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In this work, jagged spherical CdS nanocrystals have been synthesized by chemical method to study their elastic properties.
The synthesized CdS nanocrystal has been characterized by transmission electron microscopy (TEM) and X-ray diffraction
(XRD). The transmission electron microscope images show that the average size of the nanocrystal is 100 nm approximately.
X-ray diffraction (XRD) study confirms that the CdS nanocrystals are in cubic zinc blende structure. The size calculated from
the XRD is consistent with the average size obtained from the TEM analysis. The XRD data have been analyzed to study the
elastic properties of the jagged spherical CdS nanocrystals, such as intrinsic strain, stress and energy density, using Williamson-
Hall plot method. Williamson-Hall method and size-strain plot (SSP) have been used to study the individual effect of crystalline
size and lattice strain on the peak broadening of the jagged spherical CdS nanocrystals. Size-strain plot (SSP) and root mean
square (RMS) strain further confirm the results obtained from W-H plots.
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1. Introduction

Recent research on different nanosized struc-
tures has demonstrated the extraordinary optical,
electrical, magnetic and mechanical properties of
nanomaterials, which are different from their cor-
responding bulk counterparts [1–11]. In partic-
ular, semiconductor nanocrystals show excellent
physical properties due to their large band gap
and different defect related states [12–15]. CdS is
the most promising material of II-VI group semi-
conductors which has a direct wide band gap of
2.42 eV at 300 K, high melting point of 1760 °C
and both cubic and hexagonal structure [16, 17].
It is widely used in various applications such as
light emitting devices, biosensors, solar cells and
spintronics devices etc. [18–23]. There are sev-
eral techniques to synthesize CdS crystals, such
as, sol-gel method [24], precipitation method [25],
thermal evaporation [26], chemical vapor deposi-
tion [27], hydrothermal techniques [28] etc. In this
work, jagged spherical shaped CdS nanocrystals
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have been prepared by using chemical process to
study their elastic properties. Elastic properties of
nanocrystals are very important as they can affect
the other properties, such as optical and electrical,
because elastic properties are related to the lattice
constant [29, 30], which, in turn, is related to the
electron density of the nanocrystals. A change in
the lattice constant, results in a change in the band
gap of the nanocrystals. It has also been reported
that the band gap changes with the variation of size
and shape of crystals. So, lattice constant and hence
elastic properties are size and shape dependent. For
this reason, we have been very much interested
in the study of elastic properties of jagged spheri-
cal shaped CdS nanocrystals. XRD is an important
tool for the study of elastic properties of nanocrys-
tals [31]. Structural parameters such as crystallite
size, lattice planes, lattice strain and stress are ana-
lyzed by using XRD method [32].

Every crystal is imperfect due to its finite size,
as a perfect crystal must extend in every direction
to infinity. This imperfection in a crystal produces
peak broadening in the X-ray diffraction pattern.
It is well known that lattice strain and crystallite
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size are the two main parameters, which can be ex-
tracted from a peak width analysis. Here, the aver-
age size has been estimated by using Scherrer equa-
tion and the Scherrer plot from XRD study, which
is comparable to the average size obtained from
HRTEM analysis. Further, the lattice strain, stress,
and the energy density of prepared CdS nanocrys-
tals have been calculated by Williamson-Hall
(W-H) analysis using different models including
uniform deformation model (UDM), uniform stress
deformation model (USDM) and uniform deforma-
tion energy density model (UDEDM).

2. Experimental
2.1. Synthesis of jagged spherical CdS
nanocrystals

For the preparation of cadmium sulfide (CdS)
nanocrystals, cadmium acetate dehydrate, thiourea,
triethanolamine, ammonia solution and double dis-
tilled water have been used as the starting mate-
rials. CdS nanocrystals have been synthesized by
chemical process at 40 °C [33]. In this synthesis
process, cadmium acetate was used as a cadmium
(Cd2+) source and thiourea was used as a sulfur
(S2) source. First, 1 M cadmium acetate solution
was prepared by dissolving 13 g of cadmium ac-
etate in 50 mL of deionized water and then 15 mL
of ammonia solution was added to it, preceded by
15 drops of triethanolamine (TEA). The prepared
solution was continuously stirred using a magnetic
stirrer at 40 °C. 1 M solution of thiourea was pre-
pared by dissolving 3.8 g of thiourea in 50 mL of
deionized water. The prepared solution of thiourea
has been mixed with the previous prepared solution
(cadmium acetate solution) under stirring at 40 °C.
After some time, yellow colored solutions of CdS
nanocrystals were formed.

2.2. Instrumentation

The crystalline structure of the CdS nanocrys-
tals has been investigated by using Rigaku Co.
Japan/Model: Miniflex X-ray diffractrometer in
a standard 2θ of the Bragg diffraction with a
monochromatic wavelength of CuKα radiation
(λ = 0.154056 nm). The patterns of the prepared

powder have been collected from XRD instrument
between 20°and 60°. A HRTEM instrument (JEM-
2100 transmission electron microscope with an ac-
celerating voltage of 200 kV) was employed to
study the morphology of the jagged spherical CdS
nanocrystals.

3. Result and discussions
3.1. TEM analysis

Transmission electron microscope (TEM) is
one of the best ways to investigate the size and
shape of the prepared CdS nanocrystals. For the
TEM analysis, a drop of CdS nanocrystal solu-
tion, dispersed in distilled water, was taken on the
carbon coated copper grid. After evaporation, the
TEM images of the CdS nanoparticles have been
taken.

Fig. 1. (a) Synthesized CdS nanocrystals; (b) TEM im-
ages of the CdS nanocrystals; (c) SAED pattern
of CdS nanocrystals.

TEM images of the CdS nanocrystals are dis-
played in Fig. 1b, which shows that the surface is
not smooth. The corresponding SAED pattern of
the prepared nanocrystals is shown in Fig. 1c. The
observed morphology of the nanocrystals is found
to be jagged spherical. From the TEM micrograph,
the average diameter of CdS nanocrystal assem-
blies is found to be of 100 nm.

3.2. 3.2. X-ray diffraction analysis
The XRD pattern of the synthesized CdS

nanocrystals is shown in Fig. 2.
The XRD peaks at 2θ values of 28.15°,

43.93° and 52.67° correspond to the planes of
(1 1 1), (2 2 0) and (3 1 1), respectively, on
matching with CPDS Card No 10-0454. Here, the
instrumental broadenings at 28.15°, 43.93° and
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Fig. 2. XRD pattern of CdS nanocrystals.

52.67° are found as 0.00463 and 0.00632 and
0.00921, respectively, for standard silicon. In
the measurement of full width at half maxima
(FWHM), we considered the instrumental broad-
ening for the respective peaks. All the peaks in
the X-ray diffraction pattern indicate that the CdS
nanocrystal is cubic in structure. Here, the reflec-
tion peaks from (2 0 0) and (2 2 2) are missing
in the XRD spectra. The possible reason for this
is the destructive interference of X-rays after re-
flection from these planes. Moreover, the (2 0 0)
and (2 2 2) reflections in JCPDS Card No. 10-0454
have a weaker intensity of about 40 % and 10 %, re-
spectively, which may be a reason for missing these
planes. Further, when the unit cell is deformed,
strained, or there are some dislocations of atoms
in the cell, XRD spectra show missing planes.

3.2.1. Scherrer equation
The average crystalline size of the CdS

nanocrystals can be calculated by using Scherrer
equation [34–38] as:

D =
kλ

βDCosθ
(1)

here, k is the shape factor or Scherrer constant, λ is
the wavelength of X-ray line (λ = 0.154056 nm),
βD (in radians) denotes the FWHM (width of the
diffraction peak) and θ (in degree) is the Bragg
angle of the corresponding diffraction peak. Here,

the shape is spherical and hence in equation 1, the
value of the shape factor should be 1, though the
surface is rough and jagged. From the above equa-
tion, the calculated average crystallite size (D) of
the prepared CdS nanocrystals is 81.10 nm. Equa-
tion 1 also implies that the crystallite size is 1/cosθ
dependent [39, 40].

Generally, broadening is corrected as:

βD =

√
(β0)

2− (βi)
2 (2a)

For Gaussian

β
2
D = β

2
0 +β

2
i (2b)

For Lorentzian

βD = β0 +βi (2c)

where, βi is the instrumental broadening and βo is
the experimentally observed broadening.

Fig. 3. Plot of cos θ vs. 1/βD.

3.2.2. Scherrer plot
Fig. 3 shows the Scherrer plot for different

FWHM values with a respective cosθ value cor-
responding to different (h k l) planes of the XRD
pattern. Plotting 1/βD along x-direction and cosθ
along y-direction, the crystallite size (D) can be cal-
culated from the slope by linear fitting of the data
as shown in Fig. 3, and the calculated value is given
in Table 3. The modified Scherrer equation is given
by [41]:

cosθ =
kλ

D

(
1

βD

)
(3)
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3.2.3. Williamson-Hall methods
Due to lattice imperfection and distortion, the

induced strain in the nanocrystals can be calculated
using Wilson formula [42] as:

βε = 4ε tanθ (4)

The Williamson-Hall equation varies with tanθ
only, instead of 1/cosθ as Debye-Scherrer equation
follows [39, 40, 43]. The addition of equation 1 and
equation 4 gives the observed broadening assuming
the contribution of particle size and strain:

βhkl = βD +βε (5)

βhkl =
kλ

Dcosθ
+4ε tanθ (6)

βhklcosθ =
kλ

D
+4εsinθ (7)

Equation 7 is the Williamson-Hall equation for
estimating the average crystallite size and lattice
strain. In this study, the crystallite size and lattice
strain of the CdS nanocrystals have been calculated
by using three models such as uniform deformation
model (UDM), uniform strain deformation model
(USDM) and uniform energy density model (UD-
EDM). Equation 7 represents the uniform deforma-
tion model (UDM), which implies an isotropic na-
ture of the materials [30, 39].

The uniform deformation model (UDM) of the
CdS nanocrystals is shown in Fig. 4. The crystallite
size and lattice strain can be evaluated by plotting
2sinθ in x-direction and βh k lcosθ in y-direction,
which is a linear fit. The intercept on the y-direction
gives the size of the nanocrystals and the slope of
the plot represents the average strain induced in
the particles. According to this model, the average
strain from the slope is found to be 0.93× 10−3 and
the average particle size is 88 nm. Here the graph
shows a negative slope indicating a lattice shrink-
age, which is observed from the calculation of lat-
tice parameter, as well.

The Williamson-Hall plot of USDM is shown
in Fig. 5. According to Hooke law, the stress and

Fig. 4. Plot of βh k lcosθ vs. 2sinθ.

lattice strain is related by the equation σ = Yh k l
×ε, where σ is the stress, ε the lattice strain and
Yh k l is the Young’s modulus. Among these three
models, the USDM and UDEDM are based on the
anisotropic nature of the materials [42]. According
to USDM, the modified Williamson-Hall equation
is [44, 45]:

βhklcosθ =
kλ

D
+

4σsinθ

Yhkl
(8)

In this equation, the lattice strain (ε) in the uni-
form deformation model is replaced by σ/Yh k l,
where Yh k l is the Young modulus in the perpen-
dicular direction to (h k l) plane.

Fig. 5. Plot of βh k lcosθ vs. {(4sinθ)/Yh k l}.



X-ray diffraction study of the elastic properties of jagged spherical CdS nanocrystals 275

Plotting 4sinθ/Yh k l in x-direction and
βh k lcosθ in y-direction, the uniform stress as
well as the lattice strain can be calculated from the
slope.

The Young modulus (Yh k l) for a cubic struc-
ture is given by [46–48]:

Yhkl =1/[S11−2{(S11−S12)−1/2(S44)}
× (l2m2 +m2n2 +n2l2)] (9)

where, S11, S12 and S44 are the matrix components
of the elastic compliances S and l, m, n are the
direction cosines. The relationship between elastic
compliances (S) and the stiffness constant (C) are
given by equations 10, 11, 12:

S11 =
(C11 +C12)

[(C11−C12)(C11 +2C12)]
(10)

S12 =
(−C12)

[(C11−C12)(C11 +2C12)]
(11)

S44 =
1

C44
(12)

The values of stiffnes constants C11, C12 and
C44 for CdS nanocrystals are shown in Table 1 [49].

Using the values of stiffness constants C11, C12
and C44 in equation 10, equation 11 and equa-
tion 12, the calculated value of elastic compliances
of S11, S12 and S44 are 0.020292 ×10−10, –0.076
× 10−10, and 0.2557 × 10−10, respectively. From
these values of compliances (S), the Young modu-
lus in different directions can be easily calculated.
The value of Young modulus in different directions
is given in Table 2. Thus, the value of stress calcu-
lated from the slope is 88.99 MPa.

According to UDEDM, lattice strain is based
on the energy density of deformation. According
to the Hooke’s law, u = (ε2 × Yh k l) /2, assuming
uniform energy density (u) as a function of lattice
strain (ε), then the modified Williamson-Hall equa-
tion can be written as:

βhklcosθ =
kλ

D
+

{
4sinθ

√
2u

Yhkl

}
(13)

The plot of uniform deformation energy density
model is shown below in Fig. 6. The uniform en-
ergy density can be calculated from the slope by
plotting 4sinθ

√
2

Ehkl
in x-direction and βh k lcosθ

in y-direction. Knowing the values of Young mod-
ulus (Yh k l) of the sample, the lattice strain can be
easily calculated. The stress and the energy density
can be related to u = σ2/Yh k l, using equation 7
and equation 13. However, both the models USDM
and UDEDM are different, as they are based on
the assumption of uniform deformation stress and
uniform deformation energy density as per equa-
tion 8 and equation 13. However, both the mod-
els (USDM and UDEDM) describe the crystalline
anisotropic nature.

Fig. 6. Plot of βh k lcosθ vs. {(4sinθ)/Yh k l/2)}.

3.2.4. Size-strain plot method
The W-H plot is based on isotropic nature of the

XRD line broadening profile [36], which further re-
veals that the diffraction domains are isotropic [39].
Now, in the case of isotropic line broadening, the
average “size-strain plot” (SSP) gives a far bet-
ter size and strain parameters. This SSP method
has an extra advantage that a less importance is
given to the XRD data from all the reflections at
higher angles. In this method it is also considered
that crystallite size profile is a Lorentzian function
and ‘strain profile’ is described by the Gaussian
function [39, 41], which gives us:

(dhklβhklcosθ)2 =
kλ

D
(d2

hklβhklcosθ)+
ε2

4
(14)
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Table 1. Stiffness constant (C) values of cadmium sulfide (CdS).

Cadmium sulfide (CdS) Anisotropy ratio

C11× 1010 [N/m2] C12× 1010 [N/m2] C44× 1010 [N/m2] (C11-C12)/ C44

8.94 5.35 3.91 0.459

Table 2. Young modulus in different (h k l) planes.

Cadmium sulfide (CdS)

Reflection planes Young modulus of
different planes

Values of Young
modulus [GPa]

(1 1 1) Y111 97.83
(2 2 0) Y220 78.50
(3 1 1) Y311 64.31

where, k is the shape factor and dh k l is the lattice
distance between the (h k l) planes calculated from
the Bragg law. The SSP plot for CdS nanocrys-
tals is obtained by plotting (d2

h k lβh k lcosθ) in x-
direction and (dh k lβh k lcosθ)2 in y-direction for
different peaks of XRD in the range of 2θ = 20° to
60° as shown in Fig. 7. In this case, the particles
size is obtained from the slope, and the root of the
intercept in y-direction gives the strain value.

Fig. 7. Plot of (d2
h k lβh k lcosθ) vs. (dh k lβh k lcosθ)2.

The results obtained from the Scherrer method,
different modified models of Williamson-Hall (W-
H) equation (such as, UDM, USDM, and UD-
EDM), size-strain plot and the TEM analysis are
summarized in Table 3. In this work, the lat-
tice strain (ε) calculated from the modified W-H

models and SSP method is found to be comparable
with each other. The negative slope as obtained in
W-H plot, actually results from the lattice shrink-
age [39, 50, 51]. Moreover, the average value of
crystalline size of the CdS nanocrystals obtained
from different models is almost the same.

3.2.5. RMS strain estimation
The root-mean-square microstrain (εrms) is

an important parameter and it can be obtained
from the upper-limit microstrain considering the
Gaussian strain distribution [52], whereas, Wilson
method [53] has been used to calculate the upper-
limit microstrain (εhkl). These are defined as:

εhkl = (∆d/d0) (15)

< εRMS >= (
2
π
)1/2(∆d/d0) (16)

In the above equation, ∆d and d0 are the ob-
served and the ideal value of interplaner spacing
in different 〈h k l〉 directions of the XRD peaks
respectively. From the variation in the interplaner
spacing, the estimated root-mean-square micros-
train (εrms) values have been plotted against the
upper-limit microstrain (εh k l) as shown in Fig. 8.
When the strain values agree, all these points must
lie on a straight line making an angle of 45° with
the x-axis [54, 55]. It is found from the plot that
the RMS strain varies linearly with the strain cal-
culated from the interplanar spacing [54]. The in-
tercept of the graph gives the RMS strain value for
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Table 3. Parameters of jagged spherical CdS nanocrystals calculated from different methods.

Sample name TEM Scherrer method Williamson-Hall plot SSP plot
Jagged Size Size (D) [nm] UDM USDM UDEDM Size ε× 10−3

spherical (D) From From D ε× 10−3 D ε× 10−3 σ D ε× 10−3 σ U
CdS [nm] equation graph [nm] no unit [mm] no unit [MPa] [mm] no unit [MPa] [KJ/m3] D [nm] no unit

100 81.10 93.74 88 0.93 88.61 0.90 88.99 89.33 1.03 75.55 58.34 92.71 0.355

the jagged spherical CdS which is 1.05× 10−3. All
the values of strain calculated from the different
models are less in comparison to the RMS value
obtained.

Fig. 8. Plot of εrms vs. εh k l.

4. Conclusion
Jagged spherical shaped CdS nanocrystals have

been synthesized by chemical process and char-
acterized by the X-ray diffraction (XRD) and
high resolution transmission electron microscope
(HRTEM). X-ray diffraction (XRD) study re-
vealed that the nanocrystals are cubic in struc-
ture. The crystallite size was evaluated by the
Scherrer method, Scherrer plot and modified form
of Williamson-Hall equations, and it is in good
agreement with the HRTEM analysis. The lat-
tice strain was also calculated by the modified
form of Williamson-Hall equations and size-strain
plot. The graph for modified W-H plots showed
a negative slope in the jagged spherical shaped
CdS nanocrystals, which arose due to the lattice

shrinkage. The results of the broadening analysis
by W-H plots and SSP plot are in good intercorre-
lation with each other. HRTEM result also matches
well with the results of Williamson-Hall methods,
SSP method and RMS strain method.
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