystallites in the size 
range of 2–5 nm. Comparison between the micrographs of the ZnS thin 
film deposited for 75 min (Fig. 2(a-b)) and the ZnS thin film deposited 
for 100 min (Fig. 2(d-e)) reveals that the increase in deposition time 
increases the density of the deposited thin film. The ZnS thin film 
deposited for 100 min completely fills up the few voids visible in the ZnS 
thin film deposited for 75 min, and subsequent formation of islands of 
new spherical grains on top of the previous monolayer is observed. Fig. 2 
(c) and Fig. 2(f) show the statistical distribution of grain sizes and the 
Gauss fit of the histogram used to obtain the mean size of grains for the 
deposited ZnS thin films; comparison of the histograms reveals that 
increasing the deposition time increases both the homogeneity and the 
mean grain size of the deposited ZnS thin film. 

Fig. 3(a-b) shows the STEM images at different magnifications for the 
prepared ZnS samples, and the corresponding fast Fourier transform 
(FFT) image and inverse FFT (IFFT) image are shown in Fig. 3(c) and 
Fig. 3(d), respectively. Even with the poor contrast traditionally 
exhibited by ZnS, small granular structures in the size range of 2–5 nm 
can be observed as being embedded throughout the larger grains of the 
size of a few 100 nanometers. To enhance the clarity of the lattice fringes 
faintly visible in Fig. 3(b), the power mask method was employed to 
reduce the noise and separate the spectral frequency of the (111) plane 
in Fig. 3(c). The lattice fringes of the (111) plane is hence clearly visible 

with substantial noise reduction in Fig. 3(d) and exhibit an interplanar 
spacing of 0.31 nm. 

3.2. X-ray photoelectron spectroscopy 

Fig. 4(a) shows the XPS general survey scan of the ZnS thin film 
deposited for 75 min and 100 min. High-resolution XPS scan of the ZnS 
thin film deposited for 75 min are shown in Fig. 4(b-c) for the Zn2p and 
S2p states, respectively. High-resolution XPS scan of the ZnS thin film 
deposited for 100 min are shown in Fig. 4(d-e) for the Zn2p and S2p 
states, respectively. Two peaks can be observed in the high-resolution 
core spectrum of the Zn2p state for both the films, centred at approxi
mately 1022 eV and 1045 eV, attributed to the Zn2p3/2 and Zn2p1/2 
states, respectively. The two doublet binding energies exhibit a spin- 
orbit splitting energy of 23.12 eV for the ZnS thin film deposited for 
75 min and 23.2 eV for the ZnS thin film deposited for 100 min, both of 
which are extremely close to the standard value for doublet separation in 
Zn2p states (~22.97 eV) for the bulk cubic zinc-blende ZnS phase 
[38–40]; these observations confirm the presence of Zn2+ ions in the 
deposited ZnS thin films. While the peaks seem quite symmetric, fitting 
performed after Tougaard baseline correction shows the existence of a 
less stable component appearing at a smaller binding energy in both the 
Zn2p states. From the area under the deconvoluted curves we can 
determine that the relative percentage of the concentration of the Zn2+

ion and the minor component is 82% and 18%, respectively. This 
component can be attributed to the metallic interstitial impurity atoms 
of zinc occurring close to the sulphur vacancy sites [41,42], acting as a 
defect state of paramount importance for luminescent emission and 
charge transportation properties in the fabricated device. However, the 
chemical bath deposition method is a wet chemical synthesis route 
which has been previously reported to produce Zn-O bonds, which could 
also be the reason behind the smaller concentration component of the 
Zn2p states [43,44]. The high-resolution core spectrum of the S2p state 
for both the deposited films can also be deconvoluted into two split 
spin-orbit peaks while employing a Tougaard baseline correction func
tion to minimize inelastic background, centred at approximately 
161.5 eV and 163 eV, attributed to the S2p3/2 and S2p1/2 states, 
respectively, corresponding to the Zn-S bond binding energy [40,45]. 

3.3. UV–visible spectroscopy 

Fig. 5(a) shows the optical transmission spectra of the deposited ZnS 
thin films. ZnS thin film deposited for 75 min exhibits greater trans
mission (and hence lesser absorption) as compared to the ZnS thin film 
deposited for 100 min at all wavelengths in the UV and visible optical 
regions, which is to be expected, considering that the ZnS thin film 
deposited for 100 min has a greater density of deposited particles than 
the ZnS film deposited for 75 min, as was observed from the SEM mi
crographs. Decreasing transparency with increasing deposition time 
could also be attributed to an increase in scattering losses due to higher 
surface roughness and crystallinity. In the UV region (<400 nm), the 
ZnS thin film deposited for 100 min exhibits less than 30% trans
mittance, while the ZnS thin film deposited for 75 min exhibits more 
than 40% transmittance. In the visible region (~400–700 nm), the ZnS 
thin film deposited for 100 min exhibits less than 40% transmittance, 
while the ZnS thin film deposited for 75 min exhibits greater than 60% 
transmittance, indicating potential utility for semi-transparent device 
fabrication in optoelectronic or photovoltaic applications. 

Fig. 5(c) and Fig. 5(d) show the Tauc plots of the ZnS thin films 
deposited for 75 min and 100 min, respectively, used to obtain the en
ergy band gap (Eg) from the UV–visible absorption spectra of the 
deposited ZnS thin films (Fig. 5(b)) using the Tauc formula [46,47], 
given as 

(αhν)n
= β.(hν − Eg) (6) 

Table 1 
Observed and calculated structural and optical parameters of the deposited ZnS 
thin films.  

PARAMETERS ZnS (75 min) ZnS (100 min) 

Structural (Scherrer analysis of the highest intensity (111) peak) 
Diffraction angle (2θ) 29.4◦ 29.2◦

Lower limit of average crystallite size 
(D) 

2.33 nm 2.56 nm 

Interplanar spacing (d111) 3.03 Å 3.05 Å 
Lattice constant (a) 5.24 Å 5.28 Å 
Microstrain (ε) 3.04 2.97 
Dislocation density (δ) 1.84 × 1017 lines/ 

m2 
1.52 × 1017 lines/ 
m2 

Thin film thickness (from surface 
profiler) 

425.21 nm 562.06 nm 

Mean grain size (from SEM analysis) 236 nm 332 nm 
Optical transmittance and absorbance (Tauc analysis) 
Transmittance at 350 nm 43.66% 27.66% 
Transmittance at 700 nm 64.51% 37.48% 
Energy band gap (Eg) 3.95 eV 3.91 eV 
Absorption edge (λa) 313 nm 317 nm 
Photoluminescent emission (transition and wavelength, chromaticity) 
Excitonic (CB to VB) 347 nm 347 nm 
CB to interstitial sulphur 372 nm 366 nm 
Interstitial zinc to VB 407 nm 407 nm 
Sulphur vacancy to VB 418 nm 414 nm 
CB to zinc vacancy 448 nm 448 nm 
Facilitated by dangling bonds 522 nm 521 nm 
CIE 1931 colour co-ordinates (x, y) (0.212, 0.165) (0.212, 0.166)  
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where, β is a constant that depends on the probability of transition of an 
electron upon absorption of a photon having spectral frequency ν, α is 
the linear absorption coefficient (obtained from the optical absorption 
spectra), n = 2 for direct band gap semiconductors, as is ZnS, and h is the 
Planck constant; the value of the energy band gap is obtained by plotting 
a (αhν)2 vs. hν graph and extrapolating the linear portion of the graph to 
the x-axis. The obtained energy band gap values of the ZnS thin films 
deposited for 75 min and 100 min are 3.95 eV and 3.91 eV, respectively; 
the corresponding absorption edge values (λa = hc/Eg) of the ZnS thin 
films deposited for 75 min and 100 min are 313 nm and 317 nm, 
respectively. For the deposited ZnS thin films, the energy band gap 
values exhibit a considerable increase (and the absorption edge values 
exhibit a considerable blue shift) with respect to the corresponding 
value(s) for the bulk cubic zinc-blende phase of ZnS (~3.6 eV and 
~344 nm). This increase in energy band gap is in accordance with the 
strong quantum-confinement theory, which is a manifestation of the 

strong size-confinement of the crystallites of the deposited ZnS thin films 
to the nano-size regime, as observed in the structural characterizations. 
Table 1 summarizes the observed and calculated optical transmittance 
and absorption parameters of the deposited ZnS thin films. 

3.4. Photoluminescence spectroscopy 

Fig. 6(a) shows the PLE spectra of the deposited ZnS thin films, which 
is in the form of a continuous spectrum exhibiting several asymmetric 
emission peaks; the highest intensity peak at about 347 nm is attributed 
to the emission arising due to the excitonic transition from the con
duction band (CB) to the valence band (VB). The luminescent emission 
of a semiconductor material occurs due to the radiative recombination 
of electrons and holes. However, due to various shallow mediating 
defect energy levels in the forbidden energy band gap, electron-hole 
recombination can take place via different routes, facilitated by non- 
radiative transition(s) to efficient energy trap sites. Under the effects 

Fig. 2. (a-b) SEM micrographs and (c) histogram of the distribution of grain sizes for the ZnS thin film deposited at 75 min (d-e) SEM micrographs and (f) histogram 
of the distribution of grain sizes for the ZnS thin film deposited at 100 min. 

Fig. 3. (a-b) STEM micrograph (c) FFT and (d) IFFT image of the prepared ZnS samples.  
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of strong-size confinement, as in the case of our deposited ZnS thin films, 
the increasing surface-to-volume ratio increases the presence of native 
surface point defects (usually Schottky in nature for ZnS), and hence 
increases the number of trapping sites facilitating different routes for 
photo-transitions. The PLE spectra of a nano-sized semiconductor ma
terial can thus be deconvoluted using a combination of Gaussian and 
Lorentzian peaks to represent the various defect-level-mediated radia
tive recombination mechanisms [8, 48–50]. 

The minor emission humps at about 369 nm, 416 nm, and 448 nm 

can be attributed to the transitions facilitated by the surface point de
fects of interstitial sulfur (IS), sulfur vacancy (VS), and zinc vacancy 
(VZn), respectively, while the sharp emission peak at about 407 nm can 
be attributed to the transitions facilitated by the interstitial zinc (IZn) 
point defects. Zinc point defects cause less strain (and have larger 
binding energy) in the native ZnS lattice as compared to sulfur point 
defects, since zinc ions (Zn2+) have a smaller ionic radius than sulfur 
ions (S2-). Hence, zinc defect-related energy trap levels occur deeper in 
the forbidden energy band gap than sulfur interstitial and vacancy- 

Fig. 4. (a) XPS general survey of the ZnS thin film deposited for 75 min and 100 min (b-c) Deconvoluted high-resolution XPS scan of the ZnS thin film deposited for 
75 min of the Zn2p and S2p states. (d-e) Deconvoluted high-resolution XPS scan of the ZnS thin film deposited for 100 min of the Zn2p and S2p states. 

Fig. 5. (a) Optical transmittance, (b) UV-Visible absorbance spectra, and (c-d) Tauc plots of the deposited ZnS thin films at 75 min and 100 min.  
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related point defect energy trap levels, which appear closer to the VB 
and CB, respectively. Since the periodic lattice is suddenly terminated at 
the surface of crystallites and grain boundaries, dangling bond defects 
are inevitable; however, we can infer a small number of such dangling 
bond defects in our deposited ZnS thin films from the relatively low 
intensity of the emission hump at about 521 nm [3,4,6]. Fig. 6(b) shows 
the energy band diagram of the deposited ZnS thin films with sche
matically illustrated defect energy levels in the forbidden energy band 
gap, and Table 1 summarizes the various photoluminescent emission 
peaks of the deposited ZnS thin films and their attributed transitions. 

To obtain information about the potential of the deposited ZnS thin 
films for LED applications, Commission International del’Eclairage (CIE 
1931) chromaticity diagrams were generated from the PLE data, as 
shown in Fig. 7(a) and Fig. 7(b), for the ZnS thin films deposited for 
75 min and 100 min, respectively. The CIE 1931 colour co-ordinates of 
the ZnS thin films deposited for 75 min and 100 min are (x, y) = (0.212, 
0.165) and (x, y) = (0.212, 0.166), respectively, putting them in the 
blue-violet region, which is most appropriate for application in UV 
lamps, and can be applied in blue and/or violet colour LEDs. 

3.5. Electrical analysis 

Fig. 8(a) schematically illustrates the ZnS/p-Si heterojunction device 
fabricated with Ag metal contacts used to study the visible light pho
toresponse of the deposited ZnS thin films. We have previously inves
tigated the current-voltage, i.e., I-V response of similarly fabricated Ag/ 
ZnS/p-Si/Ag heterojunction devices and have confirmed the rectifying 
behavior of the high-performing Schottky diodes hence formed, which 
operate with a space charge limited current mechanism and exhibit 
ideality factors close to unity [21,22,26,27,35]. Schottky behavior is 
ideal for photodetector operation because the Schottky potential barrier 
at the metal-semiconductor contact efficiently separates electrons and 
holes to achieve high photocurrents and inhibits electron-hole recom
bination rate to ensure rapid response times. Fig. 8(b) and Fig. 8(c) show 
the band diagram of the deposited ZnS thin films in the absence and 
presence of visible light photons, respectively, illustrating the charge 
transfer mechanism behind the photoresponse of the ZnS/p-Si hetero
junction device. When in the presence of air, the surface of the ZnS thin 
film adsorbs oxygen molecules which in turn trap free electrons from the 
thin film surface to make ionized oxygen molecules, leading to the for
mation of a depletion layer (characterized by an upward bending of 
band edges and formation of a barrier height with higher potential) 

Fig. 6. (a) PLE spectra of the deposited ZnS thin films and (b) schematic illustration of the forbidden energy band gap and defect related shallow energy trapping 
levels of the deposited ZnS thin films. 

Fig. 7. CIE 1931 chromaticity diagram of the ZnS thin films deposited at (a) 75 min and (b) 100 min.  
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causing low conductivity in the absence of light. When a semiconductor 
is exposed to photons, they are absorbed by the material to generate 
electron-hole pairs, which are subsequently separated by the intrinsic or 
externally applied electric field to produce a current in the device pro
portional to the incident light intensity. Oxygen desorption is caused by 
free holes migrating to the surface, leading to increased photocurrent 
due to a decrease in the depletion layer width, when electrons are 
returned to ZnS thin film volume to increase the charge carrier con
centration [51,52]. 

To fully quantify the visible light photoresponse of the deposited ZnS 
thin films, the current in the device was measured over time, i.e., I-T 
curves were measured under exposure of 30 mW/cm2 and 56 mW/cm2 

intensity of visible light, switched on and off in 10 s cycles, under 0 V 
bias and 5 V forward bias conditions; Fig. 9 shows the I-T curves for the 
ZnS thin film deposited for 75 min, and Fig. 10 shows the I-T curves for 
the ZnS thin film deposited for 100 min. The I-T curves for both devices 
under all conditions show three reliably reproducible on-off cycles over 
the 60 s, selected from a greater number of similar cycles over a larger 
time span, for ease of representation and calculation. Preliminary 
observation reveals that both the devices exhibit strong photoresponse 
to visible light, as can be clearly seen from the sudden increase in current 
upon illumination, and the subsequent swift decrease in the same when 

the light is switched off, at both illumination intensities and voltage 
biases. Both the devices exhibit rapid and stable response and recovery, 
made possible by the high-quality fabrication of the thin films and 
subsequent heterojunction device interface that greatly reduce recom
bination effects and promote photogeneration and charge carrier 
collection efficiency. The visible light photodetector performance of the 
fabricated devices was assessed by calculating certain parameters 
essential to the figure of merit of photodetectors from the individual I-T 
curves. These parameters are response current (ΔI), sensitivity (S), 
response time (τr), recovery time (τd), responsivity (R), specific detec
tivity (D*) and linear dynamic range (LDR), given as [53]. 

ΔI = Ilight − Idark (7)  

S = Ilight
/

Idark (8)  

τr = t90% − t10% (9)  

τd = t10% − t90% (10)  

R =
ΔI
P.A

(11) 

Fig. 8. (a) Schematic illustration of the fabricated Ag/ZnS/p-Si/Ag heterojunction device. Schematic illustration of the bending of energy bands in the deposited ZnS 
thin film (b) in the absence of visible light photons and (c) when irradiated with visible light photons. 
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Fig. 9. I-T curve of the heterojunction device fabricated from the ZnS thin film deposited for 75 min under switching illumination of 30 mW/cm2 and 56 mW/cm2 

visible light at 0 V and 5 V forward bias. 

Fig. 10. I-T curve of the heterojunction device fabricated from the ZnS thin film deposited for 100 min under switching illumination of 30 mW/cm2 and 56 mW/cm2 

visible light at 0 V and 5 V forward bias. 
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D∗ = R.
(

A
2e.Idark

)1/2

(12)  

LDR = 20logS (13)  

where, Ilight and Idark are the currents in the device in the presence and 
absence of visible light illumination, respectively, t90% and t10% are the 
times at 90% and 10% of the Ilight value, respectively (calculated from 
the rise and decay of the photocurrent for τr and τd, respectively), P is the 
visible light intensity, A is the effective area exposed to the visible light, 
and e is the elementary charge constant. Table 2 summarizes the 
calculated photodetection parameters for the fabricated devices, along 
with the results for equivalent visible light photodetectors from recently 
published reports to compare with the photodetector performance of our 
fabricated devices. 

The response current of a device is used to distinguish only the 
photocurrent generated due to visible light illumination, and the 
sensitivity is used to quantify the signal-to-noise ratio in the presence of 
photon irradiation; a high-performance photodetector is characterized 
by having large values for both parameters. In the present work, 
increasing the intensity of incident visible light markedly increases the 
response current in both the fabricated heterojunction devices, which is 
to be expected due to the increase in the number of photogenerated 
electron-hole pairs and charge carriers. At 0 V bias, the ZnS thin film 
deposited for 100 min exhibits higher response current than the ZnS thin 
film deposited for 75 min, clearly indicating the photovoltaic behavior 
self-powered by the built-in potential of the ZnS/p-Si heterostructure, 
foregoing any requirement of externally applied voltage for operation as 
a photodetector. However, at a forward bias voltage of 5 V, the ZnS thin 
film deposited for 100 min exhibits smaller response current than the 
ZnS thin film deposited for 75 min, which could arise due to the previ
ously investigated stronger deviation of thicker ZnS thin films from ideal 
Schottky behavior at higher bias voltages. The ZnS thin film deposited 
for 100 min also exhibits smaller saturation current at 5 V forward bias 
voltage as compared to the ZnS thin film deposited for 75 min [21]. In 
general, the sensitivity decreases with increasing incident light in
tensity, and with increasing forward bias voltage. This is in accordance 
with previously published reports on photodetectors [56,57]; Fang et al. 
in fact observed that at a high enough forward bias, the photocurrent 
and the dark current are indistinguishable, attributed to the injection of 
a large number of holes that dominate over the photocurrent. At a high 
value of incident light intensity, the net photocurrent reaches a satura
tion value, leading to the observed decrease in sensitivity. The ZnS thin 
film deposited for 100 min still exhibits higher sensitivity than the ZnS 
thin film deposited for 75 min at 5 V of forward bias voltage, indicating 
a higher degree of number of photogenerated charge carriers despite 
lower saturation currents (since the sensitivity is just the ratio of current 
in the presence of visible light photons to the current in dark conditions). 

A rapid photodetection speed, characterised by small response and 
recovery times, is the parameter most essential to photodetector per
formance, especially for applications of optical communication, since it 
describes how quickly the device can detect the presence of photons, and 
subsequently how quickly the device can return to its original state when 
the incident light is turned off. Various aspects of the fabricated device, 
like surface structure, grain size and boundaries, defect trap energy 
levels and recombination sites in the forbidden energy band gap can 
affect the response and recovery time of the photodetector [58–60]. In 
the present work, both the fabricated devices exhibit particularly small 
response and recovery times, especially when compared to previously 
reported equivalent visible light photodetectors, indicating the high 
performance potential of our deposited thin films as rapid-response 
visible light sensors or optical switches. The general trend of larger re
covery times as compared to the response times can be ascribed to the 
mediation of defect-related trap states which cause a lethargy in the 
recombination rate of electron-hole pairs. When comparing the response 
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and recovery times exhibited by the ZnS thin films deposited for 75 min 
and 100 min, the slower response and recovery times of the ZnS thin 
film deposited for 75 min can also be ascribed to the presence of a 
greater number of structural voids (as observed in the SEM analysis) and 
defect related energy levels (as observed in the PLE analysis). 

The responsivity of a photodetector is described as the response 
current generated in the device per unit of incident visible light illu
mination, while the specific detectivity provides information pertaining 
to the ability of the device to detect feeble signals, affected by the dark 
current and thermal fluctuation-related noise in the photodetector [61, 
62]. Sensitivity, which is just the light current to dark current ratio, is 
not a reliable characteristic to describe the photodetector performance 
at 0 V bias, since the dark current in such conditions should theoretically 
be 0 A; in reality, however, the dark current is produced due to the re
sidual charge capacitance in the film and scattering noise due to surface 
and interface defects. This dark current is too low at lower voltages to 
distinguish between the noise in the device and background effects. In 
that regard, the responsivity and specific detectivity are better param
eters to judge the figure of merit of photodetector devices [56,57]. In the 
present work, the sensitivity of the fabricated devices follows the same 
trend as that of the response current, while the specific detectivity of the 
ZnS thin film deposited for 100 min is higher than that of the ZnS thin 
film deposited for 75 min, indicating a better figure of merit and better 
performance of the device fabricated using the ZnS thin film deposited 
for 100 min. For all investigated conditions, the specific detectivity is 
comparable or superior to previously reported equivalent visible light 
photodetectors. The linear dynamic range of a device describes the scope 
of signals the device can detect and follows a similar trend to the 
sensitivity of the fabricated devices. Higher values of the linear dynamic 
range indicate more efficient light conversion and photogenerated 
charge carrier separation ability of the device, along with a good 
signal-to-noise ratio. 

4. Conclusions 

In conclusion, high-quality ZnS thin films were successfully depos
ited on Si-substrate with deposition times of 75 min and 100 min. 
GIXRD analysis confirmed the purity of the cubic zinc-blende phase of 
the two samples, and Scherrer analysis of the highest intensity (111) 
diffraction peak revealed a lower limit of average crystallite size of 
about 2.4 nm. Calculation of lattice parameter and interplanar spacing 
revealed a slight contraction with respect to values of the same for bulk 
cubic zinc-blende ZnS values, attributed to the strong size confinement 
to the nanoscale regime and resulting lattice strain and defects; micro
structural properties of microstrain and dislocation density were also 
obtained. SEM analysis revealed the structural morphology of the 
deposited thin films to be densely packed spherical grains, with the ZnS 
thin film deposited for 100 min exhibiting far fewer voids than the ZnS 
thin film deposited for 75 min. STEM analysis corroborated the phase 
analysis and interplanar spacing obtained from the GIXRD analysis. XPS 
spectra confirmed that the chemical species in the deposited thin films 
were indeed Zn2+ and S2-. Optical transmittance revealed the higher 
absorbance capability of the ZnS thin film deposited for 100 min in the 
visible spectrum, ascribed to the higher density of grains and thicker 
film. Tauc analysis of the optical absorbance spectra revealed that the 
energy band gap of the deposited ZnS thin films was 3.9 eV. PLE spectra 
of the deposited ZnS thin films revealed a continuous nature beyond the 
excitonic peak, attributed to the recombination transitions mediated by 
the defect-related shallow energy trapping sites in the forbidden energy 
band gap. CIE 1931 chromaticity diagrams revealed that both films 
mainly emit a blue-violet colour. Ag/ZnS/p-Si/Ag heterojunction de
vices were fabricated to analyse the visible light photodetection prop
erties of the deposited thin films, studied under two different light 
intensities (30 mW/cm2 and 56 mW/cm2) at two different bias voltages 
(0 V and 5 V forward bias). Both the devices exhibited stable response 
currents to the presence of visible light photons, and reproducible fast- 

switching cycles with spectacularly small rise and decay times when 
the incident light was turned on and off, respectively, under all condi
tions. Other photodetection parameters of sensitivity, responsivity, 
specific detectivity and linear dynamic range were obtained from ana
lysing the I-T curves. All parameters indicated the high photodetector 
performance of our fabricated device in comparison to other previously 
reported equivalent visible light photodetectors, which highlights the 
potential use of ZnS thin films in a number of optical sensing, detection, 
communication and switching applications. 
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