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CdS nanofilms of varying thickness (t) deposited by chemical bath deposition technique have been

studied for structural changes using x-ray diffractometer (XRD) and transmission electron microscope

(TEM). XRD analysis shows polycrystalline nature in deposited films with preferred orientation along

(002) reflection plane also confirmed by selected area diffraction pattern of TEM. Uniform and

smooth surface morphology observed using field emission scanning electron microscope. The surface

topography has been studied using atomic force microscope. The optical constants have been

calculated from the analysis of %T and %R spectra in the wavelength range 300 nm-900 nm. CdS

nanofilms show a direct transition with red shift. The optical band gap decreases while the refractive

index increases with increase in thickness of nanofilms. VC 2012 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4769799]

I. INTRODUCTION

CdS, in the form of films, has shown potential in variety

of applications including visible radiation detection, window

layers for photovoltaic solar cells, light emitting diodes

(LEDs), gas sensors, piezoelectric devices, non-linear inte-

grated optical devices, photocatalysts, etc.1–7 The efficiency

of optoelectronic devices can be improved by reducing the

front (window) layer absorbance and hence the thickness so

that most of solar radiations are transmitted quite freely.2 In

heterojunction solar cell, it is well known that higher short

circuit current can be achieved by reducing thickness of win-

dow layer to improve blue spectral response.2 Chemical bath

deposition (CBD) is an inexpensive method and has become

popular to deposit nanostructured thin films due to its various

advantages, such as simplicity, low temperature, choice of

substrates, large area coating, etc.8–12 In addition, CBD

offered vertical growth of crystallites in columnar form with

c-axis perpendicular to the substrate.12 This provides less

grain boundaries parallel to the junction for controlling the

flow of the excess carriers to the collector electrode. The

film thickness plays an important role in the properties and

the performance of devices based on CdS films. However, in

literature the effect of film thickness on morphological and

optical band gap of nanostructured CdS films is scantly

reported.13,14] Therefore, the present communication reports

the effect of film thickness on the structural, morphological,

and optical properties of CdS nanofilms deposited via CBD

technique.

II. EXPERIMENTAL DETAILS

CdS nanofilms have been deposited on glass substrate

using the reagents CdCl2H2O: 0.02 M, CS(NH2)2: 0.04 M,

NH4OH: 2 M and triton (TX-100: 5%). All the reagents of

AR-grade (Merck) and used without further purification. The

details of the experimental procedure have been given else-

where.11 All the depositions have been carried out in alkaline

medium prepared by double distilled water (Millipore, 15

MX-cm) at pH ¼ 11 6 0.1 and bath temperature 70 6 2 �C.

The film thickness has been controlled by varying deposition

time and successive depositions. After deposition, films have

been ultrasonicated with 20% methanol solution to remove

loosely adherent CdS particles. As deposited films are pale

yellow to light orange in color, uniform and show good ad-

hesion with the substrate. After deposition all films have

been annealed at 573 6 5 K.

A. Characterization

The film thickness has been measured by a stylus profi-

lometer (AMBIOS XP-1, USA) after forming a step between

film and substrate. X-ray diffractometer (XRD; PANalytical’s

X’Pert PRO) with CuKa radiation (k¼ 1.5406 Å) in grazing

angle mode has been used to study the crystal structure of the

films. Transmission electron microscope (TEM; Hitachi

H-7500) has been used to record TEM images of the particles

obtained by scratching from the film surfaces and forming a

suspension in ethanol solution for TEM grid. The surface mor-

phology has been studied by field emission scanning electron

microscope (FE-SEM; HITACH S-4700) operated at 15 kV

with 102 pA. Elemental composition has been checked using

the energy dispersive X-ray microanalyzer (EMAX; HORIBA-

7200H). The surface topography has been studied using atomic

force microscope (AFM; NTMDT-NTEGRA) using a silicon

nitride cantilever with a stiffness of 0.16 Nm�1. An optical

study has been performed using a UV-Vis-NIR double beam

spectrophotometer (Perkin-Elmer Lambda-750) in the wave-

length range 300 nm-900 nm at room temperature (300 K).a)Email: pks_phy@yahoo.co.in.
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III. RESULTS AND DISCUSSION

The thickness of the deposited CdS nanofilms has been

measured to be t1¼ 39.7 nm, t2¼ 65.6 nm, t3¼ 87.4 nm, and

t4¼ 112.5 nm with an uncertainty of 69 nm.

A. XRD analysis

XRD is a non-destructive technique that reveals distinc-

tive diffraction pattern “fingerprint” of crystalline materials

used for crystallographic structure, crystallite size, and

stress-strain analysis of materials. The XRD spectra of CdS

nanofilms as a function of film thickness (Fig. 1) show the

existence of multiple reflection peaks signifying the poly-

crystalline nature of the deposited nanofilms. Besides, the

broad profile of XRD peaks indicates nanocrystalline nature

due to the presence of nanocrystallites, microstrain, lattice

defects, and stacking faults in the films.15 The diffused back-

ground in XRD spectra, predominant in film t1, may be either

due to amorphous glass substrate or due to the presence of

amorphous phase in as deposited CdS nanofilms. As the film

thickness increases, the interaction between the CdS film and

the substrate at the interface becomes less prominent leading

to reduction in diffused background of XRD spectra. The

structural parameters (Table I) like crystallite size (Dhkl),

interplanar spacing (dhkl), microstrain (ehkl), and dislocation

density (dhkl) have been calculated using Debye-Scherrer for-

mula, Bragg’s equation, Williamson-Smallman formula,

respectively.11 CdS films deposited by CBD exist in mixed

phases (cubic-zinc blende structure, a-CdS and hexagonal-

wurtzite structure, b-CdS).11 All as-deposited nanofilms

share mixed a/b-CdS reflections16 and grow along (002)

reflection plane parallel to the substrate surface due to its

lowest surface free energy12,17 as shown in Fig. 1. The inten-

sity of the prominent (002) reflection peak increases and

peak broadening goes on narrowing with increasing thick-

ness. This indicates enhancement of Dhkl, reduction of ehkl

and dhkl in the nanofilms with increasing film thickness

(Table I). The peak position of (002) reflection shifts toward

lower scattering angle (2h) with increase in film thickness

(Table I). The shift, D(2h), in the reflection peak position

w.r.t ideal position of a fault-free sample16 is related to the

stacking fault probability (asf), given as18

asf ¼
2p2Dð2hÞ
45

ffiffiffi
3
p

tanh
: (1)

Film t1 has high ehkl and dhkl may lead to build up large stress

in the layers. Also films with minimal thickness show higher

FIG. 1. XRD spectrum for CdS nanofilms with thickness t1¼ 39.7 nm, t2¼ 65.6 nm, t3¼ 87.4 nm, and t4¼ 112.5 nm.
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mismatch between the film surface and the substrate19 hence

exhibits maximum asf (Table I). As the film thickness

increases, the decrease of ehkl and dhkl parameters may lead

to relaxation of the stress in the films. This indicates that the

saturation of crystallite growth on relaxation of the misfit

strain between the film and substrate with increase in thick-

ness of the films and hence asf decreases (Table I). Similar

effect of film thickness on the microstrain, dislocation den-

sity, and stacking fault probability has been reported.18,20

The increase in crystallite size with film thickness is a

general observation during film growth and has been

reported.21,22 The film thickness affects various physical pa-

rameters responsible for the development of crystal structure

and, hence, influences the lattice parameters. The lattice

constants, c¼ 2d002 and a¼ 2d100/�3, have been obtained

(Table I) using values of interplanar spacing of the (002)

planes (d002) and the (100) planes (d100).17 The c/a ratio for

nanofilms is found to be <5% than the ideal value (1.633)

for b-CdS structure16 and approaches towards it with

increase in thickness. The low value of c/a ratio and an

increase in dhkl imply that the as-deposited nanofilms are

under tensile strain along its (002) plane parallel to c-axis.

The film thickness has a direct impact on the texture of the

growing material. Conversely, the physical properties of the

material as well as the performance and reliability of the fab-

ricated devices is drastically affected by the texture of the

material. The texture coefficient (TChkl) is a measure of the

degree of orientation of each reflection in contrast to a ran-

domly oriented sample represented as23

TCðhikiliÞ ¼
IðhikiliÞ
IoðhikiliÞ

1

N

XN

i¼1

IðhikiliÞ
IoðhikiliÞ

( )�1

; (2)

where IðhikiliÞis the diffraction intensity of (hikili) plane of the

sample under investigation and IoðhikiliÞ is the intensity of

(hikili) plane of the standard sample,16 and N is the number

of reflections present in XRD pattern. The calculated values

of TC(hkl) have been listed in Table I. The higher value of

TC(200) (>1) indicates that deposited nanofilms have higher

degree of orientation along c-axis. The value of TC(200) goes

on increasing with film thickness indicating improvement of

crystallinity and compactness in the film structure. There-

fore, the evolution of texture during film growth process has

a strong effect on the progress of surface features of the

crystallites.

It has been observed that structural parameters like ehkl,

dhkl, and asf are inversely related to film thickness. There is

reduction in the lattice imperfection and strain with increase

in film thickness. However, Dhkl, dhkl, c/a, and TC(hkl) are

directly related to the film thickness, which indicates that

crystallization and orientation of the crystal growth gets

enhanced with increase in film thickness.

B. TEM analysis

TEM is a high spatial resolution structural and chemical

characterization tool which is capable of imaging crystalline

specimen close to interatomic distances. The TEM micro-

graphs for CdS nanofilm (t2) at two different positions (Fig. 2)

and the corresponding selected area diffraction (SAD) pattern

TABLE I. The values of crystallite size (Dhkl), inter-planar spacing (dhkl), microstrain (ehkl), dislocation density (dhkl), stacking fault probability (asf), lattice

constant ratio (c/a), texture coefficient (TC(200)), and at. % Cd/S for CdS nanofilms.

Sample Dhkl (nm) dhkl (Å) ehkl� 10�3 dhkl� 1015 line.m�2 asf c/a TC(200) Cd/S

t1 16.33 6 0.63 3.318 9.14 3.75 0.066 1.552 2.38 0.93

t2 17.01 6 0.71 3.331 8.83 3.46 0.047 1.564 3.59 1.01

t3 18.56 6 0.84 3.337 8.09 2.90 0.036 1.571 3.85 1.08

t4 21.49 6 1.13 3.340 6.99 2.17 0.031 1.584 4.00 1.10

FIG. 2. (a) TEM image at first position for t2¼ 65.6 nm. Inset shows SAD pat-

tern. (b) TEM image at second position for t2 film. Inset shows EDAX spectrum.
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(inset of Fig. 2(a)) confirms the polycrystalline nature. There

exists a small amount of individually available nanocrystal-

lites and a large amount of small nanocrystallites dispersed

fully in the background (Fig. 2(a)). The average size of indi-

vidually available nanocrystallites has been estimated to be

�15 nm. Besides, TEM micrograph at second position in

Fig. 2(b) displays a cluster of agglomerated nanocrystallites,

adhering to one another indicating the pattern of particles

embedded in the film structure. The average size of crystalli-

tes has been estimated from Fig. 2(b) and found to be

�20 nm. These TEM measurements are in good agreement

with XRD analysis.

C. EDAX analysis

EDAX or energy dispersive X-ray analysis is used for

identifying the elemental composition of the specimen, on an

area of interest. The Cd/S ratio for film t1 is <1, indicating

Cd deficiency but Cd content for nanofilms goes on increas-

ing with film thickness (Table II). CdS nanofilm (t2) has

been found to be more stoichiometric among all the nano-

films (inset Fig. 2(b)). This may be attributed to the film

growth process which is a combination of nucleation and

coarsening of ionic species in the solution. The internal fluc-

tuation in the concentration starts the nucleation of the crys-

tallites. The size of the growing crystallites remains nearly

independent to the deposition time and only the concentra-

tion of crystallites increase initially. The concentration of

S2� ions in the solution is large due to rapid thiourea hydro-

lysis which decreases with increase in deposition time and

decrease in pH. As the concentration of precursors drops

below a critical concentration, the crystallites start agglomer-

ated quickly with progress in film deposition. Consequently,

the concentration of Cd2þ ions increases in the solution with

time for films with more thickness. Therefore, there is an

improvement in crystallite size and increase in agglomera-

tion with a capture of more free Cd2þ ions from the solution.

The nanofilms (t2 to t4) are rich in Cd content with large

crystallite size and roughness.

D. FE-SEM analysis

Scanning electron microscopy (SEM) gives an indication

of the surface features of film and the crystal growth on the

substrate. Fig. 3 shows that the surface morphology of CdS

nanofilms depends on the film thickness. All nanofilms have

smooth, homogeneous, and uniform surfaces with randomly

oriented spherical nanocrystallites. This spherical symmetry

may be due to large surface energy of nano crystallites. These

nano crystallites show good adhesion to the substrate covering

complete surface due to Triton (TX-100).11,24 The average

crystallite size (DSEM) of intermediate particles has been cal-

culated (Table II). CdS nanofilm (t1) has minimum thickness

with least density of packed spherical crystallites indicating

lesser agglomeration of nanocrystallites. For CdS nanofilms t2
and t3, the agglomeration is prominent. The compactness

increases with increase in thickness (see Fig. 3). The crystalli-

tes settle in the unoccupied spaces with progress in deposition

time resulting in a dense crystalline textured film structure.

With the increase in thickness (film t4), growth of crystallites

attains saturation and separates from each other by well

defined grain boundaries.

E. AFM analysis

AFM provides two dimensional and three dimensional

images of surfaces. Figs. 4(a) and 4(b) shows 2D and 3D

AFM images of CdS nanofilms over a scan area of

2� 2 lm2 recorded in the semi-contact mode. All nanofilms

are composed of round shape crystallites. The average crys-

tallite size (DAFM), root mean square roughness (Rrms), sur-

face skewness (Ssk), and coefficient of kurtosis (Ska) have

been obtained by AFM (shown in Table II). The surface

grains in the deposited CdS nanofilms have a small DAFM

and Rrms for t1 and large for t4 indicating that DAFM and

Rrms increase with film thickness enhancing the texture of

the film (Fig. 4(a)). This may be due to the agglomeration

of crystallites and increase in density Cd2þ ions with

increase in film thickness (also verified by EDAX). The

increase of Rrms has also been identified by the bright spots

in AFM images (see Fig. 4(a)). There is gradual flattening

in the shape of the crystallites, i.e., decrease in Ssk, Ska and

increase in Rrms with the increasing thickness (Fig. 4(b)).

The flat peaks with round top and flat faces of the crystalli-

tes indicate columnar structural growth corresponding to

the hexagonal-wurtzite CdS structure with (002) crystalline

orientation.12

F. Optical analysis

UV-Vis-NIR spectroscopy helps to study optical behav-

iour and crystallite size of materials. All nanofilms have

been observed to be highly transparent with an average opti-

cal transparency (%T) of >70% and low average reflectance

(%R) <20% in the visible and NIR region of solar spectrum

as shown in Fig. 5. The transmission of the light through the

material depends upon the extent of absorption and scatter-

ing. There is decrease of %T for all films with increase in

TABLE II. The values of crystallite size (DSEM and DAFM), surface roughness (Rrms), surface skewness (Ssk), coefficient of kurtosis (Ska), absorption coefficient

(a), Urbach energy (Eu), sub band gap (Eg
sub), optical band gap (Eg), refractive index (nf), extinction coefficient (kf), and packing density (pf) for CdS

nanofilms.

Sample DSEM (nm) DAFM (nm) Rrms (nm) Ssk Ska a� 104 (cm�1) Eu Eg
sub Eg nf kf pf

t1 15 15.2 5.76 1.39 3.81 5.80 0.623 2.18 2.88 1.71 0.20 0.68

t2 22 18.5 7.32 1.05 3.01 4.48 0.554 2.20 2.83 1.85 0.21 0.75

t3 25 19.8 7.86 0.83 2.87 4.12 0.323 2.24 2.67 1.96 0.24 0.79

t4 35 25.4 8.72 0.70 2.75 3.02 0.282 2.27 2.61 2.06 0.27 0.84
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thickness. The relatively low %T for film t1 may be due to

poor crystallinity and large amorphous component. An

increase in film thickness offers a dense structure with

improved crystallinity and surface roughness. This is respon-

sible for high absorption and scattering of light leading to

decreases in %T from t2 to t4.4,25 However, the %R depends

on surface roughness and increasing film thickness enhances

%R. The extension of %T observed in low wavelength region

up to 300 nm indicates disorders amorphous content in films.26

This may act as trap centers for radiations affecting the

FIG. 3. The FE-SEM micrographs for CdS nano-

films with thickness t1¼ 39.7 nm, t2¼ 65.6 nm,

t3¼ 87.4 nm, and t4¼ 112.5 nm.

FIG. 4. (a) The 2 dimensional AFM images for CdS nanofilms. (b) The 3 dimensional AFM images for CdS nanofilms with thickness t1¼ 39.7 nm,

t2¼ 65.6 nm, t3¼ 87.4 nm, and t4¼ 112.5 nm.
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absorption. The absorption coefficient (a) signifies inter-band

transition near the band gap and has been calculated using27

a ¼ 1

t
‘n;

ð1� RÞ2

2T
þ ð1� RÞ4

4T2
þ R2

 !1=2
2
4

3
5; (3)

where t, T, and R are film thickness, transmittance, and re-

flectance, respectively.

The value of a decreases with increase in thickness of

the deposited nanofilms in the band to band absorption

region as observed elsewhere.28,29 The relatively high values

of a (�105 cm�1) at fundamental absorption edge (Table II)

may be due to increase in crystallite size, increase in light

absorption/scattering with surface roughness (Fig. 4(b)), and

decrease in structural imperfections. In all nanofilms under

investigation, a shift in absorption edge towards higher

wavelengths with increasing film thickness has been

observed (Fig. 5) besides, shows blue shift in comparison to

bulk CdS (512 nm).

A rapid rise in a near the fundamental absorption edge

indicates direct energy transition in the forbidden gap.30 For

direct allowed transition, Tauc related the absorption coeffi-

cient (a) and incident photon energy (hv) as4

ðahvÞ ¼ Bðhv� EgÞm; (4)

where B is characteristic disorder parameter and m ¼ 1=2 for

direct transition between valance band and conduction band.

The optical band gap (Eg) has been estimated (Fig. 5) by

extrapolation (ah�)2 ! 0. The value of Eg decreases with

increase in thickness (Table II). This may be due to increase

in crystallite size, decrease in stacking faults and crystal

imperfection (Table I) which results in orientation of the

individual crystallites and defect-free grain boundaries. The

high value of Eg in the nanofilms in comparison to bulk CdS

may be attributed to the quantum confinement associated

with the existence of nanocrystallites in the semiconductor

material and the low-dimensional film structure. The struc-

tural imperfection in the deposited films may be associated

with the existence of the onset sub-band gap (Eg
sub) along

with Eg (Fig. 6).26,31 From Table II, the increase in Eg
sub

with thickness may also be explained in terms of Urbach

energy (Eu). Eu, the width of tail states in low absorption

coefficient region (<104 cm�1), decreases with increase in

film thickness. Hence, slope in Fig. 6 increases indicating

improvement in ordered crystalline structure with increase in

thickness. The decrease of defects states between conduction

band and valence band increases the probability of transi-

tion.31 Hence, Eg and Eu decrease whereas Eg
sub increases

with increase in film thickness.

The optical constants (refractive index (nf) and extinction

coefficient (kf)) explain the interaction of light travelling

through the materials and their value changes with frequency of

light. These constants play an important role in deciding optoe-

lectronic properties of the material. The values of nf and kf have

been calculated (Table II).27 The Cauchy fitting32 has been

employed to study the normal dispersion behaviour of both nf

and kf in the wavelength range of 300 nm-900 nm (Fig. 7). The

refractive indices show normal dispersion behaviour with

wavelength for all nanofilms due to polarization in material

with wavelength. The value of nf increases with thickness of

the films (Table II). This may be attributed to increase in crys-

tallite size (film thickness) with the relaxation of microstrain

with thickness. The extinction coefficient is directly influenced

by the corresponding absorption coefficient and influenced by

FIG. 5. Transmittance and reflectance

spectra for CdS nanofilms with thickness

t1¼ 39.7 nm, t2¼ 65.6 nm, t3¼ 87.4 nm,

and t4¼ 112.5 nm.

123512-6 Kumar et al. J. Appl. Phys. 112, 123512 (2012)



film thickness. The dispersion of kf with wavelength has been

shown in the inset of Fig. 7 while values of kf calculated from

saturation point are in Table II. The increase in the value of nf

and kf with thickness indicates that the light traveling through

CdS nanofilms experiences attenuation due to loss of energy.

This may be account for various loss mechanisms viz. genera-

tion of phonons (lattice waves), photo-generation, free carrier

absorption, scattering, crystallite size, and denser layer structure

with increase in thickness.33,34 As the wavelength increases in

visible range, dispersion decreases for both nf and kf (13.6%

and 27.0% for t1, 15.9% and 28.3% for t2, 26.6% and 33.3%

for t3, 23.9% and 28.9% for t4).
This increase of refractive index with film thickness

may also be understood on the basis of packing of crystallites

in the film structure. The increase in film thickness is able to

reduce the voids and thin areas in the film structure. The

FIG. 6. Plot of (ahv)2 versus hv. Inset

shows the variation of Eg and Eg
sub as a

function of film thickness.

FIG. 7. Plot of nf versus k. Inset shows

the plot of kf versus k for CdS nanofilms

with thickness t1¼ 39.7 nm, t2¼ 65.6 nm,

t3¼ 87.4 nm, and t4¼ 112.5 nm.
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packing density (pf) and lattice parameter (cf) are related to

each other and may change the value of nf according to

relation,35

nf ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1� pf Þn4

v þ ð1þ pf Þn2
vn2

b

ð1þ pf Þn2
v þ ð1� pf Þn2

b

s
þ 5

2

n2
b � 1

nbcb

� �
ðcf � cbÞ;

(5)

where nf, nb, and nv are refractive indices for film, bulk crys-

tal, and void, respectively. cb is bulk lattice parameter. The

values of pf (Table II) show that the density of packing of

crystallites in the films increase with thickness leads to

increasing nf.

The complex dielectric constant (e*) is a fundamental ma-

terial property which is closely related to optical constants.

The real part of the dielectric constant (er) signifies the disper-

sion while the imaginary part (ei) relates to the dissipation of

the light in the material. Both er and ei are represented by rela-

tion e* ¼ er þ ei ¼ (nf � ikf)
2.34 The values of er/ei are found

to 2.88/0.68, 3.38/0.78, 3.78/0.94, and 4.17/1.11 for t1 to t4,
respectively. The factor ei/er measures the inherent dissipation

of electromagnetic energy of a dielectric material which

increases with thickness. The optical conductivity (r)

describes the dissipation of e.m. energy in the material and

proportional to absorption energy as

r ¼ anf c

4p
; (6)

where c is the velocity of light. The values of r are found to be

2.37� 1014 X�1m�1, 1.98� 1014 X�1m�1, 1.93� 1014 X�1m�1,

and 1.49� 1014 X�1m�1 for t1 to t4, respectively. r is maxi-

mum for t1 exhibiting high a and low nf while minimum for

t4 with low a and high nf. The overall high values of r for all

nanofilms increase the photo response behaviour and make

them suitable for optoelectronic applications.

IV. CONCLUSION

The XRD study shows polycrystalline films with promi-

nent wurtzite structure having (002) orientation. The crystal-

lite size and surface roughness of the nanofilms increases

with film thickness. With increase in film thickness, the lat-

tice parameter increases relaxing the inherent strain and dis-

locations. The absorption edge of nanofilms lies in lower

wavelength region in comparison to bulk CdS indicating

quantum effect. Optical band gap and Urbach energy

decrease with an increase in film thickness. The refractive

index and extinction coefficient show normal dispersion and

increase with an increase in film thickness. These properties

make CdS nanofilms suitable for optoelectronic, photovol-

taic and visible light detection application.
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