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Abstract

In current article authors aim is to present an insight on structural, opto-nonlinear-limiting properties of Cadmium sulfide
(CdS) thin films affected by various concentrations of tellurium (Te) doping. Hence, the thin films of pure and Te:CdS were
fabricated by spray pyrolysis technique by keeping the substrate at 300 °C. X-ray diffraction and FT-Raman spectroscopy
analyses confirmed the hexagonal phase of CdS. The values of L., p,,. and &,,, are found in range of 18-20 nm, 2.6-3 nm~>
and 1.7-1.9, respectively. Furthermore, the energy dispersive X-ray spectroscopy/scanning electron microscopy mapping
(SEM) confirmed the presence and homogeneous doping of Te in CdS. SEM study shows that the fabricated films are free
from any pin holes and possess very fine nanostructures. The optical transparency of grown films was noticed ~ 70%, which
is quite impressive for colored materials. The absorption index, refractive index values are found in range of 0.04 to 0.25,
1.25 to 3.2 in 200 to 2500 nm wavelength region. The direct energy gap of CdS was noticed to be reduced from 2.44 to
2.35eV (AE,=0.09) with Te doping content. Photoluminescence emission spectra contains an intense green emission band
at~528+4 nm. The dielectric constant and optical conductivity were noticed in range of 1.5 to 10 and 0.02 to 0.6 (x 10°),
respectively. The values of third order susceptibility and nonlinear refractive index was found of the order of 107'% esu. The
output power of the 532 nm laser passed from films is found to be reducing with increasing the Te content in CdS films.
Hence, the deposited films of Te:CdS will be more applicable as optical limiter in sensor device protection from intense lights.

1 Introduction

CdS is one of the best materials to be employed in multi-
purpose devices such as: a window layer for solar cell, thin
film transistors, light emitting diodes, window layer for solar
cell, etc. [1-10]. The semiconductors with nanostructuriza-
tion are in spotlight as they are most promising contender
in modern optoelectronic industry due to their incompara-
ble environmental, energy competent, electronic, dielectric,
optical etc. appearances [11-13]. These characteristics are
extremely modified when the materials transform from bulk
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to nano/nanostructured thin films form which gives uncom-
mon yields gallantry to effect of nano-scale dimension
[14-17]. From the documented literature in past decades it
was noticed that semiconducting materials with nanostruc-
ture morphology and scale are in huge demand specially
from 2 to 6 group owing to their noticeable applications as
detecting the IR, opto-electronics, linear-nonlinear, sensors,
renewable energy sources, diodes, biomedical, etc. [18-21].
Among the above-mentioned group of semiconducting mate-
rials CdS is one of the best in many ways when it transforms
from bulk to nanostructured thin films as it is highly useful
as photodetectors, lasers, photoconductors, etc. devices. It
is also evident from literature that the quality/thickness/size
of grains are key factors which are playing the major role in
altering the physical characteristics [22-28]. However, the
literature shows that the deposition method, variation in pH
value, temperature of substrate or deposition bath, the mor-
phology, size of grains, and physical properties are greatly
changing [29-39].

Moreover, the doping of metal ions in semiconductors is
widely employed to modify the above written properties at
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large scale in CdS as well as many other materials [29-39].
Hence, herein we have employed a novel Te doping con-
tent at different concentrations such as 0.0, 0.5, 1.0, 2.5 and
5.0 wt% in CdS and fabricated the films using a unique tech-
nique named as Spray pyrolysis by keeping the substrate
at 300 °C. Spray pyrolysis is found to be one of the key
techniques to obtain a homogeneous large area films with
outstanding characteristics [40—43]. In recent the CdS thin
films have been prepared using Spray pyrolysis technique
by Ma et al. [44]. Hiie et al. fabricated the CdS films using
Spray pyrolysis and CBD both and compared the results
[45]. Saleh et al. prepared the CdS films and studied the
substrate temperature influence on optical characteristics
[46]. Along with pure CdS films the doped CdS films are
also fabricated using spray pyrolysis with dopant like: Al
[47], Fe/Mn [48], Ag [49], Cu [50, 51], Sn/Mn [52], Eu:CdS/
Er:CdS [53, 54], Fe:CdS [55] etc. Wie et al. reports the fab-
rication of Te:Cds films by co-evaporation of Te and CdS
and investigate the structural and optical characterization
[56], Banerjee et al. prepared the Te:Cds films by vacuum
evaporation technique [57].

Spray pyrolysis is one of the easiest and cost-effective
techniques to produce large area films with high homoge-
neity compare to other techniques [58, 59]. According to
the available literature there is no report on the fabrication
of Te doped CdS (Te:CdS) through spray pyrolysis and its
structural/linear/nonlinear/dielectric/electrical and optical
limiting properties so far. Hence, herein the authors aim is
to design the fabrication of Te:CdS films and studied their
key physical properties such as structural and morphological
through X-ray diffraction (XRD), FT-Raman and scanning
electron microscopy (SEM) and linear-nonlinear optical
characteristics by UV—Vis—NIR spectroscopy and optical
limiting and discussed.

2 Experimental details

2.1 Materials, thin films fabrication
and characterizations

For preparing the initial solutions the following materials
were procured from Loba chemicals Pvt. Ltd. as Cadmium
chloride monohydrate, thiourea, ammonia and tellurium
dioxide and used as it is. The solutions of pure and Te doped
CdS were prepared as follows: A 0.025 M CdCl,-H,O and
0.025 M thiourea each was dissolved separately in 18 ml of
mixed solvent of double distilled water (DDW) and ammo-
nia as 4:1 under regular stirring at 500 rpm and finally
mixed with each other to form CdS. Similar procedure was
employed to prepare another four solutions for Te doping
of 0.5 wt%, 1.0 wt%, 2.5 wt% and 5.0 wt%. For Te doping
the calculated amount of tellurium dioxide was dissolved in
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DDW and ammonia in 4:1 ratio and poured in above solu-
tions under regular stirring. The pH was preserved ~11.5
for all solutions. These prepared solutions were subjected to
spray pyrolysis technique to deposit the thin films on a fresh
glass substrate. The temperature of glass substrate was kept
~300 °C for films deposition. For depositing the films by
spray pyrolysis, the distance between substrate and nozzle
was 27 cm, carrier gas pressure was ~ 1 kg/m? and solution
flow rate was 5 ml/m. The thickness of all the deposited
films was measured and found ~450 nm measured by Alpha
Step system. The films with similar thickness were achieved
by optimizing the experimental condition.

The grown films were subjected to Shimadzu Lab-X,
X-ray diffractometer XRD-600 drive at 40 kV and 30 mA
over angular range from 10° to 70° at speed of 4°/min for
structural studies. Thermo Fisher Scientific FT-Raman spec-
trometer for vibrational. JISM 6360 Lam, Japan, energy dis-
persive X-ray (EDX) spectroscopy and scanning electron
microscopy (SEM) for elemental composition and morpho-
logical studies, JASCO V-570, Japan, UV-Vis—NIR spec-
trophotometer for recording the absorbance, transmittance
and reflectance to study the linear-nonlinear properties. A
Lumina fluorescence spectrophotometer from Thermo Fisher
Scientific was employed to measure the Photoluminescence
(PL) spectra.

3 Results and discussion

3.1 Structural and vibrational spectroscopy
analyses

XRD and FT-Raman patterns measured for all Te:CdS
films are displayed in Fig. la, b, correspondingly. Fig-
ure 1a indicates that the films are of good crystallinity with
polycrystalline nature. The existing peaks in XRD patterns
are indexed and found to be well matched with standard
JCPDS $ 41-1049. There are around six clear peaks
indexed to (100), (002), (101), (110), (103) and (112)
planes. It is noticeable from figure that the intensity of
these planes is varying with varying the Te concentration
in CdS films. These peaks confirm the hexagonal single
phase structure of all Te:CdS films as there is no extra
peak was observed. This was further confirmed by deter-
mining the lattice parameters, a, ¢ and unit cell volume (V)
through POWDERX software as given in Table 1 and
found to be well-matched to the standard one JCPDS No.
41-1049 as well as with previous reports on pure and
doped CdS [60, 61]. To know the effect of Te doping on
crystallite size (L), dislocation density (p), micro strain
(g), no. of crystallites (N), and texture coefficients (TC) of
the films were evaluated. All these parameters were
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Fig.1 a XRD patterns and b Vibrational spectra for pure and Te doped CdS thin films
Table 1 Calculated values of lattice constants, L, 8 and €, N and TC for Te:CdS _films
Samples a=b(A) c(A) V(AP Ly (m) 8, (m)x107 e, x107°  Nx10* TCyp TCqoy TCpig
0.0% Te:CdS  4.14381 6.72238  99.9662 19.353 2913 1.847 3.794 1.012 0.848 1.413
0.5% Te:CdS  4.14017 6.72225  99.7888 18.622 3.041 1.894 3.387 0.918 0.982 1.043
1.0% Te:CdS  4.14237 6.72178  99.8879 18.808 2.971 1.874 3.486 1.165 0.870 1.505
2.5% Te:CdS  4.13995 6.73079  99.9050 18.793 3.010 1.883 3.477 1.223 0.872 1.417
5.0% Te:CdS  4.14104 6.72627  99.8903 19.873 2.662 1.775 4.112 1.416 0.834 1.354
estimated using known rules [62-66]: L = ﬂ(tzjo’ = é confirm the single phase of CdS even at higher Te content

Ly / Tog
Ny Zl(hkl)/l(l(hk,)
Table 1. It can be noticed from tabulated data that the L
values are within the range of 18 to 20 nm, confirm homo-
geneous crystallites formation on films surface, the p and
e values are also changed in similar manner to L. The
number of crystallites is found to be varied with Te doping
and the highest value of N was noted for 5.0 wt% Te:CdS
films. Furthermore, the TC values calculated for three
major planes are noted to be changing with Te content.
The largest value of TC was noted to be 1.416 for (100)
plane for 5.0 wt/% Te:Cds film, however, 1.505 was
observed for (110) plane for 1.0 wt/5 Te:CdS film. As a
conclusion the Te content is having strong effect on struc-
tural properties of CdS films.

Now we will discuss about vibrational spectra displayed
in Fig. 1b, It contains only two major Raman modes of
vibration situated at 303 +4 cm~! and 601 +3 cm™! cor-
responds to 1LP and 2LO phonon modes. The 1LO pho-
non mode of vibration was noticed to be shifted towards
the lower wavenumbers owing to Te doping effect in CdS
films. However, all modes exists are well agreed with pre-
vious reports [67-69]. Hence, the Raman study further

82@, and TCyy, = , and listed in

doping in accordance to XRD study.

3.2 EDX/SEM mapping and morphological studies

The EDX spectra for pure and 2.5 wt% Te doped CdS films
are graphed in Fig. 2a, b along with SEM mapping images
displayed in Fig. 2¢, d. EDX spectra clearly shows the pres-
ence of Cd, S in pure and Cd, S and Te in doped films. The
wt% of Te content in 2.5 wt% Te:CdS films was noticed
to be 1.98% which is in semiquantitative agreement to the
experimentally taken value. The homogeneous doping of Te
was further confirmed by SEM mapping analysis. It can be
seen in Fig. 2¢ for pure and (d) for 2.5 wt% Te:CdS film that
all elements like: Cd (red) and S(blue) and their combination
in pure and Cd (green), S(blue) and Te(red) in doped films
are homogeneously present in the films. Hence, EDX spectra
and SEM mapping images confirm the Te homogeneity in
CdS films.

To investigate the effect of Te doping content on surface
morphology of CdS films SEM micrographs were recorded
as displayed in Fig. 3a—e. SEM images shows that the grown
films contain very low dimension grain which may be in
range from 20 to 30 nm with some clusters formation in

@ Springer



17472

Journal of Materials Science: Materials in Electronics (2019) 30:17469-17480

g | (a)
: |
g
g2
2 &
O 8
& -
8- cd
s Cdca
§‘ | €d [a
8 | ca CdLes S | Jca
~m
|1 || RAIR|
© L
" (b)
~N
§_
8
a
g
35
&)
8_
o cde
cd
8 ks
eTeTe
8 {ca lT're
11
o J

T T A T T e
0.00 1.00 2.00 3.00 4.00 kS(\J;) 6.00 7.00 8.00 9.00 10.00
e

c——— 3.0 pm TelL ———30pm

Fig.2 a, b EDX spectra and ¢, d SEM mapping images for pure and 2.5 wt% Te:CdS films

range from 50 to 100 nm. The size of grain was noted to be
increased with increasing the Te content in CdS, however,
at higher Te doping content there is more clusters formation
which seems to be of larger size within the range of 150 nm.
As XRD calculated crystallite size is not like grain size so
we cannot compare both of them here, however at lower Te
content these values are comparable. The Te doping content
is changing the surface morphology from highly compacted
very fine nanoparticles to nanoclusters. The formation of
clusters is might be owing to agglomeration of nanoparticles
when Te is doped in CdS. This agglomeration is possible due
to variation in interfacial energies of Te and CdS. Similar
type of results were also reported previously [70, 71].

3.3 Linear optics
3.3.1 Absorbance, transmittance and reflectance analyses

Figure 4a, b revealed the measured optical absorbance (A),
transmittance (T) and reflectance (R) spectra for Te:CdS
films. Figure 4a shows that the absorption edge is shifting
towards the higher wavelength and possess sharp edge indi-
cates semiconductor behavior of films. The value of absorb-
ance is found to be very low which signify the good trans-
parency films. Hence, the optical transparency was recorded
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from ultraviolet to near infrared range and found to be 60 to
75% from 900 to 2500 nm range with low reflectance.

3.3.2 Absorption, refractive index, energy gap evaluations

These measured A, T and R parameters were used to deter-
mine absorption (k), refractive (n) indices using well-known
rules [66, 72]:

oA

k=2 (1)
and
(1+R) 4R )
= -k
"SR TV a-r? @)

as disclose in Fig. 5a, b. The value of k is found in range of
0.04 to 0.25, however the stable value was noted around 0.05
in 550 to 2500 nm wavelength range and larger value is
noticed in UV region. The values of refractive index were
obtained in the range of 1.25 to 3.25 for all Te:CdS films.

Furthermore, the direct energy gap (E;) and indirect energy

gap (E;) were determined for the grown films using Tauc’s
relation [63, 73, 74]:
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Fig.3 SEM micrographs for a
pure, b 0.5 wt%, ¢ 1.0 wt%, d
2.5 wt% and e 5.0 wt% Te:CdS
films
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Fig.4 a Absorbance and b Transmittance and reflectance spectra for Te:CdS films
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Fig.5 a, b Absorption and refractive indices and ¢, d direct and indirect energy gap plots for all Te:CdS films

(ocho)'/" = A(ho — E, ) (3)

all symbols are well-known. Here, we have selected n=1/2
and 2 to get Eg and E! gap values. The a was attained
through: a = 2.303@, t is thickness of fabricated
films. After a we have estimated, («hv)? and ((Xhl))l/ 2 and all
values are plotted against E(ho) in Fig. 5c, d, correspond-
ingly. A simple straight line towards x-axis was drawn
where: (ohv)? = 0 and (ochv)l/ 2=0and Eg and E; values
were noted. The values of Eg and E; are found in range of
2.35t02.44 eV and 1.97 to 2.12 eV. It is clearly visible from
figures that the values of E‘g’ and E; both are reducing with
increasing the Te content in CdS films, moreover, these val-
ues are in close agreement to earlier reported one [23, 75].
As the value of pure CdS is around 2.44 eV which reduced
to 2.35 eV when CdS doped with 5.0 wt% Te. These results
clearly show that Te have strong effect on CdS energy gap.
The reduction of energy gap due to Te doping, is might be
owing to Te ions substitute Cd ions in the lattice. Similarly,
S deficiency augmented the donor levels that become degen-
erate and merged with conduction band and extend the
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conduction band to band gap and hence shrink. Such type of
reports is also available for Al:CdS and also explained previ-
ously by Fernandez et al. [76] and Lokhande and Pawar also
explained [77].
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Fig.6 PL spectra for pure and Te doped CdS films
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3.3.3 Photoluminescence studies

The measured PL emission spectra at 300 K for all Te:CdS
films (Te: 0.0 wt%, 0.5 wt%, 1.0 wt%, 2.5 wt%, 5.0 wt%)
are shown in Fig. 6. The emission spectra were recorded by
exciting the samples at 426 nm wavelength. The emission
spectra possess a single major peak centered ~528 +4 nm
(green emission band) which is ascribed free-to-bound
transition/radiative recombination of excitons [53, 78].
With the major emission peaks three more emission peaks
are noticed from figure which are broader and situated
at~598 +4 nm (yellow) owing to electron transition from
sulfur vacancy (V) to interstitial sulfur (I,), 638 + 2(red)
nm and ~ 705 + 3 nm (red) [53]. The emission intensity of
green band was noted to be quenched by Te doping and the
lowest value was noted for 1.0 wt/% Te:CdS film, however
no systematic change was seen. However, there is a drastic
change in intensity of red emission band in 5.0 wt% Te:CdS
film. There is clear change in emission peak position towards
higher wavelength in accordance with UV-Vis—NIR results
explained above. The estimated band gap from PL is found
around ~2.35+0.5 eV, which is in accordance with energy
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gap calculated in 3.3.2 section above. The green PL emission
band signify the applications of films in green LEDs.

3.4 Dielectric constant, tang, loss, and conductivity
analyses

Here our aim is to estimate the both real (e’r ) and imaginary
parts (s;’) of dielectric constant and loss tangent (fand) for
all Te:CdS. These parameters provides a clear cut idea about
the capacitive storage capacity of films [79]. Also, these will
help us to understand the electronic configuration which is
very important in CMOS and DRAM etc. devices [80, 81].
The dielectric constant in terms of real (¢/) and imaginary
parts (¢”) is expressed as: & = £/ + ie”’, moreover, ¢/ and €
are given by [82]:

e, =n' =k @)
and
e =2nk )

By using these relations, we have obtained the &' and &”
values and plotted as a function of A (see Fig. 7a, b, cor-
respondingly and loss tangent, tand values are plotted in
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Fig.7 a, b Dielectric constant and tand and ¢, d Dielectric loss and optical conductivity plots for all Te:CdS films
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Fig. 7c. It is clearly visible from figures that the €/, ¢/’ and
tand are varying with varying the Te content in CdS films.
The value of ¢/ are noted in range of 1.5 to 10 over the tested
wavelength range. These values are comparable to previous
reports on F:CdS films [28]. The values of tand are found
in range of 0.025 to 0.425 in ultraviolet range however, at
higher wavelength region its value is very low and stable
i.e. around 0.04. Moreover, the ei " values are noted in the
range of 0.1 to 0.9. The tand and &/ values are noted to be
very low as shown in Fig. 7b, ¢ indicates low defects in the
fabricated films. Furthermore, the optical conductivity (%c)
was determined for all fabricated films through the rule:

_ anc
Opc = A ’

Q)

(here c is known as speed of light) and exposed in Fig. 7(d).
The values are found to be lessened with increase of wave-
length and found in range of 0.02 to 0.6 (x 10°). The order of
o,. value signify that the films are good conductive.
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3.5 Nonlinear optics

In recent technological world of laser devices, the semicon-
ducting materials with nonlinear activities are used in wor-
thy application [83, 84]. The pure and doped CdS films pos-
sess good nonlinear characteristics [28, 49, 85, 86]. Hence,
it looks essential and defensible to examine the nonlinear
characteristics of al Te:CdS films from laser applications
point of view. The polarization of light in a nonlinear media
is given by [82, 87]:

P=gy[xVE' + Y E* + y"VE + .., @)
herein the X(l), X(z) and XG) ... functions are known as linear
and nonlinear contributor to susceptibility.

The X(l) is expressed as: % [88, 89] and its estimated
values are displayed in Fig. 8a which are in range of 0.05
to 0.70.

The equation of indices of linearity (n,) and nonlinearity
(n®)is: n = ny + nyE2. The x* is determined by [90-93]:

m-1\*

Hence, the relations for, ;(<3)=A(T> , here

A=1.7x10""%esu for x* and n® is depend on x ¥ and is
determined through: n® = 2% 3 [89, 94]. The values of
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Table 2 Obtained optical limiting parameters of Te:CdS thin films

The input intensity (I,) Thickness For green laser at 532 nm=18.0 mW For He—Ne laser at 632.8 nm=379.7 uW
Sampl
amples Output power, Normalized power = output Output power, Normalized
(mW) power/input power (UW) power =output power/
input power
0.0% Te:CdS 450 12.25 0.68056 190 0.50
0.5% Te:CdS 450 6.12 0.34 153 0.40
1.0% Te:CdS 450 6.25 0.34722 150 0.39
2.5% Te:CdS 450 5.52 0.30667 105 0.28
5.0% Te:CdS 450 4.97 0.27611 95 0.25

7@ and n® sketched in Fig. 8b, c, versus energy. The value
of @ is noted in the range from 4x 1073 t0 3.5x 107! esu
and the value of n® is noticed in range from 2.4 x 1072 to
5.5%107!% esu. These values are found to be in accordance
with previous reports on several type of films [95, 96]. The
nonlinear values are noticed to be reducing with Te doping
as the energy gap, refractive index, dielectric constant and
conductivity. It is clear from Fig. 8b, c that with changing
the Te content the ¥V, ¥® and n® values are varied which
signify the alteration in polarization behavior in the films.

3.6 Optical limiting studies

It is well-known that for protecting the optical sensors
from destructing the light levels we required optical limit-
ers (OL) that are employed to lasers and arc welders [97,
98]. Due to such wonderful applications of optical limit-
ers, we have studied the OL performance of all films using
532 nm laser source (I=18 mW) along with 632.8 nm laser
source (I,=379.7 uW). The power output from films at both
laser wavelengths was measured by power meter and listed
Table 2 and for 532 nm laser is graphed in Fig. 8d. The data
signify that the output power of the laser passed from films
is reducing with increasing the Te content in CdS. Hence Te
is playing a vital role in varying the OL demeanor of CdS
films and this is might be due to film quality. The output
power may also be depending on energy gap of films, as
both are reducing with Te doping content. The doped films
contains a large number of molecules compare to pure [99,
100]. Hence, the deposited films of Te:CdS are more appli-
cable as OL in sensor device protection from intense lights.

4 Conclusion

A successful fabrication of different Te content doped CdS
thin films with good quality was achieved facilely by spray
pyrolysis technique. Structural and vibrational studies
approved the hexagonal phase of all Te:CdS films. Using

XRD data the values of L,,., determined in range of
18-20 nm. Low dimension grains formation was noticed
from SEM images along with some nanoclusters. The major
parameter of grown films is optical transparency which is
noticed ~70%, this looks to be quite notable for colored
materials. The values of k and n are estimated in range of
0.04 to 0.25, 1.25 to 3.2, correspondingly over 200 to
2500 nm wavelength region. The E‘; value is observed to be

lessened from 2.44 to 2.35 eV (AE,=0.09) with Te doping
content. PL. emission spectra contains an intense green emis-
sion band at ~528 +4 nm. The values of dielectric constant
and optical conductivity were observed in range of 1.5 to 10
and 0.02 to 0.6 (x 10°), one-to-one. The y® and n® values
were determined and found of the order of 107!° esu. The
OL data values indicates that the output power of the laser
is reducing with increasing the Te content in CdS films and
hence Te is playing a vital role in varying the OL demeanor.
Hence, the deposited films of Te:CdS are more applicable
as OL in sensor device fortification from powerful lights.
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