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The present work investigates the influence of sodium doping on structural, morphological, photoluminescence,
linear, nonlinear (NL), and optical limiting (OL) parameters of Na,Cd,_,S thin films (where x = 0.0, 0.5, 1.0, 2.5,
and 5.0 wt%) deposited on glass substrates using spray pyrolysis route. X-ray diffraction and Raman analyses
confirmed the hexagonal polycrystalline nature of films. Crystallite sizes were decreased from 30 to 17 nm with
doping. Scanning electron microscopy (SEM) micrographs also confirmed the nanocrystalline spherical growth.
Energy dispersive X-ray spectroscopy (EDS) and SEM mapping studies revealed the presence and homogeneous
distribution of individual elements. Transmission of films is found to lie between 45 and 60%. Although the low
doping caused the reduction of the effective band gap, higher doping caused a blue shift in band gap, with an
associated reduction in crystallite sizes. The refractive index values are found within 1-2 in visible and their
maximum values (in range 2.65-3.16) are observed at 2500 nm. Photoluminescence (PL) spectra showed broad
emission peak at ~520 + 10 nm. Dielectric and NL analyses were also carried out. OL results were promising for
the systematic gradual decrease of intensity from 100 to 72%, with doping for power regulating applications.
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In recent years, much attention has been devoted to the CdS-
based semiconductor thin film industry because of the various
unique potential characteristics they owe. They have been
found to be useful in sustained energy harvesting and many
other environmental and optoelectronic applications. CdS is
best known for its n-type wide band gap of 2.4 eV that makes it
a suitable window layer counterpart for the solar cell applica-
tions in conjunction with the p-type semiconductor
absorber thin films like CdTe, CulnSe,, Cu,ZnSnS, (CZTS),
or Cu (In;_ 4Gay) Se, (CIGS) [1, 2, 3]. Recently, it has been
found useful as the electron-conducting layer in perovskite
solar cells [4]. The other applications are not limited to light-
emitting diodes, laser, photocatalysis, field-effect transistors,
photosensor, etc. [5, 6, 7, 8, 9, 10]. CdS thin films have been
deposited using numerous physical and chemical deposition
techniques. Few of them are sputtering, molecular beam
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epitaxy, thermal evaporation, chemical bath deposition, suc-
cessive ionic layer adsorption and reaction, spray pyrolysis, and
electrodeposition [11, 12]. Among them, spray pyrolysis is
a simple and cost-effective process to produce uniform and
high-quality thin films without the requirement of high
vacuum equipment. The technique yields nearly uniform and
high-quality thin films and supports large-scale coating and
even substrates with complex geometries [13, 14]. Many
attempts have been done to alter the structural, electrical,
and optical properties of the CdS thin films to improve them in
view of device-oriented applications [15, 16, 17]. The invention
of nanotechnology has brought many opportunities to vary the
semiconductor characteristics by growing them in nanoscale
having different structures and morphologies. Doping with
suitable material is another important criterion adopted in this
field for material property variation. In the literature, CdS has

been doped with a variety of materials including rare earth
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materials such as La, Y, Gd, and Er and metals such as Al, In,
Cu, and Au [12, 18, 19, 20, 21, 22, 23]. However, very few
literature exist on Na-doped CdS thin films, and the existing
works did not explore a comprehensive idea on the effect of
doping variation on the structural, optical, and nonlinear (NL)
properties of CdS thin films [24, 25]. In view of these, our attempt
is to grow CdS thin films using the spray pyrolysis method in
nanoscale with different doping levels of sodium (Na).

Structural and vibrational spectroscopy studies

X-ray diffraction (XRD) spectra of Na,Cd;_,S films on the
glass substrates are shown in Fig. 1(a). The prominent peaks for
the samples are marked in the figure with their corresponding
diffraction planes. The interplanar distance and the peaks are
in accordance with the standard diffraction spectra of hexag-
onal CdS and matches with the ICDD card no. 41-1049. It can
be realized from the figure that the broadness of the peaks
increases with increase in sodium content, indicating a clear
decrease in crystallite size with the concentration. Also, it is
noted that the (002), (101), (103), and (112) planes also match
with the hexagonal sodium structure corresponding to the
ICDD card no. 01-089-4082, with the planes (100), (002),
(110), and (103) indicating the probable presence of sodium in
the lattice. Scherer formula [26],

D =0.91/(B cos(0)) (1)

was used to assess the crystallite sizes (D) of the samples from
the XRD data [27, 28] and arranged in Table I. The dislocation
density of the samples which gives the number of dislocations
present in the unit area of the sample [29] and microstrain

values can be estimated using [30].

d=1/D* |, (2)

e=P cos(0)/4 . (3)

The lattice parameters were also calculated from the XRD
data [31], and all the results are tabulated in Table I. A clear
decrease in the crystallite size as well as an increase in the
lattice parameters can be perceived from the table with the
increase of sodium percentage.

Vibrational spectra of Na,Cd, ,S thin films were carried
out using Raman spectral analysis, in the 1500-100 cm™'
range. This study is important in judging the structural purity
of the grown samples as the Raman peak positions are unique
characteristics of the sample. Two dominant characteristic
Raman peaks of wurtzite CdS structure are clearly observed
in Fig. 1(b), which are centered at 301.895 and ~603.69 cm™!
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[32]. The peaks at 300.93 cm ™' are of high intensity and are
attributed to the vibrations of longitudinal optical phonon (LO)
and those at 603.69 cm™' are comparatively weaker and are
identified as the overtones [33, 34]. Both the peaks did not
express any significant shift in the peak position with the
sodium concentration. This is an indication of impurity-free
samples having reasonably minor strain and bond distortion
inside the lattice. Besides these dominant peaks, the figure also
exhibits two other characteristic modes of wurtzite CdS, one
~! and the other with E,
symmetry at 259 cm ™' [32, 35]. The study suggests high purity

having B, symmetry at 212 cm
of the synthesized films.

EDS/SEM mapping and morphological studies

Figures 2(a) and 2(b) display EDS spectrum and SEM mapping
analyses carried out on 5.0 wt% Na,Cd,;_,S films to make the
elemental analyses as well as the uniformity of the samples. The
study confirmed both the presence of the individual elements
(Cd, S, and Na) from the EDS and the homogeneous
distribution of the elements in the sample from the SEM
mapping studies. In Figs. 2(b), the Cd, S, and Na e-maps are
displayed by red [Fig. 2(b;)], green [Fig. 2(b,)], and blue
[Fig. 2(bs)] colors, respectively, and all three together are
mapped in Fig. 2(b,). Figure 2(bs) confirms the homogeneous
distribution of all three elements all over the fabricated film.

Morphological analyses of the samples were carried to
understand the information regarding shape, size, and arrange-
ment of particles inside the synthesized Na,Cd,_,S thin films,
using SEM studies. Figure 3 displays SEM micrographs for
0.5 wt%, 1.0 wt%, 2.5 wt%, and 5.0 wt% Na,Cd,_,S films,
respectively. The images show distinct agglomerated spherical
nanoparticles in all the figures. However, it is apparent from
the figure that the packing density of each agglomerated
particles differ with sodium concentration and are found to
be increasing with increasing Na doping wt%. This indicates
that each cluster contains more particles, and, in other words,
particle size decreases with sodium content. This is in agreement
with the XRD data. The images also depict a visual transition of
the individual particle arrangements within the microstructure
after 2.5 wt% Na doping onwards, finally resulting in big clusters
having more crystallites at 5 wt% doping.

Linear optical parameters
Absorbance, transmission, and reflectance analyses

Figure 4(a) represents absorbance and (b) transmission and
reflectance spectra of Na,Cd;_,S films measured in the
wavelength range 220-2500 nm. From the figure, the films
display the transparency above 45% in the visible spectrum,
ranging from 45 to 60%, after the band edge and also

enhancement in the transparency of the film with the doping
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Figure 1: (a) XRD and (b) FT-Raman images of

TABLE I: Average values of crystallite sizes, dislocation densities, microstrain, and
lattice parameters of the Na,Cd, ,S samples estimated from the Scherrer formula.

Sample name D (nm) 3 (103nm™@ £(107% a®®) c@A V&

0.0 wt% Na 29.14 1413 4431 4085 6.672 111361
0.5 wt% Na 25.15 1.581 5338 4088 6.679 111461
1.0 wt% Na 22.89 1.997 6.16 4119 6726 114.105
2.5 wt% Na 19.12 2.854 7364 4119 6726 114103
5.0 wt% Na 17.58 3.392 7968 4122 6731 114366

wt%. This enhancement could be accredited to the decreased
crystallite size and the arrangement of particles within the
microstructure as evident in Scherer calculations in Table I and
SEM micrographs in Fig. 4. It was also noted that the trans-
mission percentage varies with the wavelength as well, and
reaches the maximum at around 1700 nm in the IR range and
maintains an almost steady state beyond 1700 nm with only
a slight decrease in the value. From Figs. 5(a) and 5(b), the
band edges of the spectra are observed at 500 = 3 nm. As
evident, the high energy UV region is thoroughly absorbed as it
falls above the band edge of the CdS as well as glass substrate.
The study also shows the strong dependence of the reflectance
spectra with the doping percentage as well as the applied
wavelength. The reflectance decreases with the doping wt%
below 1450 nm and shows the opposite tendency above
1450 nm wavelength. Thus, the studies indicate that the
photovoltaic window layer properties and the IR reflectivity
of the CdS thin films could be enhanced by tuning the
transparency as well as band gap of the CdS thin films by

suitable proportions of sodium doping.

Extinction and refractive indices, and energy gap
evaluations

The optical data contain useful information regarding the

energy band gap (Eg) and refractive index (n) of the
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semiconductor material and can be extracted from the absorp-
tion coefficient (o which is given by a0 = 2.303 x A/t, A is the
measured absorbance and t is the thickness of film). Also, the
extinction coefficient (k) is related to the absorption coefficient
with the formula k = oi/(4n). The Eg values for the direct
allowed transition of the Na,Cd,_,S films can be obtained
using Tauc’s relation [27, 36, 37, 38, 39, 40, 41, 42, 43, 44].

ohv = A(hv — Eg)l/2 , (4)
where hv is the energy of the incident photon, and the Eg values
correspond to the intercept of linear portion’s extrapolation on
the hv axis in the (athv)? versus hv plot [45]. The “n” values are
related to the reflectance “R” data using the Fresnel’s formula
(46],

(n—1)* + k2

=i )se )

« »

Thus “n” can be obtained from the relation,

n:(1+R)+ (liRR)z_kz ] (6)

Figure 5(a) shows Tauc’s plot for direct transition for the
Na,Cd;_,S films. The band gap values are obtained as 2.435,
2.410, 2.398, 2.413, and 2.430 eV for the 0, 0.5, 1, 2.5, and
5 wt% Na,Cd, _,S samples, respectively. It can be seen that the
band gap values initially decrease with the Na content, reaches
its minimum at 1 wt% doping, and increases above 1 wt% Na
doping. This clearly indicates that the effect of small doping
quantity of Na on the direct band gap of CdS thin films is to
reduce its effective band gap. Similar trend of band gap
reduction has been observed with Na doping on ZnO films

[47, 48]. However, the increase of Na content also results in
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Figure 2: (a) EDS spectrum and (b) SEM mapping images for 5 wt% Na,Cd;_,S films.
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reducing the crystallite sizes of the samples as evident from
Table I and SEM studies. At some point, these two effects
might be balancing and the effect of reduced crystallite size on
the band gap starts dominating. Thus, the comparative blue
shift tendency observed for the 2.5 and 5 wt% samples could be
attributed to the decreasing of crystallite sizes with the increase
in Na content [49, 50]. Thus, at a higher doping level, Na
doping results in the blue shift of the effective band gap.
Mageswari et al. also observed this increasing tendency of the
CdS band gap with the addition of Na and K in their Na and K
dual doping work by chemical bath deposition and attributed
to the reduction in crystallite size [24]. At low doping, the Na

atoms might be occupying the interstitial sites, whereas at

© Materials Research Society 2020

,f:'

Figure 3: SEM micrographs for (a) 0.5 wt%, (b) 1.0 wt%, (c) 2.5 wt%, and (d) 5.0 wt% Na,Cd,_,S films (with 30,000 magnification).

el A

20kVK30000 500 nm

higher doping, they might start to substitute the Cd** ions.
Figures 5(b) and 5(c) represents the plots of refractive index
and extinction coefficient for the Na,Cd,_,S films. The re-
fractive index values are found to be decreasing with the doping
in the UV-Vis range, and the dependency varies in the IR
region. The values are found to be varying between 1 and 2 in
the visible range and reaches up to 3.2 for the 0.5 wt%
Na,Cd,;_,S sample, at 2500 nm. From Fig. 5(c), the extinction
coefficient values are found to be varying with the applied
wavelength and Na content. The k values have their maximum
in the UV range and have steady values after band edge for
a wide range of wavelength until 1700 nm and show a slight

increase in the values after 1700 nm wavelength.
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Figure 4: (a) Absorption and (b) transmission and reflectance spectra for Na,Cd;_,S films.
Photoluminescence studies L s
g=n" -k (7)
Pl studies are useful to understand the various transitions
occurring inside the sample when light strikes on it. CdS is best ~ and
known for its broad emission spectra in UV, blue, green, yellow, & — Ik (8)

and red bands arising because of the vacancies of Cd (V¢g) and S
(Vy) and interstitial positions of Cd (Icq) and S (Iy) [51, 52].
These intrinsic defects can act as luminescent centers and cause
the broad defect allied PL spectrum [53, 54]. Figures 6(a) and
6(b) represent PL spectra of Na,Cd,_,S thin films excited at 350
and 450 nm, respectively. Both the plots clearly show broad
characteristic peaks at around 520 nm for the pure CdS, 530 nm
for the 5 wt% Na,Cd; ,S samples, and in between for the
intermediate samples, spanning in the green band region. These
peaks could be attributed to the band to band emission of the
synthesized Na,Cd; _,S samples, and the observed red shift could
be attributed to the formation trap levels from sodium atoms
inside the energy gap which is moving toward the valence band
with the increase in Na concentration which results in an
indirect recombination of trap level electrons and the valence
band holes [53, 54]. Also, weak bands are observed in the red
band range at ~630 and ~675 nm, and might have aroused
because of the surface defects caused by Cd vacancy, Vgq [12, 55,
56]. An UV band whose intensity is decreasing with Na
doping can be seen at 387 nm from Fig. 6(a), and the reason
for the reduction in the intensity could be attributed to the

quenching effect from nonradiative recombination [53].

Dielectric constant, loss, and conductivity analyses

Figures 7(a) and 7(b) represent dielectric constant and di-
electric loss analyses of the Na,Cd; _,S films. They are the real
and imaginary parts of the complex dielectric constant, re-
spectively, and are obtained from the # and k values using the
relations [28, 57, 58, 59]:

© Materials Research Society 2020

The former is responsible for dispersion and electronic
polarization of the electromagnetic wave within the sample and
slowdown of its propagation velocity while traveling through the
sample. The later could be treated as a measure of rate of
disruption of waves in the material as it is associated with the
absorption of electric field energy by the dipole motions. From
Fig. 7(a), the dielectric constant increases with the applied
wavelength except in the range 1000-1500 nm, where it showed
the opposite behavior. The high values of dielectric constant at
higher wavelengths could be due to the involvement of defect-
related conduction process [60]. From Fig. 7(b), the dielectric
constant values are higher at the lower wavelengths below the
band edge near 500 nm, i.e., at the high energy region of the em
spectrum having energies above the band gap. It takes almost
steady values until 1700 nm after crossing the band edge regime
and increases steadily after 1700 nm. Nevertheless, the dielectric
loss values decrease with the increase in Na doping percentage in
the wide range of UV-Vis-NIR spectrum.

The optical absorption coefficient (o) data were used to
evaluate the electrical and optical conductivities of the
Na,Cd, _,S films, using the relations [61, 62].

Gopt = QnC/4m 9)

and

Ge = 2ACgpt /0 (10)

where ¢ is the speed of light.
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Figure 5: (a) Tauc's plot for direct transition, (b) refractive index, and (c) extinction coefficient for the Na,Cd;_,S films.
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Figure 6: PL spectra of Na,Cd,_,S films excited at (a) 350 nm and (b) 450 nm.

Figures 7(c) and 7(d) represent optical and electrical
conductivity plots against wavelength for the different
doping levels of Na,Cd;_,S films. As evident, the optical
conductivities are highest at the high energy end of the
spectrum, especially above band gap energy and below

~500 nm wavelength. After crossing the band edge regime,

© Materials Research Society 2020

the optical conductivity values are nearly uniform, and this
is in line with previous reports [63]. From the figure, it was
also observed that the optical conductivity decreases with
the increase of Na wt%. The electrical conductivity plots
show a completely different trend with the incident wave-
length. As the electrical

wavelength increases, the
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Figure 7: Plots of (a) dielectric constant, (b) dielectric loss, (c) optical conductivity, (d) electrical conductivity, and (e) optical dielectric loss versus phonon energy

for Na,Cd;_,S films.

conductivities are also increasing linearly with the wave-
length. The figure shows two such linear regions, below
1000 nm and above 1500 nm wavelengths. The values are
almost uniform, 1000-1500 nm. However, the plot displays mixed

tendency of electrical conductivity with Na content, and the pure

© Materials Research Society 2020

sample has the maximum conductivity in the UV-Vis range,
whereas at IR, above 1500 nm, it causes the least conductivity.
Energy gap value was also determined from optical dielectric loss
plot drawn as a function of energy in Fig. 7(e). It can be noticed

that the energy gap values lie in range of 2.2-2.4 ¢V, which are in
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quite agreement with energy gap values calculated by Tauc’s plot
in above. Similar type of calculation for energy gap using dielectric
loss and Tauc’s plot is reported earlier [38, 39].

NL optics

When a substantial intense light falls on a sample, the
polarization (P) induced on it might not be described by
a linear function of electric field (E), but rather requires
a nonlinear relationship. Thus, the studies on the NL refractive
index (n,), and second and cubic order (NL) susceptibilities (>
& ) of the deposited thin films are of significance. The
polarizability (P) in such condition contains a NL polarizability
(Pnr) term, and could be expressed as [64]

P=y'E+Pn (11)
where " is the linear susceptibility and
Pa =B +E . (12)

The values of %' and y> can be obtained from the linear
refractive index (n,) using [31, 65, 66, 67, 68].

n2—1
(== (13)
and
2 4
4 nS—1
©=Ax") :A( P ) : (14)

with A = 1.7 x 107'° esu [69].
Furthermore, the NL refractive index n, is related to %> and
n, as [31, 69]

_12my?

(15)

ny
no

Figures S1(a)-S1(c) (see Supplementary material) display
the plots of linear, NL susceptibilities, and refractive index of
the Na,Cd,_,S films. Both ' and % first exhibit a decreasing
tendency with the Na doping until 1 wt% Na,Cd,_,S, beyond
which it reverses the tendency, and the susceptibilities are
found to be increasing with Na doping. The NL refractive
plot has a close resemblance to the > plot in oscillating
tendency but differs in terms of magnification and could be
explained on the basis of linear relation between them. At
high energy incident lights above 1.5 eV, the NL refractive
index values of doped films are lower than that of pure CdS
film, and the tendency is found to be initially decreasing
with Na doping until 1 wt%, whereas 2.5 wt% and 5 wt%
samples showed a gradual increasing tendency. This shows

that the NL property of the refractive index can be reduced

© Materials Research Society 2020

for the high energy incident beams and could be effectively
utilized in optoelectronic device applications. The obtained
nonlinear optical (NLO) parameters along with previous
reports on pure/doped CdS/oxides films are tabulated in
Table II for better comparison.

Optical limiting assessment

The optoelectronic field employs different kinds of optical
detectors which are highly sensitive to the incident light and
intensity. Often, it is required to protect these sensors from
high power beams like lasers to avoid destruction, and hence
the studies on optical limiting (OL) properties of the materials
deserve special attention [57, 70, 71]. In the current work, we
studied the OL properties of Na,Cd,; _,S films against laser
(A = 650 nm) irradiation power of 15.07 mW. Table III lists
the normalized outpower power of the transmitted laser
beam. It was observed that the output power reduces with
increase in sodium content and reaches up to 72.3% for
5 wt% Na,Cd;_,S sample. The reduction in the transmitted
power could be attributed to the increase in the number
of molecules in the doped samples [72, 73]. It can be seen
that this reduction in the output power is gradual, and
hence the prepared samples could be used for fine-tuning
of the output power along with another steep reducing
OL film.

Undoped and Na doped CdS thin films have been deposited by
spray pyrolysis technique on glass substrates. XRD studies
indicated that the Na,Cd, _,S films are grown in the hexagonal
structure and crystallite sizes decreased with increasing Na
doping wt%. The modification on the surface morphology of
CdS thin films was revealed from SEM studies and are in
agreement with XRD studies. Raman studies also confirmed

wurtzite CdS structure with characteristic modes at 212 cm ™"

having B, symmetry and 259 cm™'

with E, symmetry. The
transmissions of the films are found to be dependent on Na
doping wt% and increased from 45 to 60% for 5 wt%
Na,Cd;_,S film. The band gap of the films first reduced
because of the Na addition and then displayed a slight increase
because of the reduced crystallite size. The refractive index
values were estimated. Dielectric constant, dielectric loss,
optical conductivity, and electrical conductivity analyses were
made using optical data. The linear (3') and NL ) optical
susceptibility analyses of Na,Cd, _,S films showed a decreasing
tendency with the Na doping until 1 wt% doping, above which
it reversed this tendency and increased with Na doping. The
NL refractive plot exhibited a close resemblance to that of > in

oscillating tendency though differed in values. OL
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TABLE II: Comparative NLO parameters reported for various films.

Authors Materials xM % (esu) n? (esu)

Khan et al. [74] FCdS  01-08 002x10"to 18 x 10 "to

55x 107" 6.1x1071°
Shkir et al. [14]  Te:CdS 0.05-070 4 x 10 to 24 x 10" to
35 x 107" 55 x 107"°
Shkir et al. [75]  Mg:ZnO 0.14-06 1.0 x 1073 to 2.0 x 107" to
1.0 x 107" 15 x 107"
Khan et al. [76]  Ag:CdS  0.10-7.0 292 x 107'%to 1x 10 °t02 x
1x 1077 1077
Radaf et al. [77]  F:CdS 174 x 1072 t0 29 x 107" to
16.6 x 1072 219 x 107"
Shkir et al. [13] In:CdS 467 x 107 "to 214 x 107 to
701 x 107" 499 x 1077
Arif et al. [78] N:ZnO 0.3-9 10x107""t0 14 x10 "t
1.0 x 1078 25 x 1078
Abrinaei et al. [79]  Al:ZnO 11 x 10t  —805 x 107°
109 x 10°* 0 11.05 x 107°

504 x 103t0  3.17 x 10 8+to
895 x 1072 6.28 x 1078

Current work Na:CdS

TABLE llI: Optical limiting properties of Na,Cd,_,S films at A = 650 nm.

The input intensity, [, = 15.07 mW

Normalized
Sample name Output power, | (mW) power % = (I/l,) x 100
0.0 wt% Na,Cd;_,S 1332 88.4
0.5 wt% Na,Cd;_,S 12.60 83.6
1.0 wt% Na,Cd;_,S 12.05 80.0
2.5 wt% Na,Cd;_,S 11.40 75.6
5.0 wt% Na,Cd;_,S 10.90 723

characteristics of the films were also studied using red laser at
650 nm wavelength. The results were promising for the
systematic gradual decrease of intensity from 100 to 72% with
doping for power regulating applications. However, owing to
the gradual decrease, the samples are best suited for fine-tuning
of the output power in conjunction with another steep reducing

optical limiter.

Solution preparation for the deposition of
Na,Cd,_,S thin films

0.025M CdCl,-H,0 and 0.025M SC(NH,), solutions prepared
separately in 4:1 double distilled water (DDW) and ammonia
under vigorous magnetic stirring were used as the precursor
solutions and are acting as the sources of Cd** and $*~ ions,
respectively. After mixing these solutions under magnetic
stirring, separately prepared (0.0, 0.5, 1, 2.5, and 5 wt%) AR
grade sodium sulfite (Na,SO3) aqueous solution in DDW was
added to it as Na* dopant source to deposit (0.0, 0.5, 1, 2.5, and
5 wt%, respectively) Na-doped CdS thin films. Throughout the
reactions, the pH of the solution was maintained at 11.5 using

ammonia.

© Materials Research Society 2020

Film deposition using spray pyrolysis

Before film deposition, the glass substrates were thoroughly
cleaned systematically using standard cleaning procedures. The
spray pyrolysis method was followed at a maintained flow rate
of 5 mL/min to deposit (0.0, 0.5, 1, 2.5, and 5 wt%) Na-doped
CdS thin films, at a fixed substrate temperature of 300 °C and
a substrate to spray nozzle distance of 0.27 m. The pressure of
the carrier gas was about 1 kg/cm® [2]. After the deposition, the
films were brought to RT naturally. An alpha Step profilometer
was used to monitor the thicknesses of the films and obtained
~400 nm.

Thin film characterizations

Structural analysis of the films was made using a Shimadzu
Lab-X- XRD-6000 diffractometer (at 40 kV and 30 mA)
between the 20 range 20-70°, at a speed of 4°/min. Elemental
and morphological studies were made using JEOL JSM 6360
SEM/EDS unit (Japan). A Fisher Scientific DXR FT-Raman
spectrometer was used for the Raman spectral studies, at A =
532 nm having 5 mW power. Optical measurements were
carried out using a JASCO V-570 (Japan) UV-Vis-NIR
spectrophotometer. PL emission measurements were done
using a Lumina fluorescence spectrophotometer. OL properties
of Na,Cd,;_,S films were carried out using a red laser source
(A = 650 nm), with intensity = 15.07 mW.
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