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A B S T R A C T   

The facile and cost-effective fabrication of cadmium sulphide (CdS) thin films with diverse contents of Zn was 
carried out on substrates of glass which maintained at 300 �C temperature. The grown CdS films are observed to 
belong monophasic hexagonal system at all Zn contents through structural and vibrational inspections. The 
values of crystallites size were determined in range of 16–31 nm. The Zn existence and its homogeneity were 
confirmed by EDX and e-mapping. SEM study displayed the modification in surface topography of CdS films by 
Zn content. Ultra violet-visible-near infrared spectroscopy study revealed that the grown films are of good optical 
transparency. The indices of refraction values were estimated and shows the variation in range of 1–2.8 owing to 
Zn. The PL study propose the applications of grown films in green LEDs as the emission peak has been observed at 
513 � 17 nm. Third-order-nonlinear optics (TONLO) constraints were determined through off and on orifice Z- 
scan data. The order of the values of TONLO index of refraction and susceptibility was noted of 10� 8 cm2/W and 
10� 5 esu, orders correspondingly and found to be enhanced with Zn doping in CdS. Enhancement in optical 
limiting behaviour of CdS was also noticed when doped with Zn.   

1. Introduction 

Cadmium sulphide (CdS) is a key ingredients from II-VI semi-
conducting category and possess a number of applications in the field of 
sensors, nonlinear, electro-optical, solar cell, devices, photocatalyst etc. 
[1–3]. The available literature on crystal, nanomaterial and nano-
structured thin films based on CdS displayed a huge number of usages. 
CdS based crystals and films are noticed to be very good in photo-
detection [4–6]. Materials in form of nanostructured thin films from 
semiconductors are in huge demand in current scenario for various ap-
plications point of view like: TFTs, LEDs, gas sensors, heterojunction 
solar cell, coatings as surface layers, resister to laser damage, electro-
luminescence, etc. [7]. In recent past numerous reports are available on 

film fabrication of pure CdS through a number of procedures. It is 
interesting to inspect doping consequence on physical properties of CdS, 
as doping plays a vital role in improvement of such properties to be more 
applicable in future devices. CdS nanomaterials as well as thin films has 
been fabricated with several dopants from periodic table like: Cu, Sn, Al, 
Fe, Eu, Li, Co, Ni, B, Ga, Ag, In, Mn, F, Se etc, [8–26] etc. These reports 
show that the properties of CdS has been significantly improved with 
doping. Hence, doping is indigenously employed in CdS to tailor its 
properties for tailor made applications. 

For example, Iorgu et al. reports the synthesis of Zn:CdS nano-
particles (NPs) and studied their structural, optical and photo-
luminescence properties along with morphology [27]. Yang et al. 
reported the Zn:CdS nanomaterials and investigated for photocatalytic 
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performance under UV [3]. Ibiyemi et al. reported the Zn:CdS NPs 
synthesis and studied opto-electrical applications [28]. Prabhu et al. 
prepare a gas sensor based on Zn:CdS/CdTe NPs and studied [29]. Nit-
suk et al. prepared the Zn/Co:CdS nanocrystals and investigate struc-
tural and optical properties [30]. Very recently a gas sensor based on Zn 
doped CdS has been fabricated by Huang et al. with astonishing per-
formance [1]. Most of these reports are on Zn:CdS nanostructures. 

However, few reports on Zn:CdS films are also available such as: Gu 
et al. studied the effect of Zn:CdS buffer layer on efficiency of 
Cu2ZnSnS4 solar cell [31]. Mastia et al. fabricated the films of Zn:Cds by 
taking 10% solution of Zn precursor through spray pyrolysis and per-
formed the structural, optical and electrical studies [32]. 

Ma et al. fabricated Zn:CdS films by CBD and performed the struc-
tural, optical and electrical investigations [33]. Bakly et al. and Rajathi 
et al. learnt the fabrication of Cd:ZnS by spin coater for PV applications 
[34,35]. Anbarasi et al. deposited Zn:CdS films by spray pyrolysis 
technique and investigated [36]. Liu et al. organised the Zn:Fe:Cds films 
by MOCVD and studied [37]. Hashim et al. reported the fabrication and 
analysis of Zn:CdS (Zn at 3, 6 and 9%) films by spray pyrolysis technique 
[38]. 

These studies reveal that the doping is a most effective procedure for 
the improvement of diverse physical characteristics of CdS and Zn2þ ion 
has been chosen here in current to dope in CdS owing to alike structure 
of ZnS and CdS. The above reports on Zn:CdS signifies that no 

investigation has been performed on nonlinear performance of CdS with 
different content doping of Zn deposited by spray pyrolysis technique by 
Z-scan measurement including several other key parameters in a sys-
tematic way. Therefore, the fabrications of 0.0, 0.5, 1.0, 2.5 and 5.0 wt% 
Zn doped CdS films were achieved through spray pyrolysis route on glass 
substrate maintained at 300 �C temperature and studies to sightsee the 
structural-elemental – morphological – optical – photoluminescence – 
dielectric and nonlinear characteristics and conferred. 

2. Investigational procedures 

2.1. Fabrication of films and their studies 

Hydrated cadmium chloride (CdCl2⋅H2O), thiourea and Zinc chloride 
(ZnCl2) were bought from Himedia Pvt. Ltd. Co. of purity 99.9% and 
applied as it is. For preparing the solutions of Cd and S the required 
quantity of CdCl2⋅H2O and thiourea of 0.025 M in equimolar ratios (1:1) 
were taken in 5 beakers separately and liquified separately in 18 ml of 
H2O:NH3 (4:1 ratio) under the regular stirring at 300 K by fixing the 
rotation at 500 rpm. After complete dissolution, both materials were-
properly mixed which gives yellow colour solution (of ~36 ml) indicates 
the formation of CdS in rest of the solutions during the mixing the 
different content of Zinc chloride (0.5–5.0 wt%) as Zn source were 
added and proper mixing has been carried out under vigorous stirring at 

Fig. 1. (A) EDX spectrum, (B) SEM e-mapping and (C) line scan profile of 2.5 wt% Zn:CdS film.  
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same speed and temperature. All organized solutions were sprayed 
through spray pyrolizer in which a carrier gas flowing at ~ 1 kg/cm2 to 
spray the solution by 5 ml/m on a well-cleaned hot substrate whose 
temperature was maintained at 300 �C and the distance between spray 
nozzle and substrate was fixed at 27 cm. After deposition the system was 
cooled down to room temperature in natural way. The average thickness 
of grown films was measured through Alpha-Step D-500 Stylus Profil-
ometer and noticed to be 420 nm. 

A Lab-X, XRD-6000 (Cu source, λ ¼ 1.54056 Å) from Shimadzu was 
used by functioning at 40 kV and 30 mA, over 10–70� angle region at 
scanning speed of 2�/min for recording the XRD patterns. A 532 nm 
operated DXR FT-Raman spectrophotometer was used to measure 
vibrational spectra. JEOL JSM 6360 EDX/SEM system was used to 
determine elemental and surface tomography. JASCO V-570 UV–Vis.- 
NIR spectrophotometer for study their linear optical properties. Photo-
luminescence measurement was performed using Lumina fluorescence 
spectrophotometer. Third order nonlinear investigations was deter-
mined by on and off orifice Z-scan study, using (THORLAB, CW-He-Ne 
laser, 632.8 nm and 23 mW power). 

3. Outcomes and discussion 

3.1. Elemental confirmation and morphology studies 

For the confirmation of doping element in the films a 2.5 wt% Zn:CdS 
film was selected to capture the EDX spectra as depicted in Fig. 1(A). 
However, the presence of Zn was confirmed at other doping content too. 
Fig. 1(A) reveals the presence of Zn along with Cd and S in the film. The 
content of Cd, S and Zn was noticed to be 77% (error ¼ 1.1%), 21% 
(error ¼ 0.72%) and 2.0% (error ¼ 0.25%), correspondingly. To further 
confirm the distribution of Zn in the films the SEM e-mapping was 
carried out for each element as represented in Fig. 1B(a’), (b’) and (c’) 
for Cd, S and Zn and also their combinational e-mapping was done as 
depicted in Fig. 1B(d’). These e-mapping indicates the homogeneity of 
Cd(red), S(blue) and Zn(green) in the final films and Fig. 1B(d’) signify 
the homogeneous distribution of Zn throughout the film. Furthermore, 
the line scan profile of the film was also recorded as shown in Fig. 1(C), 
which again confirm the doping level of Zn in CdS films. 

SEM images were taken at a fixed magnification, spot size and scale 
as depicted in Fig. 2(a)–(e). It is noticeable from Fig. 2(a) that the pure 
films possess some point holes and fine nanoclusters, however when 0.5 
wt% Zn is doped in CdS the morphology seems to be totally changed and 
very few pin holes and absence of cracks has been seen in the films (see 

Fig. 2. SEM micrographs for (a) 0.0 wt%, (b) 0.5 wt%, (c) 1.0 wt%, (d) 2.5 wt% and (e) 5.0 wt% Zn:CdS films.  
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Fig. 2(b)). Also, the grain size has been increased for 0.5 wt% Zn:CdS 
compare to pure (see Fig. 2(b)) and measured to be ~33 nm (average), 
however some nanocluster formation was also observed of average size 
<100 nm. On further increase of Zn content in CdS the films become free 
from pin holes and cracks however the grain size seems to be rise, up to 
2.5 wt% Zn content doping (see Fig. 2(c) and (d)). When the Zn content 
increased to 5.0 wt% the grain size seems to be reduced compare to 0.5, 
1.0 and 2.5 wt% Zn:CdS films and are in nanoclusters form. This in-
dicates that Zn acts a vivacious character in modifying the surface of CdS 
films and the grain size. 

3.2. XRD analysis 

The measured XRD patterns with hkl indexing have been displayed 
in Fig. 3(A). For indexing the peaks position the diffraction pattern was 
matched with standard JCPDS card no. 41–1049. Also, the lattice con-
straints were evaluated through POWDERX software and provided in 
Table 1, which suggest the formation of hexagonal CdS at each Zn 
content. The lattice constraints are noticed to be varied with Zn content 
in CdS and well agreed to previous reports JCPDS card No. 89–2944) (a 
¼ 4.14 Å, c ¼ 6.715 Å) [1,39]. 

It is also visible from XRD patterns that no additional phases related 
to oxides/metal/sulphides like: Zn/Cd/ZnS/ZnO/CdO/ZnO are 
observed in final products, signify that the doping of Zn content does not 
affect the hexagonal wurtzite CdS system [33]. Moreover, to have clear 
indication of XRD peak positions with Zn content the expanded pattern 
over 24 to 30� has been drawn as depicted in Fig. 3(B). On comparing 
the XRD pattern in Fig. 3(B) in respect of pure and doped it is noticed 
that the peaks are shifting towards larger angles that approved that Zn 
ions doping in CdS lattice as the ionic radii for Zn (i.e. 74 pm) is smaller 
compared to Cd (i.e. 95 pm) [1]. The peaks height is noticed to be 
changed with changing the Zn % in CdS (see Fig. 3(A)), initially the 
intensity has been enhanced up to 2.5 wt% Zn but later it is reduced for 
5.0 wt% Zn. Such variation in peaks intensity is might be owing to 
variation in crystallite size, as the high intensity indicates low FWHM 
which result in bigger particle size. The respective average values of size 
of crystallites (Dave), no. of dislocations (δave), microstrain (εave) and no. 
of unit cells (n) per unit volume were estimated through the following 
equations [40–44]: Dave ¼ 0.9λβcosθ, δave ¼ 15 � εa � D and εave ¼
βcotθ4, and n ¼ πD3

6V , and offered in Table 1. The authors mean by 
average is that these values have been estimated for all visible XRD 

Fig. 3. (A) XRD patterns, (B) Enlarge XRD pattern and (C) FT-Raman spectra for 0.0, 0.5, 1.0, 2.5 and 5.0 wt% Zn:CdS films.  

Table 1 
Determined values of a, b, c, V, Dave, δave and εave, and n for Zn:CdS films.  

Samples CdS a ¼ b (Å) c (Å) V (Å)3 Dave (nm) δave (lines. nm� 2) � 10� 3 εave � 10� 3 n � 106 

0.0 wt% Zn 4.13897 6.72156 99.72060 30.594 1.299 4.195 15.028 
0.5 wt% Zn 4.13940 6.72213 99.74976 19.620 2.741 6.272 3.962 
1.0 wt% Zn 4.13999 6.72198 99.77628 20.220 2.494 5.997 4.336 
2.5 wt% Zn 4.13957 6.72294 99.76983 20.652 2.499 5.941 4.620 
5.0 wt% Zn 4.14171 6.72625 99.92255 16.698 3.881 7.376 2.438  
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peaks by taking their FWHM and angular positions. The tabulated values 
signify that the value of Dave is lessened with Zn content and lowermost 
value observed for 5.0 wt% Zn:CdS films. In similar fashion of Dave the 
other values of δave and are εave also changing with Zn content. 
Furthermore, the values of number of unit cells in the final products 
were estimated as given in Table 1, and noted to be reduced with Zn 
content doping in CdS as it depends on Dave and the value of V [45]. The 
variation in structural parameters will have clear impact on optical as 
well as many other properties as studied and discussed in later sections. 

3.3. FT-Raman spectroscopy 

The measured FT-Raman spectra for Zn:CdS films are depicted in 
Fig. 3(C), which illustrates that present vibrational modes are well- 
visible for all films. The intensity of all Raman peaks noticed to varied 
by varying the Zn. The variation of intensity is also related to full-width 
at half-maxima of peaks hence changed accordingly. The lowest in-
tensity or broad peaks was distinguished for 5.0 wt% Zn:CdS films which 
indicates lowest crystallites formation in these films. This was also 
confirmed by XRD analysis. The FT-Raman comprise two foremost peaks 
positioned at ~302 � 3 and 603 � 3 cm� 1, which are assigned for 1LO 

Fig. 4. (a) abs. vs. λ, (b) trans. and refl. vs. λ, (c) absorption index vs. λ, (d) refractive index vs. λ, (e) Tauc’s plot for Zn:CdS films.  
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and 2LO phonon modes. These values for CdS crystal are reported at 305 
and 611 cm� 1 [46]. Hence, it is found that the currently observed values 
are lower compared to bulk one which means nanostructured CdS films 
formation [47]. 

3.4. Linear optics and dielectric analyses 

To explore the impact of Zn content doping on linear optics of CdS 
films the UV–Vis_NIR spectra in absorption, transmission and reflection 
modes was acquired as given in Fig. 4(a) and (b), respectively. Grown 

films are seeming to own good optical transparency (or possess low 
absorbance see fig. a) which is in 50–80% range in VIS to NIR region, 
however stable in NIR region of 1500–2500 nm which is around 70% 
(see fig. b). Such transparency for coloured material can be considered 
as good one for optoelectronics. Further, the reflectance is also in 
accordance to absorbance and transmittance (see Fig. b). It is also visible 
from figure that the absorption edge is shifting with Zn content in Cds 
films which results in change of absorption (k) and refractive (n) indices 
and energy gap (Eg). Such change in absorption edge is might be owing 
to presence of defects and boundaries in grown films [48]. Hence, the 
determination of these parameters was carried out through the known 
process: k ¼ αλ4π, n¼(1 þ R)(1-R)þ4R1-R2-k2 and (αhυ)2 ¼ A(hυ-Eg) 
(here α ¼ 2.303Absorbanced) (here all other symbols are well-known) 
[39]. The k & n are graphed in respect of wavelength to Fig. 4(c) and 
(d), one-to-one. The k and n values are extracted from graphs (c) and (d) 
and noted in range from 0.03 to 0.22 and 1 to 2.82, correspondingly. 
These values are noted to be varied throughout the texted region with Zn 
content doping in CdS films. To note the value of Eg the plot between 
(αhυ)2 and E(hυ) has been drawn in Fig. 4(e), in which we have sketched 
a straight line to energy axis at (αhυ)2 ¼ 0 and observed in 2.38–2.50 eV. 
The obtained Eg values are in agreement to previous reported values [49, 
50]. At 0.5, 1.0 and 2.5 wt% the Eg value is decreases from 2.44 to 2.38 
eV, however at 5.0 wt% of Zn its value enhanced from 2.44 eV (for pure) 
to 2.50 eV. The increase in the band gap for the 5.0 wt% Zn sample could 
be associated to the increase in the film microstrain and decrease in the 
grain size [15,21]. This indicates a strong effect of Zn on linear optical 
parameters of CdS films. Such variation in Eg as well as other constraints 
is might be owing to variation in crystallite size, defect lev-
els/imperfections, compositions, deposition parameters etc. in grown 
films [51,52]. 

Fig. 5. (a) ε0, (b) ε’’, (c) loss tangent and (d) optical conductivity for grown Zn:CdS films.  

Fig. 6. PL emission spectra for grown 0.0, 0.5, 1.0, 2.5 and 5.0 wt% Zn:CdS 
films at 450 nm excitation wavelength. 
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The dielectric (real), ε0 and loss (imaginary), ε’’ values were esti-
mated using the values of n and k above through equations: ε’ ¼ n2-k2, 
and ε’’ ¼ 2nk, tanδ ¼ ε00ε’ [53] and graphed in Fig. 5(a-c), in respective 
order. It can be noticed from figures that the values of ε0, ε’’ and tanδ 
have variation with Zn in CdS and lie in 1–8, 0.1 to 0.5 and 0.02 to 0.35 
regions, which are well agreed to previous reports [54]. The low loss 
values signify the Zn content in CdS reducing the defects in grown films. 
The optical conductivity was also determined from σoc ¼ αnc4π and 
graphed to Fig. 5(d). The σoc is noted to increase on rising of energy, 
however reducing with Zn content doping in CdS films and of the order 
of 1014 S/m. It may be mentioned here that the same order should be 
considered for our previous reported ac conductivity plots [39–42] and 
also Te:CdS [55]. 

3.5. Photoluminescence study 

The grown films of Zn:CdS were excited at 450 nm to obtain emission 
spectra (ES) as depicted in Fig. 6 and possess only one major emission 
peaks. This ES is positioned at 520 nm, 520.5 nm, 530 nm, 522 nm and 
513 nm in 0.0, 0.5, 1.0, 2.5 and 5.0 wt% Zn doped CdS. The detected 
peak of emission is recognised as b-b/Zn created defects emission. The 
PL emission peak observed in current work is well-agreed to earlier 
report [56,57]. In all Zn:CdS films only a green emission was noticed 
which indicates the applications of them in green LEDs. The PL emission 
peaks is noted to be remarkably shifted by Zn doping in CdS towards 
higher as well as lower wavelengths. This shift indicates that the enrgy 
gap of 1.0 wt% Zn:CdS film is lowest one and 5.0 wt% CdS is the largest 
one which is in accordance with energy gap obtained from Tauc’s plot. 

Moreover, Zn doping also affected the PL intensity which is noted to be 
quenched with doping except minute increase for 1.0 wt% Zn:CdS film. 
The intensity variation is related to defects in the grown films. 

3.6. Z-scan and optical limiting analysis 

Out of the many existing techniques Z-scan is most intriguing way 
acknowledged by Bahae et al. [58], which can be imposed on range of 
substrates that are oriented in dimensional order of nano to macro 
range. Z-scan effectively aids to point out the specific third order 
nonlinear optical (TONLO) nature, constants and their respective 
magnitude at a single wavelength which defines its applicability for 
various photonic device applications as well. The TONLO properties 
namely nonlinear refraction (n2) and nonlinear absorption (β) are 
assessed by off and on orifice of Z-scan arrangement. In present inves-
tigation the influence of different concentration of Zn on TONLO con-
straints of Zn:CdS has been examined by means of CW He-Ne laser 
functioning at 632.8 nm. The Gaussian filtered beam was focused on 
each thin film and the transmitted signal was logged by photo-detector 
located at far distant. The off and on orifice Z-scan transmission curves 
are represented in Figs. 7 and 8, respectively. The gradual phase alter-
ation near focus (Z ¼ 0) point has been revealed owing to irradiation of 
highly repetitive laser beam confined on the sample leading to diver-
gence of energy along the film plane showing the thermal lensing effect 
[39,59]. The on orifice Z-scan plot divulges that Zn:CdS film offers the 
saturable-absorption (SA) effect [60] and SA is usually contributed by 
domination of ground state over excited state absorption [61]. TONLO 
susceptibility (χ3) is the vital parameter which determines the polarizing 

Fig. 7. Close aperture Z-scan curve of (a) 0.5 wt% Zn:CdS (b) 1.0 wt% Zn:CdS (c) 2.5 wt% Zn:CdS (d) 5 wt% Zn:CdS.  
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Fig. 8. On orifice Z-scan curve of (a) 0.5 wt% Zn:CdS (b) 1.0 wt% Zn:CdS (c) 2.5 wt% Zn:CdS (d) 5 wt% Zn:CdS.  
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skill of material [62]. Furthermore, it is noteworthy that the CdS film 
express positive n2 which is altered to negative n2 due to presence of Zn 
also the nonlinear absorption of CdS film is RSA effect while the Zn:CdS 
films offers SA as observed in current studies [63]. The TONLO pa-
rameters of Zn:CdS films are assessed by formulations derived in docu-
ments [58] and these are compared in Table 2. Also the TONLO values 
are comparable with many previous reported one for diverse materials 
[64–66]. The current values of nonlinear parameters are also analogous 
to 2D MXene, Tin Sulfide, Bismuthene, Antimonene, 2D MXene, 2D 
Graphdiyne and 2D Tellurium documented previously by several au-
thors [67–72]. Tabulated values indicate that the titled grown films are 
better and equivalent to prior reported one on CdS. The identification of 
TONLO properties can allow applications in 3D data collection, 
optical-limiter, faster fluoroscopy, 2P up-conversion lasing, optic path-
ways, etc [73]. Furthermore, the optical limiting study was carried out 
using 650 nm red laser of initial intensity ~16 mW. The output values of 
power intensities are provided in Table 3. Table 3 indicates that the 
grown films are better as optical limiter when doped with Zn. 

4. Conclusion 

Zn:CdS thin films were successfully fabricated through spray 

pyrolysis route on glass substrate. Hexagonal phase of grown films was 
approved through XRD analysis and this was further supported by FT- 
Raman study. The D values of grown films lie in range of 16–31 nm. 
The Zn doping confirmation was approved by EDX and its homogeneity 
was seen in SEM e-mapping images along with line scan profile. Impact 
of Zn content on nanostructured morphology of the grown films was 
confirmed by SEM. The grown films possess better transparency in VIS- 
NIR region, and the energy gap values are estimated in 2.38 eV–2.50 eV 
range. The PL study reveals that the grown films possess green emission 
band with variation in position and intensity with Zn content doping in 
CdS. The close and open aperture Z-scan data was recorded, and n2, β 
and χ3 values were determined. The values of n2, β and χ3 are noticed to 
be enhanced from Zn doped CdS films from 2.89 � 10� 8 to 5.11 � 10� 8 

cm2/W, 1.17 � 10� 6 to 4.66 � 10� 6 cm/W and 3.68 � 10� 5 to 6.93 �
10� 5 esu in that order. The improvement in optical limiting nature of 
grown CdS films with Zn doping was also observed. The enhanced values 
of nonlinear properties propose the grown films favourite for laser 
devices. 
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