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Abstract
Cadmium sulphide is known to have tremendous applications towards optoelectronic and nonlinear devices. Hence, here we 
have facilely casted the CdS films with diverse Se contents through low-cost spray pyrolysis technique. XRD study defends 
mono-phase formation of CdS having hexagonal system at all Se doping contents. Scherrer equation was employed to evaluate 
crystallite size in range of 15–25 nm. Vibrational study reveals the presence of fundamental modes of vibration of hexago-
nal CdS. EDX and SEM mapping studies approve the existence of Se and its homogeneous distribution all over the film. 
SEM micrographs shows the nanoscale grains formation on film surface and the size is increasing with Se doping. Optical 
study revealed that the grown films are of optimal quality with transparency in range of 60–75% with low absorbance and 
reflectance values. The refractive index values are noted to varied from 1 to 2.7 with wavelength and noticed to be reduced 
on Se content in UV–Vis region. The reduction in direct and indirect energy gap was found from 2.46 to 2.34 eV and 2.21 to 
1.96 eV, correspondingly due to Se. PL emission profile contains an emission band at 528, 529, 529, 530 and 546 nm for 0.0, 
0.5, 1.0, 2.5, 5.0 wt% Se:CdS films. Dielectric constant and loss were estimated. The nonlinear refraction (n2) and absorption 
coefficient (β) and third-order nonlinear susceptibility (�3) values were determined using Z-scan and observed in order of 
 10–8  cm2/W,  10–4 cm/W and  10–3 esu, correspondingly. The high values of �3 propose the films for nonlinear applications.

1 Introduction

CdS is a highly applicable semiconductor from II–VI group 
in several, solar cell, linear, nonlinear, photodetection and 
other optoelectronic devices. There is a number of litera-
tures on CdS in bulk, nanostructures and nanostructured thin 
films, etc. that show wide range of applications. The litera-
ture reveals that the nanostructured thin films of CdS are 
highly applicable in most of the devices as mentioned above. 
Along with pure CdS film fabrication, it is necessary to pre-
pare the films with suitable dopants. Dopants are noticed to 
play vital character in altering the physical chattels of semi-
conducting materials. There are numerous dopants from rare 
earths, transition metals which are specially applied to semi-
conductors to modify their characteristics for future devices.

In recent films CdS have been casted with different 
dopants like: Sn/Mn:CdS [1], Cu:CdS [2], Fe/Mn:CdS [3], 
Li-Co:CdS [4], Eu:CdS [5], Ni:CdS [6], B:CdS [7], Ga:CdS 
[8], Ag:CdS [9], In:CdS [10], Zn/Fe:CdS [11], Sn:CdS [12], 
F:CdS [13], Al:CdS [14], etc. and displayed the significance 
of these on physical characteristics of CdS with enhance-
ment for optoelectronics usages. Selenium doping is noticed 
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to have an immense consequence on structure, vibrational, 
morphology, optical, nonlinear, dielectric and electrical 
chattels [15–18].

Pan et al. synthesized the 1D nanostructuring of CdS 
with Se doping and studied the color-changeable optical 
transport [19]. Shi et al. prepared the Se:CdS quantum dots 
with exceptional properties and studied them [20]. Reyes-
Banda et al. investigated the role of Se diffusion and CdS 
layer on CdS/CdTe solar cell performance [21]. Yang et al. 
organically synthesized the CdS/Se:CdS nanocrystals and 
studied them [22]. Sankar et al. have grown the CdS crystal 
with P, Se and Si and studied them [23]. Also Kunioka et al. 
casted PV cell from CdS on Se layer by vacuum evaporation 
technique [24]. Akl et al. casted Se:CdS thin films through 
thermal evaporation [25]. Lacomi et al. thermally evaporated 
CdS films with Mn, Sb and Se dopant and investigated them 
[26]. These reports indicate that the properties of CdS have 
been improved/modified by Se doping, and hence Se is a 
good dopant.

After reviewing the literature from almost all scientific 
sources it was noticed that there is no/least report on diverse 
concentrations of Se in CdS film preparation by spray pyrol-
ysis method and their opto-nonlinear characterizations so far. 
Hence, we have fabricated the films of Se:CdS (Se = 0.0, 0.5, 
1.0, 2.5 and 5.0 wt%) by NSP process on a heated glass sub-
strate at 300 °C. The fabricated films were exposed to X-ray 
diffraction (XRD) for structural, FT-Raman for vibrational, 
energy dispersive X-ray spectroscopy (EDX) and scanning 
electron microscopy (SEM) for elemental, distribution and 
surface morphology, UV–Vis-NIR spectroscopy for optical, 
dielectric and nonlinear properties and explained.

2  Experimental procedures

To fabricate the thin films of Se:CdS we have procured 
 CdCl2.H2O, thiourea and selenium dioxide from Himedia 
Pvt. Co. Ltd. Calculated amounts as 0.025 M  CdCl2 and 
0.025 M thiourea materials were separately dissolved first 
in 18 ml of water and ammonia solvent mixture taken in 4:1 
ratio. The regular stirring was done throughout the prepa-
ration of all solutions at a fixed temperature and rotations 
were kept around 600 rpm. Both solutions were mixed to 
achieve CdS and during the mixing different content of Se 
source,  SeO2 as 0.5–5.0 wt% was dissolved in water and 
regularly mixed. All solutions’ pH was sustained at 11.5. 
Finally, to fabricate the films all solutions were sprayed on to 
high-quality and well-cleaned substrates of glass by keeping 
it at fixed temperature, i.e., ~ 300 °C. Using this technique 
the distance between substrate and nozzle, pressure of gas 
carrier and rate of flow of solution can be varied easily and 
in the current experiment these were kept as 27 cm, ~ 1 kg/
cm2 and 5 ml/m, in that order. After natural cooling of the 

system films were taken out and subjected to thickness ana-
lyser which shows 450 nm-thick films.

A Shimadzu Lab-X, XRD-6000 (Cu source, 
λ = 1.54056 Å) of ± 0.001° accuracy operating at 40 kV and 
30 mA in 10°–70° angular region on 4°/min scan speed, 
FT-Raman spectrometer (532 nm excitation source) from 
Thermo Fisher Scientific, A Japan-made JEOL JSM 6360, 
EDX and SEM, A Japan-made JASCO V-570, UV–Vis–NIR 
spectrophotometer and a Thermo Fisher Scientific supplied 
Lumina fluorescence spectrophotometer were used.

3  Results and discussions

3.1  Structure‑vibration studies

The recorded XRD data were transformed to XRD patterns 
for all films as depicted in Fig. 1a, that clearly indicate the 
hexagonal polycrystalline films well matched with typical 
data JCPDS no: 41-1049 and also with former reports on 
pure and CdS-doped films[27, 28]. Moreover, to have further 
confirmation about the phase of the prepared films we have 
determined the lattice constants by POWDERX as listed in 
Table 1. Data provided in table confirm single hexagonal 
phase as it well agreed with typical data JCPDS no: 41-1049. 

Further, to understand the Se content effect on crystallites 
size (L), no. of dislocations (δ), strain (ε) and unit cell num-
bers (n) of CdS, we have used the below rules to estimate 
these [29, 30]: L =

0.9�

� cos �
 , � =

1

L2
 and � =

� cot �

4
 and n =

�L3

6V
 , 

as presented in Table 1. These data show that the L is less-
ened with rising of Se content in CdS, which means the films 
are getting towards amorphous nature. In respect of L values, 
the values of � and � are also changing. The values of � and 
� are increased with rising the content of Se which indicates 
more dislocations and strain produced in films by rising the 
Se content in CdS films. The n values are also reducing with 
Se content as opposed to � and � . This means that the films 
are more deteriorated and hence the film quality decreased 
with Se content.

To explore impact of Se content on vibrational modes 
of CdS films the FT-Raman profiles were documented as 
displayed in Fig. 1b. It is visible for exposed image that the 
Se contents have strong effect on Raman intensity of CdS 
peaks. Also, the minute variation in position of peaks was 
also noticed. The major Raman modes are positioned at 297 
and 598 cm−1 in pure and at 301 and 600 cm−1 in 0.5 wt%, 
at 299 and 601 cm−1 in 1.0 wt%, at 299 and 600 cm−1 in 2.5 
wt% and at 302 and 602 cm−1 in 5.0 wt% Se. These respec-
tive modes are ascribed to fundamental vibration mode, 1LO 
and first overtone, 2LO modes and agree well with previous 
documented literature on CdS [31–33].
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3.2  Elemental composition and mapping 
and surface morphology analyses

For elemental composition and mapping studies the EDX 
spectra and SEM e-mapped images were captured along 
with line scan profile and exhibited in Fig. 2a–c. EDX/SEM 
e-mapping is noticed to be good tool in identification of 
elements and their homogeneity in final products [34–36]. 
EDX spectra signify the existence of Cd, S and Se in film 
and mass % of Cd, S and Se was noticed to be 76.37, 20.56 
and 3.07, respectively. Figure 2b indicates the homogene-
ous distribution of Cd (red), S (green) and Se (blue) mol-
ecules all over the film. Line scan profile displayed in Fig. 2c 
shows the presence of Cd by yellow, S by green and Se by 
blue colour. This also shows that the concentration of Se 
is lower while Cd and S are rich which should be the case 
here. Hence, the existence of Cd, S and Se with high homo-
geneity was approved from EDX/SEM mapping/line scan 
measurements [37]. Similar type of observations has been 
documented previously by several authors on different class 
of products [38, 39].

SEM are exposed in Fig. 3a–d for 0.5, 1.0, 2.5 and 5.0 
wt% Se-doped CdS films. Figure (a) indicates that the 0.5 
wt% CdS film contains very low dimension nanograins with 
some nanocluster formation and the average size of grains 
and clusters may be in the range between 40 and 200 nm. 

Similar type of morphology was seen for pure CdS which 
we have not included here. When the Se of 1.0 wt% con-
centration was added the number of grains is noted to be 
increased and becomes finer and the average size is around 
40 nm; however the nanoclusters are still formed of average 
size 180 nm (see Fig. 3b). Figure 3c, d reveals the surface 
morphology of 2.5 and 5.0 wt% Se:CdS film, where grains 
are increased enormously and reduced again with regular 
distribution thoroughly and compacted on the surface of the 
films. In all film surface morphology, no crack has been 
seen which confirms homogeneous thickness of the films 
throughout and makes them more suitable from device appli-
cation point of view. Similar kind of surface morphology 
and cluster formation was reported earlier [36, 38, 40].

3.3  UV–Vis–NIR spectroscopy studies

Figure S1 (a) and (b) (see supplementary data) represents 
the recorded A, T and R profiles for Se:CdS films up to NIR 
region. Graph S1 (a) (see supplementary data) indicates that 
the grown films are having low absorbance and their edge 
is shifting near higher as well as lower wavelength with Se 
doping content. This kind of shift in absorption edge signi-
fies the change in energy gap owing to Se content doping in 
CdS. This may also be due to some other sources like defects 
and interfaces in films [41]. The optical transparency and 

Fig. 1  Profiles for A XRD and B FT-Raman for spray deposited (a) 0.0 wt%, (b) 0.5 wt%, (c) 1.0 wt%, (d) 2.5 wt% and (e) 5.0 wt% Se:CdS films

Table 1  Assessed values of 
lattice constants, L, δ and ε, and 
n for Se:CdS films

Samples a = b (Å) c (Å) V (Å)3 FWHM (β002) L (nm) δ  (nm−2) × 10–3 ε × 10–3 n × 104

0.0% Se:CdS 4.13969 6.72784 99.84879 0.4720 17.303 3.340 8.62 2.72
0.5% Se:CdS 4.13715 6.73655 99.85514 0.5281 15.465 4.181 9.79 1.94
1.0% Se:CdS 4.14510 6.73372 100.19747 0.6012 13.584 5.419 11.12 1.31
2.5% Se:CdS 4.13797 6.73010 99.79917 0.7475 10.933 8.378 13.81 0.69
5.0% Se:CdS 4.14865 6.73171 100.33872 0.8364 9.764 10.490 15.55 0.49
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reflectance of films are presented in graph S1 (b) (see sup-
plementary data), which shows that the films are transparent 
enough for optoelectronic device purpose and the transpar-
ency is in range from 60 to 78%. The optical transparency 
of grown films is comparable and even higher than earlier 
reports on pure and doped CdS films [38, 40, 42–44]. The 
high transparency and low reflectance propose that the films 
are quite good from applications point of view. The transpar-
ency is noticed to be varied with Se content and minimum 
was noticed for 0.5 wt% Se:CdS film, though no regular vari-
ation was found. Such variation was also reported previously 
by several authors [45, 46].

Absorption (k) and refractive (n) indices values were 
e s t i m a t e d  t h r o u g h  e q u a t i o n s :  k =

��

4�
 a n d 

n =
(1+R)

(1−R)
+
√

4R

(1−R)2
− k2 and presented in graphs 4(a) and 

(b), correspondingly. The graphs (a) provide k values in 
0.04–0.25 up to visible region; however, in NIR region its 
value is noted to be stable and higher number is noted for 
0.5 wt% Se:CdS film. The estimated n values are noticed 
in 1 to 2.7 range for Se:CdS films and indicates the varia-
tion owing to Se doping content in CdS. The Ed

g
 and Ei

g
 

values were calculated using Tauc’s rule [30, 47, 48]: 
(�h�)2 = A

(

h� − Ed
g

)

 and (�h�)0.5 = A

(

h� − Ei
g

)

 , corre-
spondingly. Before going to estimate Ed

g
 and Ei

g
 , the � val-

ues were calculated using the following equation: 
� = 2.303

Absorbance

d
 , where d stands for film thickness; then 

(�h�)2 and (�h�)0.5 were attained and designed w.r.t. E(h�) 
in Fig. 4c, d, correspondingly. By plotting a straight line 
towards energy axis at (�h�)2 = 0 and (�h�)1∕2 = 0 , the 
values of Ed

g
andEi

g
 were observed. The Ed

g
andEi

g
 values 

are noted in range from 2.46 to 2.33 eV and 2.2 to 1.96 eV. 
These values are observed to be reduced with Se doping 
content; however, they agree well with earlier reports [49, 
50]. The Ed

g
andEi

g
 values are lessened from 2.46 eV pure 

to 2.33 eV and 2.2 to 1.96 eV for 0.5 wt% Se:CdS films. 
Hence, approved the intense effect of Se content on CdS 
films optical characteristics. The estimated direct energy 
gap is noted to be slightly higher compared to bulk CdS 
[51], which lessens with Se content doping. Decrease/
increase in energy gap depends on several factors such as 
dopant, temperature, thickness, grain/crystallite size, 
roughness, etc.[35, 36, 52–54].

Fig. 2  a EDX spectra, b SEM mapping and c line scan for 5.0 wt% Se:CdS film
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3.4  PL study

The recorded PL emission profiles for Se:CdS films at 
λexc = 450 nm are exposed in Fig. 5. Graph clearly displays 
that there is only one emission peak at around 528 nm in 0.0 
wt%, 530 nm in 0.5 wt%, 529 nm in 1.0 wt%, 532 nm in 2.5 
wt% and 546 nm in 5.0 wt% Se:CdS films. The observed 
emission peak may be attributed to intrinsic flaws relating to 
Cd and S interstitial/vacancies (ICd, VCd/Vs), and more expla-
nation can be seen in earlier reports [55, 56]. The emission 
peaks are noted to shift towards larger wavelength, hence 
indicating the reduction in energy gap as discussed in above 
section. Also, the PL emission peak intensity is changing 
with changing Se doping content. The highest PL emission 
intensity was observed for 2.5 wt% Se:CdS film; however, 
the lower intensity was noticed for 5.0 wt% Se:CdS film. 
Such variation in emission intensity might be owing to 
defects created from distortedness in the films when doped 
with Se, which acts as colour centres [57]. The observed 
emission peak is ascribed to green emission and will be 
applicable in green LED fabrication. PL emission peaks is 
owing to band–band emission/emission owing to defects in 
creation by Se. The PL emission peak observed in current 
work agrees well with earlier report [27, 58, 59].

3.5  Dielectric and electrical studies

The estimation of both real (��
r
) and imaginary (���

r
) frag-

ments of dielectrics and loss tangent (tan �) are quite 
important to explore the usages of fabricated films as 
capacitive storing as well as several other applications 
[60–62]. The intricate form of �′

r
 and �′′

r
 is expressed as fol-

lows: � = �
�
r
+ i���

r
 . From this equation the �′

r
 and �′′

r
 can be 

estimated as [63]: ��
r
= n2 − k2 and ���

r
= 2nk , in that order. 

The determined values for �′
r
 , tan � , and �′′

r
 are exposed in 

Fig. S2 (a), (b) and (c) (see supplementary data), in that 
order. The �′

r
 , tan � , and �′′

r
 values are noticed in range from 

1 to 7.5, 0.03 to 0.45, and 0.13 to 0.71, in that order over 
the whole tested wavelength regions. These �′

r
 values esti-

mated for currently grown films are comparable to prior 
documents on CdS [64, 65]. The tan � and �′′

r
 are noticed 

to be very low, which indicates lesser defects in films. Fig. 
S2 (d) (see supplementary data) presents the optical con-
ductivity in terms of wavelength calculated from: �oc =

�nc

4�
 

for all films. The value of �oc is noticed to be lessened with 
wavelength [65], but, however, noted to be varied with 
varying the Se in CdS. The order of �oc which is around 5 
orders explores the applications of fabricated Se:CdS films 
in optoelectronics and good conductive.

Fig. 3  SEM images for a 0.5 wt%, b 1.0 wt%, c 2.5 wt% and d 5.0 wt% Se:CdS films
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3.6  Nonlinear properties

Z-scan is the decisive tool to investigate the certainty of 
third-order nonlinear optical (TONLO) properties [66] at 
given wavelength and explore the respective applications 
for distinct photonic devices. Herein, the TONLO traits like: 
n2 and β were examined by close and open orifice Z-scan 
analysis. The transmitted optical signal was trailed by pho-
todetector which is mounted far distant along the optical 
path and the close aperture Z-scan curves of respective thin 
films are graphed in Fig. 6a–d. It is noticed that the sam-
ples offer phase change from peak to valley about the focus 
that authorises the existence of negative nature of TONLO 
refraction. This is proof of Se:CdS films inheriting the self-
defocusing effect [67]. The attributes of  n2 is governed by 
intensity of laser beam bombarded with high repetition 
which dwells the thermal lensing effect causing the phase 
change in profile of nonlinear refraction along the focus [68]. 

Fig. 4  a k, b n, c (�h�)2 vs.E(h�) and d (�h�)0.5 vs.E(h�) plots for pure and Se-doped CdS films

Fig. 5  Recorded PL emission spectra for Se:CdS films at 
λexc = 450 nm
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Fig. 6   Z-scan transmittance curve with close (a–d) and open (e–h) aperture
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The open aperture Z-scan configuration is used to exam-
ine the TONLO absorption of thin films and the respective 
graphs is shown in Fig. 6e–h. The observation reveals that 
the samples offers the supreme intensity at the focus that 
approves the presence of saturable absorption (SA) [69]. The 
physical origin of SA in material is contributed due to the 
superiority of S0 linear over S1 nonlinear absorption coeffi-
cient [70, 71]. The ability of materials to polarize is a meas-
ure of susceptibility of material [72, 73]; hence the TONLO 
susceptibility (χ3) of the thin films has been evaluated. The 
TONLO parameters of Se:CdS thin films are systemati-
cally tabulated in Table 2. The currently evaluated values of 
TONLO constraints are noted to be comparable with earlier 
reports on In:CdS films [37]. However, estimated values are 
very high compared to several previously reported values for 
metals/particles and films [74–77]. The previously reported 
values of TONLO constraints on diverse class of materials 
are tabulated in Table 3 for better comparison with current 
ones.  

4  Conclusion

CdS films using 0.5, 1.0, 2.5 and 5.0 wt% Se doping were 
fabricated facilely through cost-effective spray pyrolysis 
method. The XRD study defends hexagonal single-phase 
formation of Se:CdS films. The crystallite size values were 
estimated in range of 15–25 nm. The fundamental modes 
of vibration of hexagonal CdS were exposed by vibrational 
study. The presence of Se and its homogeneous spreading all 
over the film was shown by EDX and SEM mapping stud-
ies. The nanostructured films fabrication was approved from 
SEM analysis and shows that the size of grains increased 
with Se doping owing to formation of nanoclusters. The 
grown films are of optimal quality with transparency in 
range of 60–75%. The linear refractive index values are 
found to be varied between 1 and 2.7. Direct and indirect 
Eg values are found to be lessened due to Se doping from 
2.46 to 2.34 eV and 2.21 to 1.96 eV, harmoniously. The 
emission spectra possess emission peaks at 528, 529, 529, 
530 and 546 nm for 0.0, 0.5, 1.0, 2.5, 5.0 wt% Se:CdS films. 
Dielectric constant was noted in range from 1 to 7.5. The 
open and close aperture Z-scan studies were performed to 
find n2, β and χ3 and found to be enhanced from 3.17 to 6.28 
(× 10–8)  cm2/W, 1.48 to 4.11 (× 10–4) cm/W and 5.04–8.95 
(× 10–3) esu, correspondingly. Such large third-order nonlin-
ear susceptibility values suggest the nonlinear applications 
of fabricated films.

Table 2  TONLO constraints for Se:CdS films

Thin film n2  (cm2/W) β (cm/W) χ3 (esu)

0.5 wt% Se:CdS 3.17 × 10–8 1.48 × 10–4 5.04 × 10–3

1.0 wt% Se:CdS 5.06 × 10–8 2.64 × 10–4 6.89 × 10–3

2.5 wt% Se:CdS 5.91 × 10–8 3.06 × 10–4 7.22 × 10–3

5.0 wt% Se:CdS 6.28 × 10–8 4.11 × 10–4 8.95 × 10–3

Table 3  Comparative NLO 
parameters reported for various 
films

Authors Materials �
(1)

�
(3) (esu) n2 (esu)

Khan et al. [78] F:CdS 0.1–0.8 0.02 × 10–11–5.5 × 10–11 1.8 × 10–12–6.1 × 10–10

Shkir et al. [38] Te:CdS 0.05–0.70 4 × 10–13–3.5 × 10–11 2.4 × 10–14–5.5 × 10–10

Shkir et al. [79] Mg:ZnO 0.14–0.6 1.0 × 10–13–1.0 × 10–11 2.0 × 10–13–1.5 × 10–10

Khan et al. [80] Ag:CdS 0.10–7.0 2.92 × 10–10–1 × 10–7 1 × 10–9–2 × 10–7

Radaf et al. [81] F:CdS – 1.74 × 10–12–16.6 × 10–12 2.9 × 10–11–21.9 × 10–11

Shkir et al. [37] In:CdS – 4.67 × 10–1–7.01 × 10–1 2.14 × 10–7–4.99 × 10–7

Arif et al. [82] N:ZnO 0.3–9 1.0 × 10–11–1.0 × 10–8 1.4 × 10–12–2.5 × 10–8

Abrinaei et al. [83] Al:ZnO – 1.1 × 10−5–10.9 × 10−4 − 8.05 × 10−9–11.05 × 10−9

Current work Se:CdS – 5.04 × 10–3–8.95 × 10–3 3.17 × 10–8–6.28 × 10–8
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