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Abstract
Photo-conducting CdS films were coated on glass at 450 °C using cadmium chloride and thiourea as Cd and S sources, 
respectively, with different concentrations. The sprayed CdS films are crystallized in the hexagonal structure and orienting 
along (0 0 2) plane with good adherence. All the films have high optical absorption in the visible region showing optical 
bandgap values in the range of 2.39–2.43 eV. The variation of precursor alters the surface morphology of the films. The 
formed grains are uniformly spread over the substrate and highly agglomerated at 0.15 M concentration. Band to band emis-
sion and defect-related emission are reported using photoluminescence (PL) measurements. The CdS device shows relatively 
high photosensitivity of 0.4 A/W, detectivity of 8.46 × 1010 Jones, external quantum efficiency (EQE of 140%) with a rise 
time about 0.2 s and decay time about 0.3 s. These results propose that the CdS thin films are potential candidates for the 
visible photo-detector applications prepared using an easy and low-cost fabrication method.
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1 Introduction

The development of photodetectors towards photodetec-
tion usages based on advanced semiconducting materials 
is in the marvellous demand of optoelectronic industries 
for device fabrication [1–12]. They are also exploited for 
space, photonics, communications, etc. applications. Among 
these, the photodetectors based on cadmium sulfide (CdS) 
are noticed to be of current interest for the development of 
CdS-based photodetector with high detectivity, responsiv-
ity and quantum efficiency [13–20]. Also, CdS has been 

used to make heterostructures with ZnO/ZnS/P3HT, etc. 
for UV/visible photodetection [21–23]. Still, there is a great 
requirement of photodetectors with quick response and high-
speed operations. CdS possess direct energy gap, and it has 
several other key applications as FETs, sensor/PEC sensor, 
energy/photovoltaics, etc. [16, 24–28]. The documented lit-
erature signifies that the electrical nature of CdS is remark-
ably improved when tested under some light [29]. Several 
methodologies have been developed and implemented to 
fabricate pure & doped CdS film-based photodetectors. Jie 
et al. prepared CdS single-crystallite nanoribbon-based pho-
todetectors by CVD and noticed a significant increase in 
photoresponse compared to bulk CdS [20]. Bhushan et al. 
fabricated CdS/Nd/Pr@CdS by dipping route and studied 
photoconduction nature [29]. Mehdi et al. fabricated the 
CdS photodetector through the thermal process and showed 
high response-sensitivity/quantum efficiency of 0.82 × 103 
A/W/0.66 × 103 to 1.8 × 103% [19, 30]. Wu et al. prepared 
the Ga@CdS/Au-based photodetector via thermal evapora-
tion with rise/decay times of 95/290 μs [13, 31]. Dai et al. 
fabricated CdS NB-based MESFETs via CVD with high 
responsivity (∼ 2.0 × 102 A/W) and quantum efficiency (∼ 
5.2 × 102) and rise/decay time of 137/379 μs [16]. Husham 
et al. and Waldiya et al. documented the CdS photodetectors 
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fabrication via the CBD process [32, 33]. Munde et al. casted 
CdS film-based photodetector via spray route [34]. Recently, 
Shkir et al. also fabricated the high-performance photodetec-
tors based on Pr/Sm/Eu doped CdS films via spray pyrolysis 
route [35–37]. There are many other reports too on pure/
doped CdS films/nanostructures preparation through differ-
ent routes with modified properties [12, 16, 30, 38–45]. As 
per the above-cited reports, it is noticed that several routes 
are employed to fabricate CdS film-based photodetectors. 
Among them, spray pyrolysis is a relatively low-cost and 
facile one. Parameshwari et al. reported the spray pyrolysis 
fabrication of CdS by taking different molarities of Cd/S 
 (CdCl2/NH2CSNH2) and investigated for structure–morphol-
ogy–optical and electrical properties [46].

However, varying molarity-based (Cd/S from  CdCl2/
thiourea) fabrication of CdS photodetectors via optimized 
spray pyrolysis routes are not documented so far. Hence, 
we have casted CdS films via the nabulizer spray pyrolysis 
(NSP) route by taking both Cd and S precursors in 0.05, 
0.10, and 0.15 M on the hot substrate at 450 °C for pho-
todetection applications. The grown films were tested for 
phase approval via X-ray diffraction (XRD), morphology via 
scanning electron microscopy (SEM), the elemental com-
position by energy-dispersive X-ray spectroscopy (EDXS), 
optical bandgap evaluation via photoluminescence/UV–Vis 
spectroscopy and finally photodetectors were fabricated, and 
inspected their responsivity (R), detectivity (D*), and effi-
ciency (EQE) under 532 nm laser source.

2  Experimental procedure

2.1  Materials and preparation

Thin CdS films were coated on glass using a nebulizer spray 
pyrolysis technique. Different Cd:S molar ratio solution 
with an air of pressure of 1.5 kg/cm2 as a carrier gas. The 
deposition temperature was set to 450 °C. Prior to the cast-
ing of films, the substrates were immersed in chromic acid 
for 30 min and cleaned with water via an ultrasonic bath. 
Sprayed the mixed  CdCl2 and thiourea precursors solution 
of different molarities (0.05, 0.10, and 0.15 M) was as 1 
ml/min. Preserved a 5-cm spacing was among nozzle and 
substrate.

2.2  Measurements

The crystal structure of the coated CdS films was inves-
tigated via an X-ray diffractometer (XRD) using CuKα 
radiation in the 2θ values in the range of 10°–80°. The 
morphology was inspected via ZEISS-EVO 18 SEM. PL 
Spectrometer (Perkin Elmer Model: LS 45) (With excitation 
wavelength λexc = 450 nm) was employed to collect emission 

profiles. The absorption profiles of the film were recorded 
via Perkin Elmer: Lambda 35. Stylus profilometer was used 
to measure the thickness of films as listed in Table 1. For 
photoconductivity measurements, the silver paste with 2 mm 
dia. was used as electrodes on top surfaces of CdS films to 
fabricate MSM visible photodetector. The size of the film 
and area of irradiation was 0.1 × 0.2 cm and ∼ 0.02  cm2, cor-
respondingly. All the photoconductivity measurements were 
measured at room temperature using a Keithley (Model-
2450) under 532 nm laser irradiation.

3  Results and discussion

3.1  XRD analysis

XRD is a favorable route to examine the phase of the fab-
ricated CdS specimens. The obtained XRD patterns of the 
films are pictured in Fig. 1. The coated products on glass 
substrates exhibit three strong and ten weak Bragg reflec-
tions corresponding to (100), (002), (101), (102), (110), 
(103), (112), (201), (004), (203), (210), (114), and (105) 

Table 1  Film thickness and structural parameters of prepared CdS 
thin films

Molarity (M) Film thickness 
(nm)

Crystallite size 
(nm)

Strain (× 10–3)

0.05 450 54 0.743
0.10 500 74 0.593
0.15 470 71 0.687

Fig. 1  X-ray diffraction patterns of CdS thin films at different molar 
concentrations
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orientations, respectively. These observed patterns show 
that the prepared samples have a hexagonal structure of 
standard CdS with SG P63mc correlating to JCPDS # 
41-1049 [47]. This hexagonal phase of CdS is stable and 
well suitable for device applications [48]. Moreover, the 
peak (002) is stronger than other labelled peaks indicating 
preferential growth orientation. A similar finding of CdS 
work is reported by Ravichandran et al. [49]. When molar 
concentration raised to 0.1 M, the sharpness of all the peaks 
systematically enhanced and later it is decreased for higher 
concentration which implies the degradation in the crystal-
linity [32]. Besides that, two additional impurity peaks of the 
CdO phase was also appeared. Recently Gosavi et al. [50] 
and Abdol Ahzadeh Ziabari et al. [51] recorded a similar 
kind of CdO phase in CdS and the presence of CdO phase 
may be due to higher coating temperature.

Williamson–Hall (W–H) method is a possible route to 
compute other structural characteristics like crystallite size 
(D) and lattice strain [52]:

A plot among 4sinθ and βhklcosθ is drawn, in which 
y-intercept yields the D value and slope gives strain value. 
Figure 2a–c represents an enlarged view of the plotted graph 
concerning  to molar concentration. The crystallite size 
and strain values deduced from the graph are presented in 
Table 1. It has been noticed that the D values are upraised 
from 54 to 74 nm and reduced to 71 nm for higher molar 
concentration. Anitha et al. observed similar crystallite 
size variation for nebulizer coated thin films [53]. The film 
prepared with 0.10 M appeared with a low strain value of 
0.593 × 10–3 which ensures the quality of the specimens.

3.2  SEM analysis

SEM images were undertaken to demonstrate the surface 
homogeneity, size, film uniformity, and shape of the par-
ticles in films. Figure 3a–c depicts the captured surface 
microstructure images of CdS thin films at a fixed mag-
nification. From these images, we confirm that the molar 
concentration notably changes the surface morphology of 
the products. In the first case, morphology appeared with 
very finely grown particles without distinguishable grain 
boundaries. However, it is changed when molar concentra-
tion is increased to 0.10 M. Observed the round-shaped 
particles with enlarged size on the top surface due to the 
mobilization of more particles with greater energy. And 
also, the unequally distributed crystallites might have been 
caused by van der Wall’s forces [54]. The enhancement in 
the grain size as a function of molar concentration is as 
follows. When molar concentration is significantly less, 
the interaction between the substrate and CdS samples will 

(1)�
hkl

cos � =

(

k�

D

)

+ (4� sin �).

be high, which resists the movement of the atoms and also 
it will stop the growth of the grain. Further, when molar 
concentration is raised, the average grain size becomes 
elongated due to nucleation occurrence [55]. Interestingly, 
porous nature is also observed in the 0.10 M coated sam-
ple. This porous structure morphology will improve the 

Fig. 2  Plot of βcosθ vs 4sinθ of CdS thin films at different molar con-
centrations
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surface to volume ratio, which leads to light absorption 
efficiency. This system at upraised absorption behavior 
enhances electron–hole pairs generation, which leads to 
triggering its performance of photodetector [56]. In the 
last case (0.15 M), the grain size is small compared to the 
last one. These results perfectly matched with our XRD 

results. These interesting results are consistent with the 
earlier report of Husham et al. [57].

The elemental analysis of the CdS samples was done 
to ensure the chemical composition present in the coated 
products. Figure 4 presents the enlarged view of EDX pat-
terns for 3-different molar contents 0.05, 0.10, and 0.15 M 
respectively. Peaks related to Cd and S confirm the presence 
of cadmium and sulfur with the stoichiometric ratio for the 
film prepared at 0.10 M concentration.

Fig. 3  SEM images of CdS thin films at different molar concentra-
tions a 0.05 M, b 0.10 M and c 0.15 M

Fig. 4  EDX patterns of CdS thin films at different molar concentra-
tions a 0.05 M, b 0.10 M and c 0.15 M
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3.3  Photoluminescence analysis

PL spectroscopy study is an effective way to obtain valuable 
information about photoactive centers. Figure 5 shows the 
room temperature PL profiles of the CdS samples. As we 
visualize, all the CdS spectra reveal two luminescent cent-
ers observed at 532 nm and 638 nm. The predominant peak 
located at 532 nm is associated with band edge emission 
which might be due to the recombination of free excitons 
[37]. The peak positioned at 635 nm (broad) is occurred due 
to the surface-related defects [58]. Nupur Saxena and his 
lab mates mentioned that the green emission peak (532 nm) 
appeared in the CdS samples is assigned to the transition 
of S-vacancy and S-interstitial. The red emission peak 
(635 nm) is attributed to the transition of bound electrons 
from surface states to the valence band (VB) [59]. Moreover, 
the intensity and sharpness of the peak seem to enhance 
with increasing molar concentration up to 0.1 M, which 
indicates the high crystallinity of the CdS sample. When 
concentration is further raised, the intensity is decreased but 
not smaller than the 0.05 M coated sample. While upraising 
concentration, a slight red shift behavior is also observed 
due to increment in crystallite size [60].

3.4  UV–Vis absorption analysis

A detailed study on optical characteristics like absorption 
and bandgap of the CdS thin films was done via UV–Vis 
spectroscopy. Figure 6a, b elaborates the optical absorption 
spectra and Tauc’s plots of the thin films grown on glass 
substrates with various molar concentrations. An abrupt 
increase in light absorption is noticed in the visible region 
as the molar concentration rises to 0.10 M, while for the film 

grown with 0.15 M concentration, it is slightly reduced. In 
the case of the 0.10 M sample, the absorption level is high, 
so it can absorb more photons which can increase photo-
sensing activity in the synthesized product [61]. On the other 
side, the fundamental edge of absorption was moved to a 
larger wavelength zone on the rise of concentration sug-
gesting a bandgap lessening. This shifting nature may be 
due to the variation of grain size [55]. Nair and his lab mate 
obtained similar results [62]. Another crucial optical param-
eter, i.e. bandgap energy (Eg) of the samples, was computed 
trough Tauc’s relation [63]:

 
Here, α denotes the coefficient of absorption and B is 

constant. The Eg value of the sample coated with 0.05 M 

�h� = B(h� − Eg)
n .

Fig. 5  PL spectra of CdS thin films at different molar concentrations

Fig. 6  a Absorption spectra as a function of wavelength and b a plot 
of (αhυ)2 versus (hυ) of CdS thin films at different molar concentra-
tions



 M. D. Devi et al.

1 3

960 Page 6 of 11

concentration is found to be 2.43 eV, and it is decreased to 
2.39 eV for a 0.10 M coated sample. On the other side, it is 
raised to 2.41 eV for the last sample prepared with 0.15 M. 
Parameshwari et al. reported similar kinds of bandgap vari-
ation with respect to molar concentration for CdS films 
manufactured via spray process [46]. Few parameters such 
as crystallite size, lattice strain and point defects can reduce 
the energy gap value. In our present samples, the lowest Eg 
value may be due to a change in crystallite size variation.

3.5  Photodetector analysis

We investigated the photodetection properties of the 
manufactured CdS thin films as a function of molar vari-
ation. Figure 7a publicizes the schematic illustration of 
the deposited samples. In this study, we measured the I–V 

features of products with and without 532 nm laser light 
using Keithley 2450 source meter. Figure 7b–d illustrates 
the I–V plots of CdS films between − 5 and + 5 V. From the 
displayed figure, it can be seen that when the applied volt-
age is increased photocurrent of CdS films significantly 
increases for both dark and light conditions. The CdS films 
achieved with 0.1 M concentration exhibit a maximum net 
current of 2.5 μA and when the CdS samples are illumi-
nated under the light with intensity 5 mW/cm2, they absorb 
this light and create more electron–hole pairs, which are 
dissociating into electron and holes through samples built-
in potential. Both of these are composed of electrodes and 
hence produced the photocurrent. Due to the following 
reasons, our CdS thin film coated with 0.1 M concentra-
tion exhibits the enhancement of illumination current: (i) 
high crystalline nature, (ii) large grain size value, (iii) 

Fig. 7  a Schematic diagram CdS photosensor, Semi-log IV characteristics of the fabricated CdS photo sensor measured in dark and illumination 
condition at bias voltage between − 5 and 5 V prepared at b 0.05 M, c 0.10 M, and d 0.15 M
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porous nature in the morphology, (iv) high absorption, 
and (v) lesser bandgap energy.

The calculation of three parameters like R, D*, & EQE is 
essential because they generally indicate the performance of 
the photodetector. The following relation was used to calculate 
responsivity (R) easily [36] and Table 2 provides the respec-
tive values.

where Ip, A, and P are known as photocurrent, effective area, 
and light intensity.

The estimated responsivity of the CdS films is found to be 
0.15, 0.43 and 0.24 A/W, respectively. Mohammed Husham 
and his co-workers [64] reported that prepared CdS material 
had the responsivity of 0.24 A/W. Manmohan Singh Waldiya 
and his lab mates [33] reported responsivity between 0.0715 
and 0.3815 A/W. Thick CdS film prepared by Shivaji Munde 
et al. [34] exhibited a responsivity of 2.5 A/W. Compared to 
the above-reported values our samples show better responsiv-
ity of 0.43 A/W for 0.1 M concentration. The D* was esti-
mated by the below equation [36] and provided in Table 2:

(3)R =
Ip

Pin × A
,

(4)D ∗=

√

A

2eIdark
,

where e and Id are electron charge in dark current. The CdS 
thin film deposited with 0.05 M shows the specific detectiv-
ity of 3.48 ×  1010 Jones. While raising molar concentration 
it goes up to 8.46 × 1010 Jones, then decreases to 5.10 ×  1010 
Jones for higher concentration. Compared to our current D 
value, Manlin Tan et al. [65] stated a value of 1.5 × 1012 
Jones and Shkir et al. [35] reported a value of 6.94 × 1011 
Jones which is higher. We also measured external quantum 
efficiency (EQE) value using the relation (5) [36] and shown 
in Table 2.

Here all symbols are in usual meaning. The calculated 
EQE value lies in the order 140% > 76% > 47% for 0.1, 0.15, 
0.15 M, respectively. Shkir and his lab mates [37] reached 
EQE value up to 143% for Eu-implanted CdS thin films. 
Mianzeng Zhong et al. [66] prepared samples to exhibit a 
maximum efficiency of 4.07 × 104%.

To estimate the rise and fall time, photoresponse 
switching performance was done with five different 
powers (from 1 to 5 mW/cm2). Figure 8a–c elaborates on 
the sequential switching performance of photoresponse. 
When the laser light falls on the CdS thin film the pho-
tocurrent is quickly increased and reaching a saturation 
level and further it is decreased when the laser is turned 
off. Here the photocurrent of the 0.1 M deposited product 

(5)EQE = R
hc

e�
.

Table 2  Critical parameters of currently fabricated CdS thin film photodetectors and earlier reports on CdS-nanostructure photodetectors

NWs nanowires, NB nanobelt, NR nanorods, NT nanotubes, NPs nanoparticles

Device Spectral range R  (AW−1) EQE (%) D* (Jones) Photore-
sponse 
(Ilight/Idark)

Rise time τrise Fall time τfall References

0.05 M CdS 532 nm 0.15 47 3.48 × 1010 – 0.3 0.5 Current work
0.10 M CdS 0.43 140 8.46 × 1010 – 0.2 0.3
0.15 M CdS 0.24 76 5.10 × 1010 – 0.3 0.4
Pure CdS 532 nm 0.213 49.70 7.43 × 1011 2 × 103 138 ms 120 ms [36]
0.1% Sm:CdS 1.101 257 2.21 × 1012 4.9 × 103 157 ms 166 ms
CdS:Ga (2%) NR/Au 510 nm 4 – – 12 × 103 95 μs 290 μs [13]
CdS NB MESFET 488 nm 2.0 × 102 529 – 2.7 × 106 137 μs 379 μs [16]
CdS:Ag heterojunction 551 nm 0.43 91.42 2.58 × 1011 – – – [68]
CdS hierarchical NWs 470 nm – – 4.27 × 1012 1.96 × 104 0.3 s 0.4 s [18]
CdS NT 532 nm – – – 4.02 × 103 0.82 s 0.63 s [67]
CdS NWs – – – 7.41 × 102 0.4 s 0.7
CdS NB 490 nm 7.3 × 104 1.9 × 107 – 6 20 μs 20 μs [17]
5 wt.% Pr:CdS 532 nm 2.71 628.86 6.94 × 1011 3.95 × 102 0.090 s 0.170 s [69]
5 wt.% Eu:CdS 532 nm 0.614 143 1.38 × 1012 4.3 × 103 85 ms 106 ms [70]
CdS NPs 420 nm 0.38 – 2.6 × 1013 207 – – [65]
CdS NPs 500-nm 0.24 – – 97.2 × 103 9 ms 10 ms [66]
CdS NPs Visible – – – 1123 25 ms 25 ms [67]
CdS:Ag 551 nm 0.43 – 2.58 × 1011 – – – [17]
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is changed from 7.518 × 10‐8 to 2.474 × 10‐6 A as the light 
is ON state at a voltage of 5 V (bias). The rise and fall 
time were computed for all photodetector samples. The 
rise time of CdS thin films is 0.3, 0.2, 0.3  s, and fall 
times are 0.5, 0.3, and 0.4 s for the films prepared by 
0.05, 0.1, and 0.15 M, respectively (see Table 2). Here 
the 0.1 M fabricated sample deposited onto the glass slide 
shows fast response and recovery times of 0.2 s and 0.3 s. 
Ludong Li et al. [18] reported rise and fall times were 
about 0.3 and 0.4 s. CdS nanotubes synthesized by Qin-
wei An et al. [67] shows the rise and fall times of 0.82 s 
and 0.63 s. However, Liang Li et al. [17] reduced the 
raise time up to 20 µs for CdS nanobelts. For better com-
parison, the output results of current, as well as several 
previously reported photodetectors are listed in Table 2, 
which indicates the fabricated detectors are far better 
than reported by several others based on CdS. Figure 8d 

proves the photogenerated current reliance on the inten-
sity of light of the manufactured samples. Here, symbol 
and experimental results represented by the solid line and 
curve fitted by [36]

where α, n, are constant and empirical exponent to illumi-
nating strength. Photodetection nature and recombination 
progression in the device can be conferred via n value. By 
polynomial fitting of experimental data, n values are noticed 
from graphs and its value is nearly the same for all films. So, 
we are only displaying a graph at 5 V. The maximum n value 
is noted ~ 1.68 for 0.1 M CdS film. It reveals that the film 
prepared with a molar concentration of 0.1 M excellently 
diminishes the trap of CdS films, as a result, produces better 
performable CdS photodetectors equated to film prepared 
with other molar concentrations. 

(6)Iph=��
n,

Fig. 8  Plots of current vs. time of CdS thin films at different molar concentrations a 0.05 M, b 0.10 M, c 0.15 M and d a plot of fitted (solid line) 
photocurrent as a function of illumination intensity of CdS thin films at different molar concentrations
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4  Conclusions

In this work, molarities of cationic and anionic precur-
sors are varied simultaneously for depositing the CdS films 
and their structural, optoelectronic properties are analyzed 
in detail. The grown films possess the hexagonal crystal 
system with preferential (002) direction of growth. The 
enlarged grain size with uniform morphology, obtained 
at 0.1 M precursor molar concentration. Bandgap value 
was altered as 2.39 and 2.43 eV by controlling the precur-
sor molarity 0.05 and 0.15 M. The thin film prepared at 
0.10 M is having good photodetector properties compare 
to others due to the improved crystallinity and surface 
morphology. These outcomes are attained without further 
processing of films. Hence, they are fairly advantageous 
for developing cost-effective CdS film-based photodetec-
tors of visible light with fast response, detectivity, and 
efficiency.
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