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A B S T R A C T   

Owing to the tremendous applications of cadmium sulphide (CdS), the fabrication of different 
content of In doped (0.0, 0.5, 1.0, 2.5 and 5.0 wt%) CdS thin films has been carried out facilely by 
spray pyrolysis technique. X-ray diffraction and FT-Raman studies confirm the single phase of CdS 
with hexagonal crystal system. The Scherrer rule was employed to determine the crystallite size 
and found to be reduced from 20 to 18 nm. The elemental composition and mapping studies 
shows that the prepared films contain In in CdS which is homogeneously distributed all over the 
film. The surface morphology was studied and noticed to be modified with increasing the content 
of In doping. The emission spectra were recorded at λexc ¼ 450 nm and an intense green emission 
was observed at 529 � 16 nm for pure and In:CdS films. The optical study reveal that the optical 
transparency is enhanced from 65% to 75% with In doping. The refractive index was noticed in 
range from 1 to 2.8. The direct optical energy gap was estimated in the range from 2.31 to 2.46 eV 
and shows reduction with In content. The open and closed aperture Z-scan measurement was 
carried out and nonlinear absorption, third order nonlinear susceptibility and refractive index 
values were determined and found in range from 3.12 � 10� 3 to 5.37 � 10� 3 cm/W, 4.67 � 10� 1 

to 7.01 � 10� 1 esu and 2.14 � 10� 7 to 5.99 � 10� 7 cm2/W, correspondingly.   

1. Introduction 

Indium as dopant is found to be an exceptional element specially in semiconductors as well as other materials to modify the 
physical properties for future device applications [1,2]. It is well-known that by adding the impurities to a semiconductor of wide 
energy band gap leads to modify the optoelectrical and nonlinear characteristics intensely [2–5]. Among several semiconductors’ 
cadmium sulphide (CdS) is noticed to be an excellent candidate for various device applications such as: window layer material for 
solar/dye sensitized solar cell, photodetector, FET, lasers, etc. [6–13]. CdS possess two crystal structures as hexagonal wurtzite the 
most stable form and cubic zinc blende structures which are obtained from Greenockite and Hawleyite minerals. 
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In recent past CdS in the form of thin films and nanopowders has been prepared with a number of dopants like: Na, K, Ni, Cu, Zr, Zn, 
Sm, Nd, Gd, La, Ga, Te, etc. [14–23]. These reports present a large-scale application of doped CdS. The CdS thin films have been 
fabricated using a number of techniques known as chemical bath deposition (CBD) [24,25], thermal evaporation [26], electron beam 
[27], RF sputtering [28], spin coating [29], electrodeposition/electrochemical [30,31], etc. In recent spray pyrolysis technique was 
employed by several authors and prepared the thin films of pure and doped CdS with modified structural and physical properties i.e. 
opto-electrical and nonlinear for a number of applications [12,15,32–38]. 

According to past literature the In doped CdS thin films were deposited by numerous authors, Atay et al. report the fabrication of 
25, 35 and 45% In doped CdS films by ultrasonic spray pyrolysis method at 300 � 5 �C and only investigate the structural-elemental- 
morphological and electrical properties [39]. Garcia-Cuenca et al. prepared the In doped CdS thin films by vacuum evaporation and 
mainly study the electrical properties [40]. Kim et al. fabricated the In doped CdS films using vacuum evaporation and subjected to 
investigate electrical parameters [41]. Perna et al. prepared films of In:CdS by pulse laser deposition and investigate 
structural-vibrational-optical and photoluminescence properties [42]. Hayashi et al. reports the fabrication of highly-conductive In: 
CdS films by co-evaporation method [43]. 

These reports also indicate the uniqueness of spray pyrolysis technique in obtaining the large area films with high homogeneity. 
Hence, the authors select the spray pyrolysis technique to obtain the good quality thin films. Though these report lacks the systematic 
low and high In doping effect on opto-electrical-nonlinear characteristics of CdS films. Hence, the authors studied the above-mentioned 
properties using a number of state-of-art experimental technique such as X-ray diffraction (XRD), energy dispersive X-ray spectros-
copy/scanning electron microscopy mapping (EDX/SEM), ultraviolet–visible–near infrared spectroscopy (UV-VIS-NIR) and Z-scan 
measurements and discussed here. 

2. Experimental details 

2.1. Materials and thin films fabrication 

For the preparation of solutions to fabricate In doped CdS films the following materials were procured from different companies, 
CdCl2. H2O, NH3, thiourea, In2(SO4)3. H2O from Sigma Aldrich and HIMEDIA companies and used as it is. Initially CdCl2 and thiourea 
was dissolved in double distilled water and NH3 solvents by taking them in 4:1 separately. Then different concentrations of In2(SO4)3. 
H2O (0.0, 0.5, 1.0, 2.5, and 5.0 wt%) were liquified in double distilled water in dissimilar glass pots. Finally, all were mixed together 
under continuous stirring using a magnetic stirrer at room temperature. The pH was maintained to be 11.5 for all solutions. These all 
prepared solutions were used in spray pyrolysis technique and deposited the films on hot substrate at 300 �C. In spray pyrolysis system 
the detachment of nozzle and glass substrate was ~27 cm and pressure of gas carrier ~ 1 kg/m2. The flow rate of solutions was kept 
constant at 5 ml/m. The thickness of finally prepared films was measured using a stylus profilometer and noted ~450 nm. 

2.2. Characterization techniques 

Shimadzu LabX XRD-6000, XRD system was used to record the XRD patterns in angular range of 20–70� at speed of 4�/m. To 
investigate the effect of In doping on vibrational modes of CdS we measured the FT-Raman spectra by THERMO SCIENTIFIC, DXR FT- 
RAMAN spectrophotometer by using the excitation wavelength of 532 nm at 8 mW laser power. For elemental composition and ho-
mogeneity confirmation of In dopant and surface morphology was studied using EDX/SEM mapping/SEM (JSM 6360 LA, Japan). A 
Lumina fluorescence spectrophotometer from Thermo Fisher Scientific was used to record photoluminescence spectra. UV-VIS-NIR 
absorbance, transmittance and reflectance spectra were recorded through a JASCO V-570, UV–VIS–NIR spectrophotometer. Z-scan 
measurement was carried out in both open and close aperture modes using 632.8 nm wavelength laser. 

Fig. 1. XRD patterns of pure and In doped CdS films.  
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3. Results and discussion 

3.1. XRD analysis 

The recorded XRD patterns of pure and In doped CdS films are displayed in Fig. 1. Figure revealed that the grown films are 
polycrystalline in nature with considerable good crystallinity. It is also noticeable from figure that the intensity of XRD peaks is 
reducing with increasing the In content indicates low dimension crystallites formation in films. The major peaks in XRD pattern were 
indexed as (100), (200), (101), (102), (110), (103) and (112) with the help of standard XRD data JCPDS card No.: 41-1049. Hence, 
these indexing confirm the formation of hexagonal CdS system even at higher In doping content. Further, POWDERX software was 
employed to obtain lattice parameters of all films as given in Table 1, which further confirm the hexagonal phase. Also, by In doping 
content in CdS the lattice constants were noticed to be varied (see Table 1). The recorded XRD data was used to obtain angular position, 
full-width-half maximum, Intensity counts etc. which were used to determines average crystallite size (Dave), density of dislocation 
(δave), strain (εave) and number of unit cells (N) in the films using well known relations [4,44–47]: Dave ¼

0:9λ
β2θ cosθ, δave ¼

1
D2

ave
, εave ¼

β2θ cosθ
4 , and N ¼ πD3

ave
6V , correspondingly. The average values of Dave, δave, and εave estimated from all indexed planes are listed in Table 1. 

The data listed in Table 1 reveals that the Dave value is decreasing from 20 to 16 nm with increasing the In doping content in CdS, hence 
δave and εave are varying accordingly. However, Atay et al. reports the crystallites size in range of 31–45 nm for 25, 35 and 45% In:CdS 
films and shows the reduction with In doping [39]. As the value of Dave increases the δave and εave are decreasing in a systematic way 
indicate the reduction of defects in the films by In doping in CdS. The N values are also decreasing with increasing the In doping in CdS 
films. This is due to the change in Dave and V values with In doping. All these parameters displayed that the films are getting more 
perfection with increasing In doping in CdS. 

3.2. Vibrational spectroscopy study 

Raman spectra for pure and In doped CdS films has been presented in Fig. 2. It is clearly visible in figure that by increasing the In 
content in CdS the Raman intensity of all peaks is decreasing which indicates low dimension grain formation in the films as revealed in 
XRD analysis. This may also confirm from increasing FWHM values of peaks. All vibrational spectra contain two major Raman modes at 
302 � 2 and 602 � 3 cm� 1 in all fabricated In:CdS films. The vibration modes are known as fundamental longitudinal optical (LO) 
phonon modes and ascribed as 1LO (302 � 2 cm� 1) and first overtone, 2LO (602 � 3 cm� 1) which are in agreement with earlier reports 
for CdS films and nanostructures [48–50]. The modes of vibrations are reported to be exist at 305 cm� 1 (1LO) and 611 cm� 1 (2LO) in 
bulk CdS [51,52], hence clearly revealed that there is a shift in peaks positions towards lower wavenumbers in currently fabricated 
films, which is due to nanosized grains formation in CdS [20]. 

Table 1 
Estimated values of lattice constants, L, δ and ε, N and TC for In doped CdS films.  

Samples a ¼ b (Å) c (Å) V (Å)3 Lave (nm) δave (nm� 2) � 10� 3 εave � 10� 3 N � 104 

0.0 wt% In:CdS 4.1427 6.7207 99.8881 19.669 2.863 1.822 3.987 
0.5 wt% In:CdS 4.1391 6.7276 99.8176 19.353 2.913 1.847 3.800 
1.0 wt% In:CdS 4.1403 6.7238 99.8154 18.784 2.976 1.877 3.475 
2.5 wt% In:CdS 4.1443 6.7223 99.9907 18.622 3.041 1.894 3.380 
5.0 wt% In:CdS 4.1373 6.7189 99.6037 16.062 6.056 2.527 2.177  

Fig. 2. Vibrational spectra for pure and In doped CdS films.  
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Fig. 3. EDX spectrum and SEM mapping image for 2.5 wt% In:CdS film.  

Fig. 4. SEM images for (a) pure, (b) 0.5 wt%, (c) 1.0 wt%, (d) 2.5 wt% and (e) 5.0 wt% In:CdS films.  
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3.3. EDX/SEM mapping and morphological studies 

To confirm the presence of In in 2.5 wt% In doped CdS film and its homogeneity the EDX and SEM mapping measurements were 
carried as shown in Fig. 3(A) and (B). The peak of In along with Cd and S can be seen in Fig. 3(A), indicates the In doping in films. 
Further SEM mapping revealed the homogeneous doping of In in CdS films as displayed in Fig. 3(B). Fig. 3(B) (i) is for Cd (red), (ii) is 
for S (blue) and (iii) is for In (green) and (iv) is for all together. Thus, Fig. 3(B)(iv) revealed that In has been doped unvaryingly in CdS 
as it is available all over the surface of the films. Hence, both EDX and SEM mapping confirm the In doping in CdS films. 

The SEM micrographs for pure and In doped CdS films are exposed in Fig. 4(a–e). All SEM images revealed that the grown films are 
free from cracks or point holes, which are major issues in films and diminish the key properties. Also, the grains are formed in compact 
manner which are spread all over the films consistently indicating the thickness uniformity of films. Fig. 4(a) contains larger grains in 
pure CdS, however with In doping content the grains size is found to be reduced as clear from Fig. 4(b–e). The size of grain in pure CdS 
is in range of 20–30 nm, in 0.5 wt% In doped CdS, 18–22 nm, in 1.0 wt%, 2.5 wt% and 5.0 wt% In doped CdS in range of 10–15 nm. It 
may be mentioned here that the size of grains are averagely written here some minor variation may occur when the size will be 
measured with different software’s. The grain size is in accordance to crystallite size determined in section 3.1. It is also noticeable here 
that the pure and 0.5 wt% In doped CdS films are having nanoclusters formation however when In doping content increased the cluster 
formation disappears and films becomes more compact with lower grain size. In previous report on In:CdS by Atay et al. the cluster 
formation is more when In doping was taken place [39]. 

3.4. Photoluminescence analysis 

All the In:CdS films were subjected to excite at 450 nm wavelength to record the PL emission spectra as shown in Fig. 5. The 
emission intensity is found to be varied with In doping content in CdS. The emission intensity of 1.0 wt% In doped CdS is found to be 
highest indicated more defects in the film. However, it is reducing with increasing the In content but not systematically. The lowest 
intensity was observed for 5.0 wt% In doped CdS films indicates low defects. These results are in semi agreement with XRD and Raman 

Fig. 5. Photoluminescence spectra for pure and In doped CdS films at λexc ¼ 450 nm.  

Fig. 6. Plots of (a) A, and (b) Transmittance and Reflectance spectra for all In:CdS films.  
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results. PL emission spectra possess a single intense green emission band at 529, 530, 516, 495, 545 nm for pure, 0.5, 1.0, 2.5, and 
5.0 wt% In:CdS film. This shows that the emission peak position is changing with increasing the In content in CdS. This might be owing 
to deep level defects arises from disorderness in structure when In doping taking place in CdS. The energy band gap estimated from PL 
spectra is found in range of 2.50 to 2.28 eV for 5.0 wt% In:CdS films. The observed PL emission peak is in agreement with previous 
report on doped CdS in range of 510–600 nm [20,21]. This emission ascribed to band to band emission or emission owing to formation 
of defects by In doping in CdS. 

3.5. UV–Vis–NIR spectroscopy study 

3.5.1. A, T and R analyses 
The measured A, T and R spectra for all In:CdS films are exposed in Fig. 6 (a) and (b). The figure (a) shows that the films are having 

very sharp absorption edge which is a normal trend in semiconducting materials. Fig. (b) indicates that the grown films are having low 
transparency in 550–1100 nm region which increased afterwards. Such kind of modification in transparency of grown films might 
evolve owing to change in surface morphology and size of crystallites in the films [53]. The measured reflectance shown in Fig. (b) is 
also showing similar behaviour to transmittance. Such non-systematic behaviour of transmission and reflection was also observed 
previously in In:CdS films [42]. 

3.5.2. k, n, Ed
g , and Ei

g analyses 
Using the A, T and R data the absorption index, k, and refractive index, n, values were determined using the following rules [4,47, 

54,55]: k ¼ αλ
4π and n¼ ð1þRÞ

ð1� RÞ þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4R
ð1� RÞ2

� k2
q

: The estimated values of k and n are plotted as a function of wavelength as exposed in Fig. 7 

(a) and (b). The value of k was noticed in range from 0.025 to 0.23 in 200–2500 nm wavelength region. The value of k is reduced 
compared to pure with In doping content in range of 550 nm–2500 nm. The n values for pure and In doped CdS films were found in 
range from 1 to 2.8 and shows a strong effect of In doping content on CdS films. The currently estimated values are in good correlation 
with previous reports on CdS [56,57]. Now we focused to determine the band gap of all films in direct and indirect modes from Tauc’s 
equation [5,58,59]: ðαhυÞ1=s ¼ Aðhυ � EgÞ, all used symbols are well-explained in these references. The values of α for all films were 
estimated by: α ¼ 2:303 Absorbance

t , t stand for thickness of films. The value of s has been selected as 1/2 and 2 in respect of direct and 

Fig. 7. Plots of (a) k, (b) n, (c) ðαhυÞ2 vs: hυ and (d) ðαhυÞ0:5 vs: hυ for all In:CdS films.  
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indirect energy gap. Finally, ðαhυÞ2 and ðαhυÞ1=2 values were determined and graphed with respect to hυ axis as revealed in Fig. 7(c) 
and (d), congruently. For obtaining the direct and indirect energy gap values a straight line towards the x-axis (hυ) at ðαhυÞ2 ¼ 0 (see in 
figure c) and ðαhυÞ1=2 ¼ 0 (see in figure d). The direct and indirect band gap values are noticed in 2.31–2.46 eV and 2.0–2.16 eV range, 
in that order. Both direct and indirect energy gap values are reducing with In doping and found in relation with previous reported 
values on CdS [60,61]. 

3.6. Dielectric, electrical and nonlinear optical studies 

The dielectric constant values of its real (ε’
rÞ and imaginary parts (ε’’

r ) along with loss tangent (tanδ) were determined for pure and In 
doped CdS films. Because these constraints are highly applicable in defining the applications of films in capacitive storage, CMOS, 
DRAM devices [62–64]. Hence, the ε’

r and ε’’
r in complex form are defined as: ε¼ ε’

r þ iε’’
r and here ε’

r and ε’’
r are determined using [65]: 

ε’
r ¼ n2 � k2 and ε’’

r ¼ 2nk. The estimated values of ε’
r, tanδ and ε’’

r with respect to wavelength are exposed in Fig. 8(a) and (c) along 
with tanδ values in Fig. 8(b). The values of ε’

r, tanδ and ε’’
r are noted in range of 1–8, 0.022 to 0.37, and 0.1 to 0.7, congruently in all 

tested wavelength range and observed to be comparable to earlier reported values [56]. The low values of tanδ and ε’’
r signify the low 

number of defects in the fabricated films. The optical conductivity (σoc) values were also estimated using σoc ¼
αnc
4π for all films and 

plotted in Fig. 8(d). It can be seen in figure that the value of σoc is reducing with increasing the wavelength in pure as well as doped CdS 
films and is of the order of 105 which indicates better conductive films. 

3.7. Z-scan studies 

The Z-scan technique developed by Bahae et al. [66] is the efficient tool to probe the optical properties of third order that dwells up 
in the sample when the incident beam of light is of sufficiently high intensity and frequency. Z-scan of 0.5, 1.0, 2.5 and 5.0 wt% In-CdS 
thin film has been done using the CW He-Ne laser operating at 632.8 nm. The thin film samples are placed at the focus position (Z ¼ 0) 
and output intensity of the transmitted beam was successively recorded using the far field photo-detector. The close aperture Z-scan 

Fig. 8. Plots of (a) ε’r vs: λ, (b) tanδ (c) ε’’r vs: λ, and (d) σ oc vs: λ for all In:CdS films.  
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analysis has been performed to evaluate the nature of third order nonlinear optical (TONLO) refractive index (denoted by n2) of thin 
film. It is noted that as the sample thin film is translated along the beam irradiated path the In-CdS thin films offer a pre-focus 
maximum to post-focus minima indicating the inheritance of negative nonlinear refraction [67]. The designing of optical night 
vision sensing devices highly demand the materials offering the negative n2 profile [68–70]. The phase change in TONLO refractive 

Fig. 9. Close (a, b, c, d) and open (e, f, g, h) aperture Z-scan profile of In:CdS thin film.  
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index of given sample is governed by the repetitive irradiation of localized field of sample by high frequency laser beam which in turns 
leads to energy gradient along the sample surface making it to perform analogous to thermal lensing effect [71–73]. The open aperture 
Z-scan transmittance curve reveals that the In:CdS films express saturable absorption effect [74]. The occurrence of saturable ab-
sorption is stimulated owing to dominance of linear absorption coefficient over the excited state absorption coefficient [73,75]. It is 
notable that the CdS thin film offers the positive TONLO refractive index and reverse saturable absorption effect [10] while doping of 
In in CdS has altered the profile of n2 as well as nonlinear absorption (β) as evident from Fig. 9. The magnitude of susceptibility 
highlights the polarizing strength [76] of the material and it is found that the TONLO susceptibility of In:CdS films increases suc-
cessively with increase in concentration of In. The magnitudes of TONLO parameters have been evaluated using the standard formulae 
reported in literature [66] which are discussed in Table 2. 

4. Conclusion 

Good quality thin films of pure and 0.5, 1.0, 2.5, and 5.0 wt% In doped CdS films has been successfully fabricated using cost 
effective spray pyrolysis technique. Hexagonal crystal system of the grown films was approved by XRD and FT-Raman spectroscopy 
analyses. The crystallinity of films is noticed to be reduced with increasing the In content in CdS which indicates the reduction in size of 
particles. Hence, the values of crystallite size were estimated and noted to be reduced from 20 to 18 nm. Vibrational modes are found to 
be shifted by In doping in CdS owing to reduced particle size. The presence of In and its homogeneity in CdS film was confirmed from 
EDX/SEM elemental mapping study. The size of grains and nanoclusters formation are found to be reduced with increasing the amount 
of In content in CdS. The PL emission spectra comprises an intense green emission band at 529, 530, 516, 495, 545 nm in pure, 0.5, 1.0, 
2.5, and 5.0 wt% In:CdS film, in that order. The grown films are found to be of good optical transparency vis. In range of 65%–75%. The 
value of direct energy gap was noticed in range of 2.31–2.46 eV and reduction was observed with In doping content. The Z-scan study 
in both open and closed aperture conditions was done and β, χ3 and n2 values were determined in range from 3.12 � 10� 3 to 
5.37 � 10� 3 cm/W, 4.67 � 10� 1 to 7.01 � 10� 1 esu and 2.14 � 10� 7 to 5.99 � 10� 7 cm2/W, correspondingly. The enhanced values of 
nonlinear characteristics makes the films highly applicable for device applications. 
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