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INTRODUCTION

Nanostructured materials have drawn attentions to the
researchers due to the unique physical and chemical properties
of nanomaterials, which are different from those of either the
bulk materials or single atoms [1]. The reduction of the size of
materials causes a deviation of their physical and chemical
properties from the bulk and such resultant materials (nano-
particles) are known to possess potential applications and novel
properties [2]. Among the different metal oxide films, CdO is an
important n-type semiconductor with a cubic structure, which
belongs to the II-VI group, with a direct band gap of 2.5 eV and
indirect band gap 1.98 eV [3]. Up to now, various methods have
been employed to prepare the cadmium oxide nanostruc-
tures such as hydrothermal method [4], microwave-assisted
combustion method [5], solvothermal method [6], chemical co-
precipitation method [7], vapour phase transport [8], thermal
evaporation [9], sonochemical method [10] and mechano
chemical method [11]. We have used SILAR (successive ionic
layer adsorption and reaction) technique for the preparation of
thin films which is presently attracting considerable attention, as
it does not require sophisticated instrumentation like vacuum
system and other expensive equipment. Simple equipment like
hot plate with magnetic stirrer is needed for this method [12].
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Nanostructured cadmium oxide thin films have been synthesized onto suitably cleaned glass substrates by SILAR (successive ionic layer |
adsorption and reaction) method. X-ray diffraction study confirms the formation of nanocrystalline cubic phase of cadmium oxide in the |
films. Lattice constant is determined using Nelson Riley plots. Using X-ray broadening, crystallite sizes, lattice strain, stress and energy
density were studied by using Williamson-Hall method and modified Williamson-Hall method. From literature review, it is seen that a |
number of researchers have applied these two methods for structural characterization of thin films of different nanocrystals, but till now |
modified Williamson-Hall method has not been used for CdO nanocrystals. Hence, we have used these methods for structural characterization |
of deposited CdO thin films. The ultra-high resolution transmission electron microscopic (UHRTEM) study shows that the shape of the |
particles is nearly spherical and the average particle size agrees well with the result obtained from X-ray diffraction study. Selected area
electron diffraction patterns have also supported the formation of cubic phase of cadmium oxide. I
|
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Nelson Riley plot has been used by many research groups
for calculating the lattice constant of a cubic system [13,14].
We have also used it for the same purpose. Crystallite size,
lattice strain and stress have been calculated using Williamson-
Hall method, modified Williamson-Hall method and uniform
deformation energy density model [15-17]. Size-strain plot
(SSP) have also been used for finding size and strain of the
prepared films [14,18,19], which is also used here. As far our best
of knowledge modified Williamson-Hall method for structural
characterization is used mainly for CdS, PbS, ZnO, etc.
nanostructures and detailed application of modified Williamson-
Hall method for CdO nanostrucured is not shown yet. Hence we
have used application of modified Williamson-Hall method for
structural characterization of synthesized CdO films.

EXPERIMENTAL

Cleaning of the substrate: The microscope glass subs-
trate was cleaned with following steps (1) washed with mild
detergent, (2) rinsed with distilled water, (3) dipped in dilute
chromic acid for 3 h (4) rinsed thoroughly with distilled water
and (5) heated at 20 °C for 10 min by keeping the substrate
vertically.

Cadmium nitrate hexahydrate, sodium hydroxide were
purchased from Merck and were used as received since they
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were of analytical reagent grade with 99 % purity. Double
distilled water was used for all procedures of sample prepa-
ration and dilution.

Deposition of thin film: Cadmium oxide thin films were
deposited onto the cleaned glass substrates by alternate immer-
sion of the glass substrate in Cd(NO3), (Cd** ion source) and
in double distilled water (OH™ source) at room temperature.
Cadmium nitrate and H,O served as the cationic and anionic
solutions respectively. The alkalinity of cadmium nitrate
solution was increased to pH ~12 with the addition of sodium
hydroxide. As the cleaned glass substrate was immersed in the
alkaline cadmium nitrate solution, cadmium complex adsorbed
on the substrate. The glass substrate with the cadmium complex
is then immersed in distilled water and the reaction occurred
on the glass surface to form Cd(OH),. The period of dipping
the substrate in the cadmium bath (30 s) was referred as
“adsorption” and that in H,O (15 s) as ““reaction”. This process
forms one cycle and was repeated 50 times in order to increase
the film thickness. After each cycle, the glass slide was rinsed
with distilled water and after a complete cycle the films were
dried with an air dryer. Finally, the deposited films were annealed
in air at 350 °C for 2 h to transform the hydroxide phase to
the oxide. The precursor solutions were prepared by adding
Cd(NO3), solutions of 0.25, 0.50 and 0.75 molar concentrations
separately to an aqueous solution of 2 M NaOH under a high
stirring rate (200 rpm) condition. During the stirring process
a constant temperature 30 °C was maintained for 3 h.

Mechanism of thin film formation: Dipping the glass
slides in the beaker containing cadmium nitrate and excess
sodium hydroxide solution causes a cadmium complex ion to
adsorb on the substrate due to attractive forces between ions
in the solution and that on the glass. Atoms or molecules of
glass surface possess unbalanced or residual force and hold
the substrate particles. The cadmium complex ions can be
represented with the following equations:

Cd(NO3),+ 2NaOH —— Cd(OH), +2NaNO;
Cd(OH), + NaOH — Na(Cd)(0)* + H,O + 2H*

The glass substrate with the adsorbed cadmium sodium
oxide ion is immersed into a beaker of distilled water and the
ion is converted into cadmium hydroxide. Sodium ion in the
complex is attracted to the hydroxide ion to form sodium
hydroxide while the CdO* in the complex is attracted to the
H* to form the cadmium hydroxide ion.

(Na)CdO* + H,O —— Cd(OH)* + NaOH
Cd(OH)* + heat— CdO + H,O

On annealing at a temperature of 350 °C the cadmium
hydroxide transforms into the cadmium oxide phase. The depo-
sited films showed good adherence to the substrate after annealing.

RESULTS AND DISCUSSION

X-ray diffraction structural analysis: X-ray diffraction
patterns of CdO samples were recorded in PANalytical X’ Pert
Pro XRD with CuK, radiation (k = 1.54056 A) at room
temperature. Surface morphology was analyzed by ultrahigh
resolution transmission electron microscope (UHRTEM) (JEM
2100) operated at 200 kV.

X-ray diffraction pattern of CdO films calcined at 350 °C
is shown in Fig. 1. The sharp and well defined peaks confirm
a face centered cubic (fcc) structure of CdO. The inter-planar
spacing (d) [calculated from the Bragg equation (eqn. 2)] and
lattice constant (a) (calculated from eqn. 1 for cubic phase
structure) of CdO-films samples with different molarities were
determined which is very close to the reported values (JCPDS,
No. 05-0640).
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Fig. 1. XRD Patterns of CdO films with molarities (a) 0.25 M, (b) 0.50 M
and (¢) 0.75 M

Lattice constant: The lattice constant ‘a’ for the cubic
phase structure is determined by the relation:

a=d B+ K+ P" (1)

where ‘d’ is the interplanar spacing of the crystal planes
represented by Miller Indices (h k 1) and is given by

A=2dsin 0 )

The corrected values of lattice constants are estimated
from the Nelson-Riley plots. The Nelson-Riley curve is a plot
between the calculated ‘a’ for different planes and error
function [20] given by

1 cos’® cos’6
f(0)=— +
© 2{ sin© 0 j 3)

and extrapolation to 6 = 90°. A typical Nelson-Riley plot for
synthesized samples are shown in Fig. 2 and values are shown
in Table-1. The lattice constant ‘a..,” of the film calculated
using Nelson-Riley plot (Table-1) is different from its bulk
value a, which is 4.696 A. This means the particles are under
strain which contributes towards broadening of the diffraction
peak. It is clear from the Fig. 1 that all peaks corresponds to
fcc structure of CdO and no other impurity peaks are found.

Crystallite size: Crystallite size of the prepared CdO-
Films is estimated from the Scherrer’s formula [21]:

KA
P " Dcos@

where the constant K is taken as 0.9, A is the wavelength of
the wavelength of X-rays used (A = 1.5406 A), Bp is the full
width at half maximum of the diffraction peaks.
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Fig. 2. Nelson-Riley plots of CdO films for (a) 0.25 M, (b) 0.50 M and (c) 0.75 M

TABLE-1

STRUCTURAL PARAMETERS OF CHEMICALLY DEPOSITED
CdO FILMS WITH DIFFERENT MOLARITIES

MOlarlty A FWI{NI e} acalc acon'
o BB e 20 X &
2711 111 0261 3299 4695
2347 200 0288 3829 4700
1659 220 0355 5528 4692
025 1415 311 0406 6592 4693 %
1356 222 0413 6925 4697
1173 400 0466 8202 4692
2711 111 0227 3303 469
2347 200 0241 3832 4694
1659 220 0294 5531 4692
0.0 415 311 0324 6594 4693 9
1356 222 0329 6927 4697
1174 400 0379 8203 4698
2711 111 0206 3308 469
2340 200 0222 3837 4680
1659 220 0270 5536 4692
075 1415 311 0312 6599 4693 %
1356 222 0317 6932 4697
1174 400 0345 8209 4696

Williamson-Hall method: In X-ray diffraction, the
broadening of XRD line profile is not only due to crystallite
size but also due to the presence of non-uniform strain in the
material. If the size and strain broadening is present simul-
taneously then crystallite size and strain may be found from

Williamson-Hall plot.

Crystal imperfections and distortion of strain induced peak

broadening are related by:

Depending on different ‘0O’ positions, the separation of
size and strain broadening analysis is done using Williamson-
Hall method:

B=Bs+Po (6)
Substituting eqns. 4 and 5 in the above equation we get,
B= +4etan 0
Dcos6
:Bcos9=%+4£sin6 (7)

Eqn. 7 represents the uniform deformation model (UDM).
Here the strain is assumed to be uniform in all crystallographic
directions. The breadth of Bragg peak is a combination of both
instrument and sample dependent effects. To decouple these
contributions, it is necessary to collect a diffraction pattern
from the line broadening of a standard material such as silicon
to determine the instrumental broadening. The instrumental
broadening corrected FWHM () of each reflection is calcu-
lated using the following equation [22]

B2 = (B)fneasured - (B)iznslrumenlal (8)

A graph is drawn with 4 sin 0 along X-axis and 3 cos 6
along Y-axis (Fig. 3). From the graph, strain and crystallite size
are calculated from the slope and y intercept of the fitted line
respectively and the values are tabulated in Table-2. It is observed
that there is a gradual increase in crystallite size obtained both
from Scherrer’s formula and Williamson-Hall plot with the
increase in the molarities of the solutions [Fig. 4(a) and 4(b)]. A

B 4 0 similar kind of result has been also reported earlier by other
" 4tan® = By =4etan o) workers [23]. There is a decrease in strain with molarity [Fig. 4(c)].
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Fig. 3. Williamson-Hall plots of CdO films for (a) 0.25 M, (b) 0.50 M and (c) 0.75 M
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TABLE-2
GEOMETRIC PARAMETERS OF PREPARED CdO FILMS USING W-H METHOD & MODIFIED W-H METHOD

Molarity Scherrer Williamson method
of method UDM USDM UDEDM
solution g g g
o Dem  Dpem NG | pem SN SEE | Dem 6 )
0.25 30.02 33.66 1.180 34.55 1.087 158.34 34.55 1.136 165.58 94.09
0.50 35.49 39.66 0.849 40.32 0.933 136.02 40.89 0.822 119.76 49.28
0.75 38.78 42.45 0.814 43.60 0.741 108.01 42.45 0.779 113.50 44.22
407 ) 1.20
38+ - 42+ . 1.154 "
/ ‘ 1.10
o £ 36 © E 0 7_ 1.05
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Fig. 4. (a) Crystallite size from Scherrer’s formula versus molarity. (b) Crystallite size from Williamson-Hall plot versus molarity. (c) Strain

from Williamson-Hall plot versus molarity of CdO

Size-strain plot method: Size—strain plot’ (SSP) can be
used for estimation of size—strain parameters for isotropic line
broadening. In this method, less importance is given to the
data from reflection at high angles, because, normally precision
is less in those ranges of angles [24]. In this approximation
method, the “crystallite size” profile is described by a Lorentzian
function and the “‘strain profile” is described by Gaussian
function [25]. Then one can write:

dBcos®Y 1(d*Bcosd e)
== + 5 )
A D A 2
d’BcosB
The term 2\ is plotted along X-axis against

dBcos6 ’ . . . .
[Tj along Y-axis for different peak orientations of
0.25, 0.50 and 0.75 M of CdO films as shown in Fig. 5(a)-
5(c). The crystallite size is determined from the slope of the
linearly fitted data and the value of strain is obtained from
y-intercept. The size of the crystallite is obtained from

apparent strain is €,,, = 2(\/ y intercept) and the root mean

83
square strain is obtained from relation [26] €= anz . The

estimated values of D and € are shown in Table-3.

TABLE-3
GEOMETRIC PARAMETERS OF CdO FILMS
PREPARED USING SIZE-STRAIN PLOT METHOD

Molarity of solution (M) D (nm) Strain € x 10?
0.25 49.36 1.009
0.50 53.22 0.766
0.75 59.23 0.751

Modified Williamson-Hall method: From uniform stress
deformation model (USDM), strain is calculated from Hooke’s
law maintaining linear proportionality between stress and strain
given by 6 = Ye where ¢ is the stress, € is the strain and Y is
the Young’s modulus. Applying Hooke’s law approximation
to eqn. 7, we get:

KA 4o .
kA Bcos® =—+-—sin® (10)
D= where K = 3/4 for spherical particle. The mean b Y
slope
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Fig. 5. Size—strain plots of CdO films for (a) 0.25 M, (b) 0.50 M and (c) 0.75 M
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Again, the modulus of elasticity or Young’s modulus ‘Y
for cubic crystal is given by the relation [27]:

1 Lo Lo )R+ (hD? + (KDY
=S, (Sn . S] ey D

where Si1, Sio, Su are the elastic compliances of CdO. The
relation connecting elastic compliances and the stiffness Cj
are as follows [28]:

C,+C
Sy = el (12)
(Cll _CIZ)(CII +2C12)
C
Sp == e (13)
(Cll _CIZ)(CII +2C12)
and
1
S,=—
44 C44 (14)

Using the values of Ci;, Ci» and Cus [29] as 207.8 GPa,
106.3 GPa and 54.9 GPa respectively, we can calculate elastic
compliances S, Si2, Su which are given as 7.36 x 102, -2.49
x 102 and 18.21 x 10> m*N respectively. Young’s modulus
Y has been calculated and resulted to be 145.7 GPa for (111)
lattice plane followed by Y = 135.9 GPa for (200), Y = 143.1
GPa for (220), Y = 140.3 GPa for (311), Y = 145.69 GPa for
(222) and Y = 135.9 GPa for (400) lattice planes, respectively.
A graph is plotted between 4 sin6/Y along X-axis and Bcos6
along Y-axis (Fig. 6). The stress is calculated from the slope
of the graph and crystallite size from the Y intercept and the
values are presented in Table-2. The energy density of a crystal
was calculated from a model called uniform deformation
energy density model (UDEDM). According to Hooke’s law,

0.004q

0.006 u . 0.005
0.004]

0.0051 0.004]
] 0.003

Y
the energy density u (energy per unit volume) is u= .
Therefore, eqn. 7 can be modified to the form:
KA 2u)"”
cosO=—+4sin0| —
p 5 ( Y j (15)

. 2 172
A graph is plotted between 4sin 9(;) along X -axis

and P cos 6 along Y-axis (Fig. 7). From the slope of the graph,
energy density u is calculated and the crystallite size D is
calculated from the Y intercept and the values are tabulated in
Table-2.

Transmission electron microscopy: The UHRTEM micro-
graph of CdO sample of 0.50 molarity is shown in Fig. 8(a).
The image of CdO sample shows the presence of large number
of nearly spherical CdO nanoparticles. The shapes of the
particles are nearly spherical and obviously demonstrate
aggregation of the particles. The aggregation of particles should
had been originated from the large specific surface area and
high surface energy of CdO nanoparticles [30]. The aggre-
gation occurred probably during the process of drying [31,32].
The average particle size of the CdO sample is found to be 50
nm, which is very nearly close to the result obtained based
on XRD study (53.22 nm) by SSP method. Fig. 8(b) shows
selected area electron diffraction (SAED) pattern of the sample
consisting of a central halo and concentric rings, which indicate
the crystalline structure of the sample. The well crystallinity
can be observed in lattice planes along (111), (200) and (220)
having values of d (nm) (interplanar spacing of the crystal
planes) as 0.275, 0.235 and 0.166 respectively [Fig. 8(b)] and
the selected area diffraction pattern (SAED) is shown in inset

[Fig. 8(c)].

y =0.00332 + 0.10801x

B Cos 6 —

y =0.00419 + 0.15834x 0.003] = 0.00359 + 0.13602 R =0.91682
- R = 0.94087 e _0.98253 "
©0.0031 8 0.002]
o Q 0.002
<0.002-
0.001
0.004
0.001{ (a) (c)

(b)

0.000

0.000 T T T T T T T
0.0060.0080.0100.0120.0140.0160.0180.020
4 Sin 6/Y

0.006 0.008 0.010 0.012 0.014 0.016 0.018 0.020
4 Sin 8/Y

0.000 T T T T T T T
0.006 0.008 0.010 0.0120.014 0.016 0.018 0.020
4 Sin 6/Y

Fig. 6. Modified Williamson-Hall plots of CdO films for (a) 0.25 M, (b) 0.50 M and (c) 0.75 M
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Fig. 7. Uniform deformation energy density model plot of CdO films for (a) 0.25 M, (b) 0.50 M and (c) 0.75 M
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Fig. 8. (a) TEM micrograph of CdO sample with 0.50 M (b) lattice planes
and (c) SAED pattern of CdO of molarity 0.50 M (inset)

Conclusion

Nanostructured CdO films deposited by SILAR method
are found to be uniform and have good adherence to the subs-
trates. The formation of CdO nanoparticles have been con-
firmed by XRD and HRTEM analyses. The peak broadening
was analyzed by the Scherrer’s equation, SSP and modified
forms of Williamson-Hall models viz. UDM, USDM and
UDEDM. Among Williamson-Hall methods, UDM considers
the homogeneous isotropic nature of the crystal where as
USDM and UDEDM models consider the anisotropic nature of
the crystallites. The average values of crystallite size obtained
from UDM, USDM and UDEDM are almost similar which
indicate the inclusion of strain in various forms of Williamson-
Hall analysis has some effect on the average crystallite size of
CdO nanoparticles. Some variation in the average crystallite
size obtained from Scherrer’s formula and Williamson-Hall
analysis was due to the difference in averaging the particle
size distribution. The above-explained methods were helpful
in determining the crystallite size, strain, stress and energy
density value and among them SSP method is highly preferable
to define the crystal perfection. From different models and
methods, it is seen that with the increase in molar concentration
of the precursor solutions strain, stress and energy density
of the nanocrystals decrease, whereas crystallite size of the
prepared CdO films increases.
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