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CdS nanofilms: Synthesis and the role of annealing on structural

and optical properties
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Cadmium sulfide (CdS) nanofilms have been deposited on the glass substrate using the chemical
bath technique. Cadmium chloride and thiourea have been used as Cd*" and S*~ ion sources
with ammonia as a complexing agent in the presence of a nonionic surfactant. The deposited
films have been annealed in air at 373 K, 473K, 573 K, and 673 K = 5 K temperature. The effect
of the annealing on the structure, morphology, and optical properties of CdS nanofilms has been
studied. CdS films have been characterized by X-ray diffraction, scanning electron microscopy,
energy dispersive x-ray analysis, and UV-Vis-NIR spectrophotometer. The CdS films have been
found to be nanocrystalline in nature with the zinc blende structure. The direct bandgap has been
determined. Various parameters, viz. the grain size, inter-planer spacing, lattice constant,
dislocation density, microstrain, surface morphology, absorption coefficient, and optical
bandgap has been calculated and found to vary with annealing. The results have been explained
on the basis of structural, surface, and optical changes. © 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.3688042]

. INTRODUCTION

The size of deposited films plays an important role and
the properties of films of nano size change remarkably. Nano-
films are quasi-two dimensional structures which exhibit un-
usual behavior compared to their bulk counterparts. These
films are strongly influenced by surface and interface effects.
Nanofilms have a wide range of applications in the fields of
solid state emission, solar cells, chemical sensors, piezoelec-
tric transducers, transparent electrodes, photo-catalysts, elec-
troluminescent devices, and ultraviolet laser diodes. The wide
bandgap (1-3eV) metal chalcogenide semiconducting films
have gained various potential applications in optoelectronics,
waveguides, lasers, optical sensors, photovoltaics, etc.! In 1I-
IV compounds, CdS is the most promising material for detect-
ing visible radiations.” The CdS films are highly favorable for
heterojunction thin film solar cell applications because of their
novel optical bandgap, photoconductivity, high electron affin-
ity, and stability.’ These films are frequently used as n-type
window layers in many p-type semiconductors, such as CdTe,
Cu,S, Cu(In,Ga)Se,, and CulnSe, based PV solar cells.*> The
photovoltaic solar cells fabricated using CdS film as buffer
layer have been able to achieve high efficiency (10%-
17%).5® Films of II-VI semiconductors can be deposited
using various techniques.”'®> Chemical bath deposition
(CBD) is the simplest, non-expensive, low temperature and
economical way for large area deposition. The CBD is a slow
deposition route which facilitates better orientation of grains
with improved gain structure.

In the present paper, synthesis of CdS films of nano size
have been reported using CBD and the effect of thermal
annealing has been studied on the structure, morphology, and
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optical properties by making use of X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive X-ray
analysis (EDAX), and UV-Vis-NIR spectrophotometer. In the
reported work, the authors have grown highly uniform stoichi-
ometric CdS nanofilms over a large area by employing the
CBD method by using low molar concentration of reagents
unlike using conventional high molar concentration. Grown
nanofilms have been found to be homogeneous, single phase,
and devoid of cracks and pinholes.

Il. EXPERIMENTAL DETAILS
A. Deposition of CdS nanofilms

Nanofilms of CdS have been deposited on well cleaned
glass substrates with dimensions 35 x 25 x 1 mm. The chem-
icals, cadmium chloride anhydrous, thiourea, ammonia solu-
tion, and triton (TX-100) [Merck, AR grade] have been used
as-received without further purification. Double distilled
water (Millipore, 15 MQ-cm) has been used as a solvent. For
deposition of nanofilms of CdS, aqueous solution of cad-
mium chloride anhydrous [CdCI,H,O: 0.02M] has been
taken in a glass beaker to which ammonia solution [NH,OH:
25%] is added drop wise until the solution becomes clear
and transparent. Thereafter, TX-100 dissolved in double dis-
tilled water is added. The solution has been vigorously
stirred for 15min to obtain a clear homogeneous solution.
Finally, within 30s an aqueous solution of thiourea
[(CSNH,),: 0.01 M] is added under vigorous stirring. A digi-
tal hot plate magnetic stirrer for constant stirring and to
maintain constant bath temperature of 343 K = 2K has been
used. The pH of the solution has been stabilized at 11 = 0.1
during the deposition process. The films have been deposited
for 1h. The obtained films have been found to be pale-
yellow, uniform, and with a good adherence to the substrate.
The obtained films have been thermally annealed at

© 2012 American Institute of Physics
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temperatures of 373K, 473K, 573K, and 673K £ 5K in air
for 1h. During the chemical reaction mechanism, a large
amount of gas bubbles have been formed in the bath. In order
to eliminate the gas bubble formation during reaction, non-
ionic surfactant TX-100 has been used. TX-100 completely
eliminates the gas bubble formation, thus, leading to good
quality of films.

The chemical reactions leading to the layer formation
may be represented as

The cadmium n-amine complex ion decomposition

[Cd(NH;),]*" == Cd** + nNH;3, where n = 1,2, 3,....6.

The hydrolysis of thiourea in alkaline solution with S*~ ions
generation

CS(NH,),+20H™ — CH,N, + 2H,0 + S*".
The overall reaction is as follows:

[Cd(NH3),]*" +CS(NH,),+20H"
— CdS¢im + CN>H, + nNH;3; + 2H,0.

The deposition occurs when the ionic product of Cd*" and S*~
ions exceeds the solubility product of CdS (7.1 x 10~2%).!4

B. Characterization of the CdS nanofilms

The thickness of CdS films has been measured using
Stylus Profilometer (AMBIOS XP-1). X-ray diffractrograms
(20=20°-70°) have been obtained using PANalytical’s
X’Pert PRO to study the structural parameters. The surface
morphology of films have been studied using the scanning
electron microscope (ZEISS EVO 40). Elemental composi-
tion has been checked using the energy dispersive X-ray
analyzer (Bruker LN2 free X-Flash 4010 SDD Detector
equipped with analytical Software QUANTAX 200). An
optical study has been performed using a UV-Vis-NIR
double beam spectrophotometer [Perkin-Elmer Lambda-750]
in the wavelength range 300-1100 nm at room temperature
(300K).

lll. RESULTS AND DISCUSSION

The thickness of the sample Z0 (as-deposited), annealed
samples Z1 (373 K), Z2 (473K), Z3 (573 K), and Z4 (673 K)
has been calculated to be 40 nm, 41 nm, 38 nm, 40 nm, and
41 nm * 0.01 nm, respectively, with an average roughness of
9nm = 0.01 nm using the stylus profilometer.

XRD patterns of as-deposited and annealed CdS nano-
films are shown in Fig. 1. XRD is a multipurpose, non-
destructive technique which brings out detailed information
about the crystallographic structure of natural and made up
materials. All films show single broader XRD peaks indicat-
ing a nano-crystalline nature. The peak position of films is
listed in Table I. The 20 values for films have been assigned
to the reflection (111) of cubic (zinc blende) structure.'® The
preferred (111) orientation is due to the controlled nucleation
occurring in the film growth process and reflects the slow
growth rate of the film deposition.'® The sample Z0 has a

J. Appl. Phys. 111, 043519 (2012)

0
g
5 B Z3
@ I 26.79 et
>
= Z2
cCt 26.84
Qo
= Z1
26.94 aa
" Z0
1 " 1 " 1 " 1
20 30 70

40 50
Bragg's angle (20)

FIG. 1. XRD spectra for as-deposited film (Z0), annealed films (Z1, Z2, Z3,
and Z4) CdS nanofilms.

peak at 20=26.94° with small intensity representing low
crystallinity, but broader peak signify the nano-crystalline
nature. Furthermore, the diffraction peaks become more
sharp and intense with increasing annealing temperature and
peak broadening goes on narrowing. A broader peak signifies
smaller particle size but with an increase in annealing tem-
perature, broadening decreases enhancing the particle size.

From Fig. 1 it is clear that the full width at half maxima
(FWHM) values and peak position in XRD patterns changes
with annealing. The FWHM of 20 values are related to the
crystalline quality of the films. The smaller FWHM value
indicates the better crystallinity of the film. For sample Z0,
the FWHM value is maximum (0.5722) and with an increase
in annealing temperature from 373 to 673 K, the FWHM val-
ues decreasing from 0.5425 to 0.3319. At 673K, the film
shows sharper and intense peak which represents high crys-
tallization at this temperature with a smaller FWHM indicat-
ing a larger particle size. Figure 1 clearly specifies that the
XRD peaks of reflection (111) shift toward the lower scatter-
ing angle with increase in annealing temperature. This shift
may be due to an increase in grain size, an increase in lattice
spacing and reduction in dislocation densities and micro-
strain in the film structure (calculated later). The diffused
background in XRD spectra may be either due to amorphous
glass substrate or due to the presence of amorphous phase in
as-deposited CdS nanofilms. As XRD peaks are small, there-
fore, zooming of peak position (111) has been employed to
calculate corresponding f3,¢ values.

TABLE 1. Values of Bragg angle (20), grain size (D), d-spacing (dj),
lattice constant (a), dislocation density (p), microstrain (¢), and optical band
gap (E,) for CdS nanofilms for as-deposited film (Z0) and annealed films
(Z1,72,73, and Z4).

Dy duu a p(x 10" I3 E,
Sample 20 (m) (A) (A) line/m?) (x 1073 eV)
Z0 2694 14.12 3306 5727  5.02 243 2.81*001
Z1 26.84 14.89 3319 5748 451 230  2.76*0.01
72 2679 1696 3325 5759 348 202 2.49+0.01
73 2677 17.61 3327 5763  3.23 195 246001
74 26.75 2433 3329 5766  1.69 141 242%001
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The grain size (D;,;) for CdS films has been calculated
using Scherrer’s formula,17

Dy =——, 0

where K is the shape factor and is equal to 0.89 for the zinc
blende stmcture,18 A is the wavelength of X-rays (1.5406/0%
for Cu-Ka), 0 is the Bragg angle, and [, is the angular full
width at half maximum. The calculated values of grain size
have been given in Table I. The sample Z4 has maximum
grain size. The grain size of the CdS films increases with the
increasing annealing temperature. The grain growth is 7%,
18%, 29%, and 72% for samples Z1, Z2, Z3, and Z4, respec-
tively. With increasing annealing temperature the grain
growth increases sharply. This may be due to coalescence
phenomena responsible for reorganization of grains, thus,
leading to densification of film taking place by filling voids
and reducing strains.

The d-spacing (dj,;) and lattice constant (a) for samples
have been determined by using'’

a = dhkl V h? + k2 + 12, (2)

where (hk[) are the Miller indices. The values of dj,;; and a are
found to increase with annealing (Table I). The shift toward
lower scattering angle signifies an increase in the d-spacing
and lattice parameter due to grain growth from 14.12 to
24.33nm." An increase of djy; and a with increasing anneal-
ing temperature has been observed. It is clear from ASTM X-
ray powder data file (10-454) that all films have lower lattice
parameter in comparison to the powder sample (5.82 AR
The increase of d-spacing and lattice constant due to anneal-
ing indicates that the material is inflating in films. It has also
been reported by Vigil et al. that both dj,; and a increase with
increasing annealing temperature from 473 to 723K.*°
Morales et al. have also reported similar variations in lattice
parameters as a function of thermal annealing in Ar 4 S, envi-
ronment for a temperature range 473-523 K.%'

The microstrain (¢) in films has been obtained using the
relation'’

Pcosf
S 3
B= 3)
where 5 is the angular full width at half maximum and 0 is
the Bragg’s angle. The dislocation density (p) has been eval-
uated from Williamson and Smallman’s formula,'’

n

=— lines/m?, %)
Diy

P

where Dy, is grain size and n =1 for minimum dislocation
density and grain size. In CBD, deposition conditions are re-
sponsible for lattice mismatch due to impurities present in
the reactant solution which may result in the development of
microstrains in the films.

As the annealing temperature increases, microstrain and
dislocation density of the films decreases. This may be due
to dominant recrystallization which reduces lattice mismatch

J. Appl. Phys. 111, 043519 (2012)

of the films by moving cadmium atoms from inside the
grains to the grain boundaries.’> Below 573K annealing
temperature, the grain growth is slow and particle size
increases slowly. But on annealing at a temperature of 573 K
and above, maximum growth of particle has been observed.
This may be due to coalescence phenomenon which is re-
sponsible for reorganization of grains in the films. As a
result, densification of film occurs by filling the voids and
reducing the strains between grain boundaries.

Figure 2 shows the SEM micrographs (at a magnifica-
tion 30000 at the 1 um scale) of as-deposited and annealed
CdS nanofilms. Scanning electron microscopy is a conven-
ient method for studying the microstructure of thin films and
the growth of the CdS crystals on the substrate. Films are
observed to be homogeneous, continuous, and exhibit com-
plete coverage of the substrate. The surface morphology of
all samples is smooth and uniform without pinholes and
cracks. This may be due to the influence of TX-100. Triton
acts as reducing agent in the solution, it shows low solid-
water interfacial tension. The adsorption of TX-100 on the
glass substrate provides better wetting property and is re-
sponsible for complete elimination of gas bubbles in the
bath.”® Small nano-sized grains are distributed uniformly in
the background. These grains are very small with uniform
and well defined grain boundaries.”® The change in film sur-
face morphology with annealing is very clear in Fig. 2. The
effect of annealing is significantly slow for sample Z1 as the
size of the grains (14.89 nm) increase slowly at lower anneal-
ing temperatures. Below 473 K, the agglomeration of grains
is slow due to higher value of the microstrain. As annealing
temperature increases (sample Z2, Z3, and Z4), the grains
become larger in size and rise on the surface. SEM images
reveal that the annealing enhances the tendency of coales-
cence of small crystallites into larger grains and shows densi-
fication of the particles. After annealing, the CdS nanofilms
show denser microstructure. These results are in good agree-
ment with those obtained from the XRD study.

The EDAX technique has been used to determine the
composition of CdS nanofilms. Figure 2 shows EDAX spec-
trum of the as-deposited (Z0) CdS nanofilms (as reference).
EDAX spectra confirm that the film contains Cd and S ele-
ments. The smaller peaks of cadmium and sulfur are also an
indication of very fine particle size. EDAX spectrum also
shows the signal of other elements, such as Si, Na, Ca, Mg,
Al, K, and O. These elements are observed due to their pres-
ence in the glass substrate and impurities in chemicals used.
On comparing the EDAX of uncoated glass substrate with
the coated sample, the actual elemental composition of the
CdS nanofilms has been determined and found to be stoichi-
ometric in at %.

Figure 3 shows the transmission spectra of samples
under investigation. All samples have high transmittance in
visible and NIR region of solar spectrum. Relatively high
transmittance of the films and sharp fall of transmission at
band edge is an indication of low surface roughness and
good homogeneity.** In general, thermal annealing tends to
reduce transmittance in whole spectrum of solar light energy.
Figure 3 show that transmission decreases with increase in
annealing temperature. This may be due to scattering and
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FIG. 2. (Color online) The SEM micrographs of as-deposited film (Z0) and annealed films (Z1, Z2, Z3, and Z4) and EDAX of Z0 (as reference).

absorption of light, since after annealing films become
denser than as deposited film and for denser films scattering
and absorption of light is higher.**

The optical absorption coefficient (x) due to inter-band
transition near the bandgap can be calculated by*

1 1

The value of the absorption coefficient has been determined
from the spectra using (5), where T is the transmittance and ¢
is the thickness of the film. In the higher energy region, films
annealed at higher temperatures have high absorption coeffi-

cient. It has found that the value of o is minimum for as-
deposited film and increases with an increase in annealing
temperature. A similar trend in transmittance and absorption
due to the effect of annealing has been reported in the
literature. '

This may be due to the formation of larger grains as a
result of annealing. These larger grains (Table I) lead to an
increase in absorption. The optical absorption edge shows a
shift toward longer wavelengths with annealing, i.e., redshift
takes place. This redshift indicates an increase in crystallite
size with increase in annealing temperature. The change in
optical behavior may be due to the structural changes occur-
ring as a result of crystallization in the films with increase in
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FIG. 3. Transmission spectra of as-deposited film (Z0) and annealed CdS
nanofilms (Z1, Z2, Z3, and Z4).

annealing temperature. The value of the optical bandgap
energy (E,) has been determined from the absorption spectra
by using Tauc’s relation,*’

(ohv)™ = B(hv — E,), (6)

where « is absorption coefficient, B is a characteristic param-
eter independent of photon energy, hv is incident photon
energy, E, the optical bandgap, and m is a constant which
depends on the nature of the transition between the valance
band and conduction band. For indirect bandgap semicon-
ductors m =[1/2] and for direct band semiconductors m =2.
The optical bandgap values have been estimated by extrapo-
lating (ohv)* versus hv. The optical bandgap values are
shown in Table I. Figure 4 clearly shows that energy
bandgap decreases with annealing temperature from 2.81
(Z0) to 2.42 (Z4). The decrease in E, with increase in
annealing temperature may be explained due to formation of
sharp band edges because of recrystallization induced or
increase in particle size with thermal annealing. The increase
in annealing temperature leads to structural changes by fill-
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FIG. 4. Plot of (¢hv)* vs hv for as-deposited film (Z0) and annealed CdS
nanofilms (Z1, Z2, 73, and 74).
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ing the voids decreasing the defect concentration. The
Urbach energy gives measurements of the defects in semi-
conducting materials.”® The values of Urbach energy
increases from 0.472 to 0.7924 eV for Z0 to Z4, respectively.
This indicates that concentration of defects reduces with
increase in annealing temperature because of increasing
grain size and decrease in microstrain. This leads to dense
homogeneous films with smaller bandgap. The effect of
annealing is to change the film to a more ordered state with
lesser amount of energy required for band to band transition.
Similar variation in bandgap on annealing in air'®?°2
and argon environment®® has been reported by various
researchers.

IV. CONCLUSION

CdS nanofilms have been deposited using the chemical
bath method. The thickness of the films has been obtained
to be 38 to 41 nm. The XRD study shows that films have a
monocrystalline nature with (111) orientation. It has been
found that grain size, d-spacing, and lattice constant
increases while dislocation density and microstrain
decreases with thermal annealing for a temperature range
373-673 K. SEM micrographs show that films deposited are
smooth and uniform without pinhole and cracks. The opti-
cal bandgap has been found to decrease with an increase in
annealing temperature. The CdS nanofilms grown using
low molar concentration of chemical agents show high
quality, homogeneous, and single phase stoichiometry mak-
ing them suitable for use in photovoltaic and optoelectronic
devices.
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