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In this study, copper selenide (CuSe) nanoparticles (NPs) were prepared using the microwave irradiation tech-
nique. The effect of the irradiation time on the structural properties of CuSe NPs was investigated. The XRD
results confirms the formation of the hexagonal (Klockmannite) structure of CuSe NPs. Different X-ray diffraction
profile analysis techniques comprising strain-size plot (SSP), Scherer’s method (S-M), Monshi-Scherer’s method
(MSM), Halder-Wagner (H-W) technique, and Williamson-Hall technique (WHM) were employed to examine the
effect of irradiation time on the particle size as well as intrinsic strain of CuSe NPs using XRD peak broadening
analysis. Uniform deformation model, uniform stress deformation model, as well as uniform energy density
deformation model of Williamson-Hall technique were used to calculate the average crystallites size of CuSe NPs.
Essential physical variables involving stress and energy density were also computed. Also, field emission scan-
ning electron microscope (FESEM) in addition to atomic force microscopy (AFM) were further used to determine
the mean particle size of CuSe NPs depending on varying irradiation time. The obtained results were found to be
in agreement and comparable with the results of XRD profile analysis methods. Raman spectroscopy revealed
three vibrational bands which are ascribed to the CuSe vibrational modes. Furthermore, the optical character-
istics of the synthesized CuSe NPs were also investigated. The result obtained revealed a decrease in the optical
bandgap from 2.43 to 2.71 eV with increase in irradiation time. Photoluminescence study revealed two peaks at
530, and 610 nm respectively. Therefore, it can de deduced that inclusion of intrinsic strain play an important
role on the estimation of CuSe NPs size and microstrain of CuSe NPs synthezed vi microwave assisted synthesis
technique.

1. Introduction considerable interest among semiconductor nanoparticles due to its
unique electronic and optical properties. Being a p-type semiconductor
with a bandgap ranging from 1.2 to 2.4 eV [4]. CuSe NPs can be syn-

thesized through various techniques such as solvothermal [3-5], hy-

Semiconductor nanomaterials have received a lot of attention in the
field of nanotechnology owing to their unique properties and possible

applications in things like transistors, light emitters, optical devices,
solar cells, and optoelectronics [1-3]. These nanoparticles have distinct
electronic and optical properties and have been extensively researched
for a variety of applications. Copper selenide nanoparticle has sparked

drothermal [5,6], chemical deposition [7,8], gamma irradiation [9],
sol-gel [10], solid-state [9,10], etc. However, most of these synthesis
techniques are quite expensive, complex, and require a high tempera-
ture to provide the necessary energy for their synthesis to be completed.
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Fig. 1. X-ray diffraction patterns of prepared CuSe NPs at varying irradiation
time: (a) 10 min (b) 15 min (¢) 20 min (d) 25 min (e) 30 min.

Microwave-assisted synthesis is regarded as an alternative to the
aforementioned challenges due to its numerous advantages over the
remaining synthesis methods, including low cost, shorter processing
time, higher yield, high purity, and small particle size distribution, etc. It
also has a high degree of control over the morphology as well as particle
size of the final products [10,11].

Numerous techniques for estimating the crystallite nature of semi-
conductor nanomaterials have been reported. These methods include
field emission scanning electron microscopy (FESEM), atomic force
microscopy (AFM), transmission electron microscopy (TEM), and the
well-known XRD profiling based on Scherer’s technique to compute the
crystallite size distribution of semiconductor nanomaterials [12]. Most
studies nowadays employ the famous Debye-Scherer’s formula to
determine the mean crystallite size by considering the most intense
peaks of the XRD spectra without taking into consideration the
remaining peaks and the intrinsic strain impact on the broadening of the
XRD peaks. Generally, the broadening of the XRD peaks is the combined
effect of intrinsic lattice strain associated with the NPs due to the crystal
imperfection and smaller crystallite size. The broadening of the XRD
peaks as a result of the lattice strain might be attributed to grain
boundaries, dislocation densities, point defects, stacking faults, and
contact or sinter stress. The synergistic effect of the lattice strain and the
crystallite size in the XRD peaks is owing to the peak width, peak in-
tensity, peak intensity, and the peak position (20). The crystallite size
together with the lattice strain of many semiconductor nanomaterials
have been analysed using X-ray diffraction peak broadening analysis.
Various techniques including Scherer’s method [13], Monshi-Scherer’s
method (modified Scherer’s method) [14], Halder-Wagner method [15],
Williamson-Hall method [16], have been used for the computation of
average crystallites size together with intrinsic strain of semiconductor
nanomaterials. An X-ray diffraction peak profiling is identified to be a
simple and effective approach to compute the crystallite size as well as
lattice strain of nanomaterials. Thus, the size of the nanoparticles and
the value of the lattice strain can be estimated from the XRD peak profile
analysis, including additional elastic features such as energy density and
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stress, which are closely associated with lattice strain [17].

In this work, X-ray diffraction peak profile analysis was conducted on
CuSe NPs produced using microwave-assisted synthesis method at
different irradiation time. Different methods of peak profiling ap-
proaches were used to investigate the average crystallite size and lattice
strain of CuSe NPs. Besides the atomic force microscopy, the emission
scanning electron microscope were also used to determine the particle
sizes and morphological properties. The mean particle sizes obtained
from these techniques are found to be comparable with those obtained
using X-ray diffraction peak profile analysis. Moreover, the optical
properties of CuSe NPs for different irradiation times was also
investigated.

2. Materials and method
2.1. Materials

As starting materials used in this research are sodium selenide
(NaySeOs, purity>99% Sigma Aldrich) and copper (II) chloride 2-hy-
drate (CuClp.2H20, Purity >99% HmBG chemicals) salts. Besides
them, hydrazine hydrate (NyH4.H20, Purity >80% Sigma Aldrich) salt
was also used. Deionized water was applied as solvent. All chemicals
were used with no purification and are of analytical grade.

2.2. Method

CuSe NPs was synthesized using microwave-assisted synthesis
approach. Firstly, 0.3069g of CuCly.2H20 and 0.3457g of NaySeOs with
3 ml Of hydrazine hydride (NoH4.H20) were dissolved in two different
beakers containing 50 ml of deionized water under constant stirring at
500 rpm for a period of 10 min. After that, the solutions were then mixed
and further stirred constantly for additional 5 min to attain a uniform
mixture. The solution was later irradiated at the microwave power of
380 W for 10 min of irradiation time using microwave oven (Electrolux
Microwave Oven ELE-EMM 2001S, 700W), and black precipitate was
obtained. The resultant precipitate was ultrasonicated for a period of 5
min, and then centrifuged at 280 rpm employing deionized water, fol-
lowed by ethanol for five times. The final product was oven-dried at
60 °C overnight. This procedure was repeated for 15, 20, 25, and 30 min
of irradiation time to investigate the effect of the irradiation time on the
final on the particle size and microstrain of the final product.

2.3. Characterization

Powder X-ray diffraction (PXRD) patterns were characterized using
an X-ray diffractometer (X pert Pro, Panalytical) CuK, radiation (A =
0.154187 nm) measured (20° to 80°) range of 20 angle. X 'pert High-
Score Plus software was used to analysed the XRD patterns obtained.
Alpha 300R Laser Raman Spectrometer and were used to further char-
acterized all the samples obtained. The surface morphology of the
samples were analysed via Bruker dimension edge atomic force micro-
scopy (AFM) using ScanAsyst peak force tapping mode. FEI Nova
SEM230 was also utilized to analysed morphology of the prepared
samples operating at 10.0 kV accelerating voltage with 5.2 nm working
distance. A spectrophotometer (Shimadzu-UV3600) and fluoromax3
spectrophotometer were used to examine the samples’ optical and
photoluminescence properties of the all the samples obtained.

3. Results and discussion
3.1. Reaction mechanism

The mechanism for the reaction to produce the CuSe NPs is described
below [18]:

Na,SeO;—Na* +Se03~ €))
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Table 1

Characteristics of CuSe NPs synthesized at varying irradiation time.

Ceramics International xxx (xxxx) Xxx

Sample Crystallite Size Dislocation Density (8) x 107> Volume of NP (V) Unit Cell Volume (n) Bond Length (L) Young Modulus
Designation (nm) (nm)’2 (nm3) (nms) (nm) (GPa)
10 min. 26.52 2.40 10.95 47.09 0.190 37.90
15 min. 34.64 2.31 11.21 48.21 0.190 26.60
20 min. 45.10 2.10 12.00 51.70 0.190 21.45
25 min. 60.08 1.90 12.73 54.78 0.190 31.10
30 min. 84.17 1.12 17.92 77.11 0.190 34.20
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Fig. 3. Monshi-Scherer’s Plots of CuSe NPs prepared at varying irradiation time.

Se0>~ ion was obtained when sodium selenide was added to de-
ionised water and was reduced to Se®>~ ion in the presence of hydra-
zine hydrate. The Se?~ ion will then react with Cu®* ion to form the final
product of CuSe NPs.

3.2. Analysis of phase and diffraction pattern of CuSe NPs

Fig. 1 illustrates the X-ray diffraction patterns of copper selenide
(CuSe) NPs at varying irradiation time using microwave-assisted

synthesis technique. All the XRD patterns exhibits a crystalline structure
of a single-phase CuSe NPs with diffraction peaks at 2 @ values of 26.75°,
28.20°, 31.50°, 45.47°, 50.25°, 56.85°, 71.20° corresponding to (011),
(012), (006), (110), (018), (116) and (028) the reflection planes. These
hkl reflection planes are found to be fitting with the hexagonal (Klock-
mannite) structure of CuSe, which corresponds to ICSD Data File: 98-
004-5640.

Observably the full width at half the maximum (FWHM) decreases
with the increase in irradiation time based on the XRD patterns (Fig. 1).
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Table 2
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Estimated crystallites sizes of CuSe NPs obtained from SM, MSM, H-W, and SSP methods.

Sample Designation Scherer’s Method (SM)

Monshi-Scherer Method (MSM)

Halder-Wagner Method (H-W) Size-Strain Plot Method (SSP)

Size (D) (nm) Strain (&) x 1073 Size (D) (nm)

Strain (&) x 1073

Size (D) (nm) Strain (&) x 1073 Size (D) (nm) Strain (&) x 1073

10 min. 26.52 1.57 21.94 5.02
15 min. 34.64 1.77 29.30 5.31
20 min. 45.10 1.39 32.74 5.42
25 min. 60.08 1.25 80.42 6.31
30 min. 84.17 1.18 96.83 6.52

21.59 7.30 20.02 1.10
32.01 1.50 34.89 1.10
33.48 1.40 36.38 8.46
73.86 1.40 74.25 1.32
99.80 1.30 100.54 8.31

The FWHM is strongly correspond to the size of the crystallite sample.
The narrower the FWHM of the XRD peak, the bigger the size of the
crystallite and vice versa. The increase in the sharpness and narrowing
of the XRD peaks with a rise in irradiation time is characterized by an
enhancement in the crystallinity and the crystallite size of as-
synthesized CuSe NPs.

3.3. Sherrer’s method

The XRD peak broadening occurs due to three main factors, namely:
crystallite size, lattice strain, and instrumental effects [19]. The broad-
ening due to instrumental effects is normally removed from the exper-
imental data using a standard material (silicon). The equation relating to
the XRD peak broadening as well as the crystallite size has been derived
by Scherer and is given as [19-21].

Do 4 ®)

Phwa cos 0

Thus 4 depicts the X-ray wavelength of the Cu-Ka radiation (1.54187
A), k represent the shape factor (0.94), 0 is the diffraction angle while
Brkl denote the peak width at half highest (FWHM) [22,23]. The mean
crystallite size can be calculated using the well-known Scherer’s equa-
tion (6). The mean crystallite sizes of the CuSe NPs were computed to be
19.20, 28.40, 30.30, 73.10, 102.40 nm according to the applied irradi-
ation of time 10, 15, 20, 25, and 30 min, respectively. Moreover, the
crystallite size (D) can be used to calculate the vacancies and the pro-
portion of defects in the NPs (dislocation density) using equation (7):

S= e @)
Table 1 lists the dislocation density (S) values for the samples of CuSe
NPs synthesized at various reaction time. As presented in Table 1, the S
values vary as the reaction time changes, indicating that the lattice
defect increased as particle size decreased. Moreover, the volume of the
NPs, the quantity of unit cells detected in the particle as well as the
volume of the unit cell, can be computed using XRD data analysis. The
volume of nanoparticles can be determined using equation (8) [24]:

3
V= (%);;(m) ®
where D is the mean crystallite size of CuSe NPs, V is the volume of
nanoparticles.
Also, CuSe unit cell volume (hexagonal) can be determined from the

relation v = 3a2c/2. The number of unit cells contained in the CuSe NPs
can be calculated from the proportion V/v using equation (9) [25]:

n=1.621 (D3 /azc> (C)]

where D denote the mean crystallite size, a as well as c represent the
lattice parameters of the as-synthesized CuSe NPs. Table 1 shows the
number of unit cells in a particle for CuSe NPs samples synthesized at
various irradiation time. The bond length describe a typical separation
between the nuclei of fused atoms in a molecule. Bond dissociation
energy and bond strength both have an inverse relationship with bond

length [26]. The bond lengths in the solid phase are measured using
XRD. The Cu-Se bond length (L) was estimated using equation (10) [27]:

a2 1 2
L= ?-&- <§—u) c? (10)

where a is a lattice parameter and u is representing the positional var-
iable in the hexagonal structure in addition to representing the distance
between each atom and the one before it lies along the ‘c’ axis. In this
case, “u" is described by the following equation (11):

aZ

=—+0.25 11
u 3c2+ an

The mean crystallite size (D) of CuSe NPs can be determined using
Sherrer’s plots method. Now, by plotting the Scherrer plot, which is a
graph of b, against 1 Jcos 0 for CuSe NPs, the average crystallite size was

estimated from the slope of the graph as depicted in Fig. 2. The average
estimated crystallite sizes 26.52, 34.64, 45.10, 60.08, and 84.17 nm of
the NPs obtained applying 10, 15, 20, 25, and 30 min respectively are
given in Table 1. The average crystallite is noticed to increase with the
increase in irradiation period. The growing in crystallite size with the
increasing in irradiation time is attributed to the Ostwald refining pro-
cess whereby smaller crystallites combine and contributes to the evo-
lution of larger ones with the increase in irradiation time [28].
Additionally, the relationship between the crystallite size and irradia-
tion time may also be ascribed to the stable growth and nucleation of
CuSe NPs at longer irradiation time [29].

3.4. Modified Scherer’s method (Monshi-Sherrer’s method)

Monshi and his co-workers in 2012 introduced some adjustments to
the use of the well-known Scherer’s formula for computing crystallite
size as well as lattice strain of nanostructures. Sherrer’s formula sys-
tematically shows an increase in the crystallite size when the distance of
the diffracted planes values (d) decreases while 26 values rise as well.
This phenomenon occurred because pcosd cannot be kept constant [30].
More so, Monshi-Sherrer’s equation (modified Sherrer’s formula) has
the merit of reducing the errors to obtain better and accurate results of
the crystallites size as well as lattice strain from the XRD diffraction
planes. The modified Sherrer’s formula is given in equation (7) [31]:

KA 1
Inf=In <3) +1n (COS 0) 12)

Therefore, plotting a graph of In # (§ in radian) on the y-axis along
with In(1) on the x-axis gives a linear plot for all the selected peaks of
the XRD pattern. After establishing the fitted linear plots, the crystallite
size (D) can be determined from the intercept of the graph. The plots of
the modified Scherer’s method of CuSe nanoparticle synthesized at
different irradiation times together with their respective equation of the
linear least square approach found from the linear regression data plots
given in Fig. 3. According to the modified Sherrer’s method, for calcu-
lating the crystallite size (D) of CuSe nanoparticle, equation (13) is
simply employed.
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Fig. 4. Halder-Wagner Plots of CuSe NPs synthesized at varying irradiation time.
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Therefore, the estimated microstructural properties of CuSe NPs
prepared applying different irradiation times are summarized in Table 2.
The crystallites size of CuSe NPs prepared at varying irradiation time
were computed as 21.94, 29.30, 32.74, 80.42, and 96.83 nm corre-
sponding to 10, 15, 20, 25, as well as 30 min of irradiation time.
Therefore, the obtained average crystallite size results employing
modified Scherer’s method suits well with crystallite size obtained based
on both Scherer’s formula and Scherer’s plots method. Hence, it can be
suggested that, Monshi-Scherer method is suitable for estimating the

crystallites size of CuSe NPs prepared at varying irradiation period using
microwave assisted technique.

3.5. Halder-Wagner method (H-W)

In the strain-size plot technique, the XRD diffraction peak broad-
ening owing to the size is presumed as a Lorentzian function, while the
broadening caused by strain is assumed as a Gaussian function. But the
XRD peak is neither Gaussian nor Lorentzian function, As the XRD
pattern suit well with the Gaussian function, without matching, its tail
falls off too speedily, and the tails of the XRD peaks profile suit well with
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Table 3
Estimated crystallite size of CuSe NPs using Williamson-Hall models.
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Sample Scherer’s Method Williamson-Hall Models

Designation UDM Model UDSM Model UDEDM Model
Size (D) Strain (&) x Size (D) Strain (&) x Size (D) Strain (&) x Stress (0) Size (D) Stress (6) Energy Density (u)
(nm) 1073 (nm) 1073 (nm) 1073 (MPa) (nm) (MPa) (kJm~3)

10 min. 26.52 1.57 22.98 3.20 18.92 0.22 95.48 21.74 377.66 69.52

15 min. 34.64 1.77 31.40 7.30 34.47 0.23 88.40 29.66 138.48 93.48

20 min. 45.10 1.39 33.82 1.2 35.83 0.02 10.82 29.30 64.51 20.29

25 min. 60.08 1.25 72.02 1.86 67.33 1.80 11.48 74.24 16.35 13.03

30 min. 84.17 1.18 99.83 1.55 99.83 1.82 11.32 116.74 43.33 91.52

the Lorentzian function well on the side, Which does not suit with the
XRD peak region [32]. However, the Halder-Wagner method is used to
overcome these difficulties. This method work on the assumption that
the broadening of XRD peaks is symmetrically the Voigt function, since
the Voigt function combines both Gaussian as well as Lorentzian func-
tions [33]. Thus, the overall width at half the highest of the physical
profile can be described as per the Halder-Wagner technique for the
Voigt function as indicated in equation (14):

Bra= BB t5 14)

where ;. and f; are the FWHM of the Gaussian as well as Lorentzian
function respectively. This technique exhibits the potential that it pro-
vides the peaks more weight both at the mid as well as low angle range,
where the diffracting peaks shows much less overlap. The computation
together with the values of the lattice distance, (dnk), between (hkl)
planes is an important step in this method. Therefore, according to the
Halder-Wagner technique, the relation between the crystallite sizes
along with the lattice strain is given by the formula in equation (15):

N "
(ﬂhkl) :l_ Prua + <f)2
d;:k] D d;klz 2

where i = P %2 and djj = 2dpq S22,

i

(15)

ﬂykl
le1]<12
axis for all the XRD pattern, a linear plot will be obtained. Fig. 4 shows
the Halder-Wagner plots together with the linear least square equations
found from the plotted linear regression. Also, the mean crystallite size
was computed from the slope of the plotted straight line, whereas the
intrinsic strain of CuSe nanoparticle is obtained from the intercept value.
From the plot, the mean particle size as well as microstrain of CuSe NPs
prepared at varying irradiation period of 10, 15, 20, 25, and 30 min are
computed as 21.59, 32.01, 33.48, 73.86, and 99.80 nm, and 7.3 x 10’3,
1.5 x 1073, 1.4 x 1073, 1.4 x 1073, and 1.3 x 1073, respectively. The
average crystallite size together with the microstrain attained using the
Halder-Wagner approach are in tandem with the model obtained from
Scherer’s technique, and Monshi-Scherer’s method. Table 3 gives the
microstructural parameters of all the samples.

o\ 2
By plotting a graph of (%) being the Y-axis while represent X-

3.6. Strain-size plot (SSP) technique

The broadening of peaks is considered by the Williamson-Hall
technique based on the diffraction angle (26), which is presumed to be
an overall impact of the expansion arises from the smaller crystallite size
along with intrinsic strain of the nanocrystal [34]. But in some models,
they only give out with the peak profile analysis. One such method is the
Strain-size plot (SSP) which considers the XRD peak profile as the
amalgamation of both Gaussian as well as Lorentzian function, where
the size induced XRD peak broadening is considered as a Lorentzian
function while the strain-stimulated broadening is regarded as the
Gaussian function. Therefore, the overall peak broadening in the
strain-size plot method (SSP) can be related in equation (16) [35]:

Pra= PP (16
where f; and p; are Lorentzian and Gaussian Peak broadening,
respectively. Moreover, the SSP technique always gives a superior
output for an isotropic enlargement, as it offers greater relevance to low
angle reflections, where there is better accuracy compared with higher
angles. This is due to lower quality of the XRD data at higher angles as
well as peaks are usually greatly overlapped at greater diffraction angles
[36]. Therefore, the SSP computation was done using equation (17) as
follows:

2

K2 €
(A cos 0)* =— (dik]/}hk] cos §) + Y

b a7

where dyq represent lattice separation between the lattice plane (hkl) of
the hexagonal crystal structure. The lattice separation between the
diffraction planes (hkl) can be calculated using the equation express as:

14 (W+hk+K N r
&2, 3 a2 c?

aZ
& =(——
hkl <h2+k2+12>

Therefore, Fig. 5 revealed a plot of (dyaf, cos 8)> on y-axis while

18

19)

(dZ, P cos 0) on the x-axis. Using the intercept as well as the slope from
the linearly fitted data, the mean crystallite size as well as the intrinsic
strain of CuSe NPs is obtained. As shown in Table 2, the estimated
crystallite size and microstrain corresponding to 10, 15, 20, 25, and 30
min irradiation time were found to be 20.02, 34.89, 36.38, 74.25, and
100.54 nm, and 1.10 x 1073, 1.10 x 1073, 8.46 x 1073, 1.32 x 1073,
and 8.31 x 1073, respectively.

3.7. Williamson-Hall method

Sherrer’s formula only takes into account the impact of crystallite
size on the expansion of XRD peak nevertheless does not take into
consideration the intrinsic strain closely related to the microstructure of
the crystal, which is created by the point defect, triple junction, grain
boundary, together with the stacking faults in the nanocrystals [37].
There are several techniques, including the Williamson Hall technique,
the Warren-Averbach technique, etc., that consider the effect of the XRD
peak broadening induced by the strain likewise can be used to compute
the intrinsic strain together with the crystallite size of a crystal structure
[38]. Williamson-Hall method has proven to be one of the simplest
method among these methods. Physical line expansion of the XRD peak
appears due to the combined effect of size in addition to intrinsic strain
induce on the nanocrystals as well as the overall broadening can be
express as:

ﬂth: (ﬁsi/.c _ﬂslrain) (20)

where f,. and fg.i, are the XRD peak broadening (FWHM) because of
the size as well as intrinsic strain of the nanocrystal. In this work, the
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Fig. 5. Size-strain Plots (SSP) of CuSe NPs prepared at different irradiation time.

mean crystallite size as well as intrinsic strain was computed using
different Williamson-Hall models such as USDM, UDM, as well as
USDEM, which are utilized in detail in the subsequent sections.

3.7.1. Uniform deformation model (UDM)

In this model, uniform strain is considered in the crystallographic
directions, which is associated with the nanocrystals owing to imper-
fections of the crystal. Besides, UDM considers the strain to be isotropic

[32]. This intrinsic strain impacts the line broadening of the XRD peaks
and the broadening of peaks caused by the strain can be described as:
Porain =4€ sin 0 21

Therefore, the total peak broadening caused by strain as well as size
in all the diffraction planes (hkl) of the XRD peaks is express:

Braa= B —Puain) (22)



L.G. Shitu et al.

Ceramics International xxx (xxxx) Xxx

) 0.0070 -
0.0100 4 10 Min. 9 Experimental data 15 min. @ Experimental data
= Fitted line o = Fitted line
0.0095 -
0.0060 -
0.0090 -
@ @ 0.0055 -
@ [
g 0.0085 - S
Q 2. 9,000 ~
0.0080 -
0.0045 -
0.0075
y=0.0032x+0.00630 00040 4 y=0.0073x+0.00461
0.0070 - R?=0.91894 R?=0.98695
L] L] L] L) Ll L) L) T o”” T L} Ll T T L) T T
08 1.0 12 14 16 18 20 22 24 08 1.0 12 14 16 18 20 22 24
4sin® 4sinb
0.0070 -
20 min. @ Experimental data 000704 25 min. @ Experimental data
0.0065 - —Fitted line e Fitted line 9
0.0065
0.0060
0.0060 ~
@ 0.0055 -
3 % 0.0055
o
2 .0050 - a
0.0050
0.0045
0.0045
o el y=0.00186x+0.00201
R —0.95963 0.0040 R2=0.83185
0.0035 T T T T T T T T 0.0035 T T T T T T T T
08 10 12 14 16 18 20 22 24 08 1.0 12 14 16 18 20 22 24
4sin® 4sin®
0.0070
30 min. @ Experimental Data
e Fitted line
0.0065
0.0060
@ 0.0055 -
»
3
2 0.0050
0.0045
y=0.00155x+0.00145
00040 R?=0.98204
0.0035 r T . r T T T T
08 1.0 12 14 16 18 20 22 24
4sin®

Fig. 6. UDM Plots of CuSe NPs prepared at varying irradiation time.

where S, is the FWHM of the diffraction planes (hkl) of all or some
selected peaks in the XRD spectra, f,. =1 and Sy, = 4€siné.
Therefore, the formula for the uniform deformation model is express as:

ki 1 .
ﬁhkl = Bm + 4¢esin 0 (23)
Rearranging equation (13) yields:
kA .
P €08 0=+ desin 6 24

Equation (24) is a straight-line equation which describes the even
deformation model (UDM). Fig. 8 reveals the plots of equation (14) with

(4 sin ) along the x-axis together with (5,4 cos 8) along the y-axis which
corresponds to all major diffraction peaks of CuSe NPs. The slope and the
intercept of the linearly fitted graph provides the intrinsic strain and the
mean crystallite size of CuSe NPs prepared at varying irradiation pe-
riods. The existence of the lattice strain is principally caused by the
enlargement or contraction of the lattices in nanocrystals is because of
the size confinement effect, hence, the atomic composition is slightly
altered when compared with its bulk counterpart. Moreover, several
defects are also created in the lattice structure, owing to the size
confinement, which also leads to the strain in the lattice. Fig. 6 shows
the UDM plots of CuSe NPs synthesized at varying irradiation time.
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Fig. 7. USDM Plots of CuSe NPs prepared at varying irradiation time.

3.7.2. Uniform stress deformation model (USDM)

The USDM is also one of the Williamson-Hall models which is used
for computing the crystallite size as well as microstrain of a crystal. In
the UDM model, it is considered that the sample is uniform and
isotropic, but in the USDM model, the crystal is considered to be
anisotropic [24]. Thus, the Williamson-Hall equation is modified by
introducing an anisotropic term. The adjusted model is regarded as the
even stress deformation model (USDM), where the lattice stress defor-
mation is considered homogenous in all the diffraction planes of the
crystal lattices [39].

According to Hook’s law, stress as well as strain are linearly pro-
portional to each other, the linear proportionality relationship between

10

them is expressed as ¢ = Ey ¢, where 6 represent the stress of the crystal,

e denote the anisotropic strain, while E signifies the Young modulus. It is

a well-known fact that the stress is linearly relative to strain with con-

stant of proportionality, E. The crystallites turn away from this linear

proportionality by increasing the strain [40]. As a result, the

Williamson-Hall equation can be altered by replacing the value of ¢
o

(e = m) in Equation (19) above. The modified Williamson-Hall equa-

tion which takes into consideration uniform stress in all the lattice
planes (hkl) can be express as:

sin 6

kA
cos0=—+4o
ﬁhkl D Ehk]

(25)
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Fig. 8. UDEDM Plots of CuSe NPs prepared at different irradiation time.

Equation (25) is referred to as the even stress deformation model

(USDM). Plotting a graph of (S, cos 0) as y-axis and 4% as x-axis, the
uniform stress and the crystallite size (D) can be determined from the
slope and intercept of the linearly fitted graph as demonstrated in
Figure (6). More so, the intrinsic strain can also be determined from the
value of the stress and the Young modulus (Eyq) of CuSe NPs for all the
crystallographic directions. For hexagonal structures, the Young
modulus is determined from the following formula [32]:

11

e

c

su b+ 7(”32”2)2%33 (#)*+( zsls+s44) (w+ —(“*32“2) (@)*

Epa = (26)

where hkl, are indexes of the XRD planes, a and c are the lattice
parameter of the hexagonal structure of CuSe NPs (these data can be
obtained from phase file by X-pert HighScore software). S11, S13, S33, as
well as S44 are the elastic compliances of CuSe are obtained from the

elastic stiffness constants Cy1, Cy3, C33, as well as C44 and are express as
follows [41]:
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Fig. 9. Raman spectra of CuSe NPs synthesized at varying irradiation time.

Table 4
Raman vibratinal band of CuSe NPs at varying irradiation time.
Sample LO 2LO FWHM Intensity Intensity 210/
designation  (em™!)  (em™)  (nm) (1LO) (a.  (2LO) (a. 1LO
u) u) (a.w)
10 min. 262.02 515.29 20.06 1128.67 730.25 0.65
15 min. 260.35 513.35 18.89 1303.26 757.64 0.58
20 min. 258.74 513.15 18.60 1475.08 779.47 0.53
25 min. 257.13 512.25 18.35 1854.45 801.30 0.43
30 min. 254.80 511.41 18.13 2187.16 842.16 0.39
1 Cs; 1
Si== = >+ 27)
2 |Cy3(C+Cpp) —2(Ci3)*  (Cui—Ci2)
—Ci3
Siz= 3 (28)
C3(C11+Ci2) —2(Ci3)
Cii+Ci
S3 = 5 29
C3(C1+Cyp) —2(Ci3)
1
Su=7— (30)
44

The values of the elastic stiffness constants Cy1, C13, C33, as well as
Cy4are 109, 25,117, and 14 GPa. The elastic compliance, S11, S13, S33, as
well as S44 are computed from elastic stiffness constant using equation
27-30 and their computed values are 20 x 10712, —2.1 x 1072, 9.0 x
107'2, and 69.3 x 10712 m®N~! respectively. In addition, using these
compliances, the Young modulus for all the crystallographic directions
(011), (012), (006), (110), (018), (116) and (028) are computed as
37.90, 26.60, 11.10, 10.10, 31.10, 8.64, 12.00, and 14.43 GPa respec-
tively. The average value of the young modulus of CuSe has been further
calculated using equation (16) to be ~19.00 GPa which is comparable
with the Bulk Young modulus of CuSe (20.514 GPa)

Using equation (25), a plot of (B cos 8) as the y-axis and 4% as x-
axis which corresponds with the XRD peaks is demonstrated in Fig. 7.

12

From the slope as well as intercept of the straight-line graph, the stress as
well as the mean crystallite size of CuSe NPs prepared at varying irra-
diation time could be obtained.

3.7.3. Uniform deformation energy density model (UDEDM)

UDEDM is also one of the Williamson-Hall models for evaluating the
microstructural properties of a crystal. In the UDM model, it is presumed
that the crystal is isotropic, whereas according to Hooke’s law, linear
proportionality between stress as well as strain is assumed for the USDM
model [42]. However, in real crystals, the linear relationship between
strain as well as stress and the isotropic nature of the crystals are not
considered. This is due to the existence of dislocations, agglomerations,
and defects that ultimately create imperfections in most of the crystals
[43]. For this purpose, the Uniform Deformation Energy Density Model
(UDEDM) model was also utilized. This model take into consideration
uniform anisotropic strain across all diffraction planes, as well as the
density deformation energy is responsible for the uniform anisotropy of
the strain [44]:

Therefore, the energy density in accordance with Hooke’s law is
related to strain as:
82%

(31)

Also, we know that stress is linearly related to strain ¢ = ¢Ey. Thus,
the strain can be expressed in response to energy density as:

2u
e=0y/—

Eng
where Eyy is modulus of elasticity (Young modulus) for all crystallo-
graphic directions.

Now, substitution equation (32) into (25) above, by rearranging we
get:

kA [ 2u
O=—+ 40 sin 04—
P COS + 40 sin ”

Equation (33) is an equation of a straight-line equation and is
considered as the uniform deformation energy density model (UDEDM).

(32)

(33)
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Fig. 10. AFM images and size distribution histograms of CuSe NPs synthesized at varying irradiation time (a) 10 min (b) 15 min (c) 20 min (d) 25 min (e) 30 min.

Therefore, as shown in Fig. 8, a plot of a graph of (f,, cos 6) as y-axis and

(4 sin @ %) as x-axis gives a straight line graph and from the slope as

well as intercept of the linearly fitted graph, the energy density (u) as
well as the mean crystallite size (D) of CuSe NPs prepared at various
irradiation time can be obtained.

3.7.3.1. Raman spectroscopy (RS). Analysis of Raman scattering data

13

can be used to investigate the crystalline or nanocrystalline nature of a
material. Raman spectroscopy is a quick and easy way to examine the
vibrational properties of crystalline and amorphous semiconductors [3].
The principle behind RS in semiconductor nanomaterials is on the basis
of the inelastic interface of incidence photons with lattice vibrations or
phonons, that are responsive to external or internal perturbations. The
variation in the Raman line-shape variables (asymmetry, position, peak
as well as complete width at half maxima or FWHM) is beneficial in
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Fig. 11. FESEM image and size distribution of CuSe NPs synthesized at varying of irradiation time (a) 10 min (b) 15 min (c) 20 min (d) 25 min (e) 30 min.

estimating the shape, size, as well as size distribution of nanostructures,
because photon broadening and softening of Raman lines are associated
with the size of nanostructures. Fig. 9 shows the RS of CuSe NPs syn-
thesized at varying irradiation time under 532 nm excitation wave-
length, recorded over a wavenumber range of (100-600 crn’l). All the
five samples show a strong and intense peak centred at 262.02, 260.35,
258.74, 257.13, and 254.80 em™! proportionate to 10, 15, 20, 25, as
well as 30 min. The slight shift in the main Raman peaks was observed
and it is attributed to the first longitudinal (1LO) phonon mode and
corresponds to the Raman vibrational peak of CuSe NPs [45]. The in-
tensity of the principal Raman (1LO) peak is seen to rise with increase in
irradiation time. The exciton-longitudinal optic (LO) phonon coupling

14

strength, calculated using the ratio of the intensity of the second lon-
gitudinal (2LO) to the first overtone (1LO) phonon frequency, increases
with the particle size as demonstrated in the inset of Fig. 8. The large
value of 2L0O/1LO ratio indicates that the intensity of electron-photon
combination is declining as size of CuSe NPs increases. In the present
work, it was noticed that the strength of electron-phonon coupling is
decreasing gradually with the increase in CuSe NPs size. For each par-
ticle size, the principal Raman peak at (1LO) reveals a visible asymmetry
towards lower wavenumber number. The asymmetrical properties
continue expanding upon reducing the particle size from 21.59 to
102.40 nm. Moreover, the full width at half maximum (FWHM) of the
principal Raman peak is observe to be decreasing as the size of CuSe NPs
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Fig. 12. CuSe NPs synthesized at 25 min of irradiation time (a) TEM image (b) size distribution histogram (c) HRTEM image (d) SAED image (e) SEAD pattern image.

is increased. The shrinking of the Raman peak is as a result of the in-
crease in the particle size of the synthesized CuSe NPs as the irradiation
time is increased. Hence, there is a direct relationship between the in-
tensity of electron-phonon coupling and the particle size of CuSe NPs. A
relatively weak peaks in the region of wavenumber 511.41, 512.25,
513.15, 513.35, and 515.29 cm™! represents the first overtone peaks
(2L0). This fits well with the previous report that the overtone (2LO)
peak is typically located twice or triple the central peak frequency.
Additionally, a shallow peak at wavenumber 195.25 cm ™! corresponds
to the transverse optical (TO) phonon mode of CuSe [46]. Table 4 pre-
sent the Raman results.

4. Morphological analysis
4.1. Atomic force microscopy (AFM)

The morphological surface as well as texture of CuSe NPs synthesized
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via microwave irradiation time was characterized using AFM. Fig. 10
shows 2D AFM micrograph along with the size distribution histogram of
CuSe NP synthesized at varying irradiation time. The average particle
size of CuSe NPs synthesized at irradiation period of 5, 10, 15, 20, and
25 min were found to be 21.98, 38.46, 50.12, 66.35, 102.10 nm. The
mean particle size acquired by AFM analysis is observed to be compa-
rable with the mean crystallite size from XRD profile analysis methods
used in this study. Therefore, it can be concluded that the mean particle
size of CuSe NPs synthesized at varying irradiation time is in agreement
with the crystallite size obtained utilizing various XRD profile analysis
methods.

4.2. Field emission scanning electron microscopy (FESEM)

FESEM was employed to characterize the surface morphology of
CuSe NPs synthesized through microwave-assisted technique. Fig. 11
reveals the FESEM micrographs and the size distribution histogram of
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Fig. 13. Optical absorption spectra of CuSe NPs synthesized at varying mi-
crowave power.

CuSe NPs prepared at varying irradiation period. The average particle
size of CuSe NPs at irradiation time of 5, 10, 15, 20, and 25 min
calculated by considering 100 particles is estimated to be 28.25, 36.11,
49.56, 73.20, and 99.45 nm respectively. The particle size estimated is
compatible with the mean crystallite size obtained using the X-diffrac-
tion profile analysis methods used for determining the mean crystallite
size used in this study. Therefore, from the FESEM result, it can be
concluded that the mean particle size of CuSe NPs were found to be in
tandem with the crystallite size estimate using XRD profile analysis
methods.

Ceramics International xxx (XXxX) XXX

4.3. Transmission electron microscopy (TEM)

Fig. 12 reveals the TEM images of CuSe NPs synthesis at 25 min of
irradiation time, size distribution histogram, selected area electron
diffraction (SEAD) of CuSe NPs synthesized at 25 min of irradiation
time, and the SEAD image. As demonstrated in Fig. 6 (a & b), the ob-
tained average particle size was 78.55 nm. In addition, from the corre-
sponding SAED pattern as depicted in Fig. 6 (c), the interplanar d-
spacing corresponding to the diffraction rings from inside and outside
were found to be d(011) = 0.34647, d(012) = 0.317218, d(010) =
3.4127, d(028) = 0.133772. The interplaner d-spacing obtained from
SAERD measurement is found to be consistent with that of the XRD
analysis. However, some of the lattice planes also shows weak signals on
the pattern, which is based on the inhomogeneous nature of the as-
synthesized CuSe samples.

5. Analysis of optical properties
5.1. Diffuse reflectance spectroscopy (DRS)

To examine the effect of irradiation time on the optical characteris-
tics of CuSe NPs, UV-visible absorption spectroscopy was conducted on
all the prepared samples. Fig. 13 reveals the absorption spectra at
ambient temperature of all the samples in the wavelength range of
(250-800 nm). As revealed in Fig. 13, all the samples demonstrate a
broad absorption ranging from (450-700 nm) as determined from the
absorption spectra. The optical bandgap of CuSe nanoparticle is ob-
tained using the absorption spectra. The optical band gap energy was
obtained using the Kubelka Munk formula given as [47]:

[F(R).hv’= A(hv — E,) 34
where:

K (1-R)
FR)=g="—F5— (35)

and F(R) represent the Kubelka-Munk function, R denotes diffuse

[F(R)*hv]’ (a.u)

1.5 2.0 25 3.0

T T T T T T
3.5 4.0 4.5 5.0

Photon energy [hv] (eV)

Fig. 14. Optical bandgap of CuSe NPs prepared at varying irradiation time.
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Fig. 15. Photoluminescence (PL) spectra for CuSe NPs synthesis at varying irradiation time.

reflectance found by dividing the reflectance from the test sample to that
of the standard sample, i.e., R = R sample/R standard, hv is the photon
energy from the light source, A signifies a constant reliant on the
probability of transition, while E; and R are the bandgap [48]. Fig. 14
shows the optical band gaps of CuSe NPs synthesized at different mi-
crowave power. The optical band gap declined from 2.50 to 2.10 eV. The
reduction in the optical band gap along with the rise in microwave
power is caused by the expansion in particle size of the as-synthesized
CuSe NPs.

5.2. Photoluminescence spectroscopy (PL)

Fig. 15 illustrates the PL spectra of the as-prepared CuSe NPs under
room temperature at varying irradiation time under 400 nm excitation
in the range of (500-700 nm) wavelength. It can be noticed that two
peaks are overserved, a shallow green emission at 530 nm as well as 610
nm (intense orange emission). The first peak is related to the defects
associated with the sample. This anomaly might be caused by occur-
rence of copper vacancies, interstitials and antisites related defects of the
as-prepared sample [49]. The second peak correlated with the sample
emission when an electron is being excited from the balance band to the
conduction band. The optical band gap obtained from the PL spectra for
the as-synthesized CuSe NPs at various microwave power condition was
found to be 2.03eV. The resultant optical band gap is in agreement with
that of previous works [50].

6. Conclusion

Copper selenide NPs was successfully manufactured via microwave
assisted synthesis procedure. The influence of microwave power con-
dition on the optical and structural properties were investigated. The
XRD result indicated that a crystalline phase of hexagonal (Klock-
mannite) structure was obtained. The crystallite size were found to
expand from 45.14 to 123.85 nm with the increase in irradiation time.
The estimated crystallites size obtained using various XRD profile
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analysis methods were found to be comparable with the estimated
crystallite size is found to be comparable with the famous Scherer’s
method and also consistent with the particle size determined from the
FESEM and AFM analysis. Three Raman vibration bands which suits well
with the vibrational modes of CuSe were observed from the Raman
spectrum. The energy band gap increases from 2.43 to 2.71 eV with a
rise in irradiation time. A strong orange emission (610 nm) and a weak
green emission (530 nm) were detected from the PL spectroscopy.
Hence, it can be concluded that inclusion of intrinsic strain has a sub-
stantial influence on the estimation of CuSe NPs size. Therefore, this
study reported a facile synthesis route that is eco-friendly, inexpensive
and time saving to synthesize semiconductor nanomaterials that could
be utilized for optoelectronics and solar cell applications.
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