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Abstract

Here, we report a comparative analysis of the detailed structural parameters including crystallite size, stress, strain, and
energy density of solvothermally prepared Cu,ZnSnS, (CZTS) nanocrystals (NCs) based on X-ray diffraction pattern. XRD
profile analysis was performed using different models such as, Scherrer, Monshi—Scherrer, Williamson—Hall (W-H), Size—
Strain Plot (SSP), Halder—Wagner (H-W), and Warren—Averbach (W-A) methods. The average crystallite size obtained by
each method was compared with the mean particle size estimated from SEM and TEM images, which indicates that H—-W
and W-A methods yield similar crystallite size to that observed in SEM or TEM micrographs. On the other hand, the diffuse
reflectance spectrum was analyzed by Kubelka—Munk (KM) relation and compared with Kramers—Kronig (KK) relations.
Both methods give similar value of optical band gap for CZTS NCs, suggesting that KK method can be a useful supportive
to Kubelka—Munk formalism. A high Urbach energy of 234 meV was estimated from equivalent absorption coefficient,
which can be attributed to the increased structural disorder originated in the NCs due to their nanometric size. The optical
reflectance measurement was used to derive the optical constants of CZTS NCs from KK analysis. The present research may
serve as important guideline to determine accurate structural and optical parameters of the material under investigation for
their effective use in optoelectronic devices.
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1 Introduction

Nanotechnology has enormous potential to develop new
devices applied to pharmaceuticals, life sciences, electron-
ics, and energy technologies [1-3]. Among a wide class of
commercially interest nanomaterials, kesterite copper zinc
tin sulfide (Cu,ZnSnS, or CZTS) is considered as a potential
direct band gap semiconductor for solar energy harvesting
due to its suitable energy gap in the range of 1.0-1.5 eV
through cation/anion substitution, high absorption coeffi-
cient (~10* cm™), and intrinsic p-type conductivity [4—6].
Besides, it is made of earth abundant and nontoxic elements
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that make CZTS a good candidate to be used as active layer
in thin film solar cells, as alternative to CIGS and CdTe [7,
8]. The synthesis of nanocrystals with controlled physical
properties is highly desired for the application in the field of
optoelectronics devices such as solar cells [9-11], photode-
tectors [12], thermoelectricity [13], sensors [14], photocata-
lysts for hydrogen production [15], and so on.

For CZTS mineral, two types of crystalline structure
are found, namely kesterite and the stannite type. Kesterite
CZTS adopts tetragonal structure, while stannite is found
in wurtz-stannite- and wurtz-kesterite-type structures which
crystallize in orthorhombic and monoclinic phases, respec-
tively [16, 17]. In literature, we frequently encounter the
synthesis of CZTS nanocrystals and its cation substituted
alloys by hot injection and solvothermal methods [5, 18-23].
In particular, solvothermal method is particularly malleable,
leading to the formation of product with high yield and good
crystallinity. By tuning the solvothermal temperature, aging
time, and use of complexing agent, one can obtain either
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kesterite or wurtzite structure [5, 21-23]. In crystallogra-
phy, the crystal is any solid material where the atoms are
spatially arranged in a repetitive three-dimensional structure
to display a long-range order. A perfect crystal maintains its
periodicity in x and y directions up to infinity and the peaks
in X-ray diffraction pattern should appear as very sharp and
narrow. However, in reality, no crystal of finite size can be
perfect at any temperature greater than 0 K as different types
of intrinsic lattice defects start to form within the crystal lat-
tice of any pure material, resulting in X-ray peak broadening
[24]. Therefore, the principal origin of peak broadening in
XRD is crystallite size as well as strain. Lattice strain in
nanomaterials may arise from the grain boundary, coherency
stresses, contact or sinter stresses, stacking faults, etc. [25].
Therefore, using XRD peak profile analysis, we can esti-
mate the crystallite size, energy density and lattice strain. In
general, the particle or grain size can be obtained by direct
methods such as scanning electron microscopy (SEM),
transmission electron microscopy (TEM) or atomic force
microscopy (AFM). The indirect methods may include XRD
or Raman spectroscopy. However, it is frequently observed
that the size estimated from indirect methods do not coincide
well with that obtained from direct methods. There are sev-
eral methods reported in the literature to estimate the crystal-
lite size and lattice strain such as Scherrer method, William-
son—Hall method and Warren—Averbach method, based on
the full width at half maximum (FWHM) of the diffraction
peak and the Stokes—Fourier deconvolution, respectively.
In the present work, we have performed a comparative
study of the crystallite size and intrinsic lattice strain of
our experimentally prepared Cu,ZnSnS, NCs based on the
XRD peak broadening. Here, we considered the well-known
Scherrer equation, Williamson—Hall (W-H), size—strain
plot (SSP), Halder—Wagner (H-W), and Warren—Averbach
methods. On the basis of Williamson—Hall (W-H) analysis,
other modified models have been analyzed such as uniform
deformation model (UDM), uniform stress deformation
model (USDM), and uniform deformation energy density
model (UDEDM) to calculate the crystallite size and elastic
parameters such as strain, stress and energy density. The
average particle size determined from different methods was
compared with the transmission electron microscopy (TEM)
image. The band gap of CZTS NCs was estimated using
optical absorption spectrum in diffuse reflectance mode by
applying the Kubelka—Munk (K-M) function which is found
to be 1.37 eV. An Urbach tail is observed in the absorp-
tion spectrum, suggesting the presence of overall disorder
in the system. The optical properties of CZTS was further
evaluated using the Kramers—Kronig relations on reflectiv-
ity curves to obtain energy gap and other important opti-
cal constants such as complex refractive index, extinction
coefficient, and dielectric constant. A good agreement was
observed in the band gap values estimated by these two
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methods. The present research will give important guide-
line to select the suitable model which will reduce errors in
data fit and provide the accurate information about elastic
properties including stress, strain, energy density along with
particle size of CZTS NCs for their application in solar cell
and other solid state devices.

2 Experimental methods
2.1 Materials

The chemicals used were copper(l) chloride
(CuCl, Aldrich, >99%), zinc acetate dihydrate
(Zn(CH;CO0O0),02H,0, J.T. Baker, 99%), tin(IV) chloride
pentahydrate (SnCl,e5H,0, Aldrich, 98%), elemental sul-
fur powder (S, Alfa-Aeser, 99.5%), and ethylenediamine
(C,HgN,, J.T. Baker >98%). All chemicals were used with-
out any additional purification.

2.2 Nanocrystal synthesis

The CZTS nanocrystals were synthetized by solvother-
mal method (Fig. 1). In a typical synthesis, 1.85 mmol of
CuCl, 1.2 mmol of Zn(CH;C0O0),e2H,0, 1.02 mmol of
SnCl,e5H,0 and 8 mmol of elemental sulfur powder were
added into 25 mL of ethylenediamine (EDA). The mixture
was stirred vigorously until a homogeneous green solution
was obtained. This solution was transferred into a Teflon
lined stainless steel autoclave which was sealed and main-
tained at 180 °C for 24 h in an electric oven. After the
autoclave was cooled down naturally to room temperature,
the black precipitate was recovered by centrifugation and
washed thoroughly by ethanol at 9000 rpm for 15 min at
18 °C. Finally, the sample was dried at ambient tempera-
ture. In each batch, we obtained 700 mg of CZTS nanopar-
ticles. To induce the desired phase, the sample was thermally
treated in the presence of 5 mg of elemental sulfur powder

Solvothermal

thesis
CuCl(l) syn
| Zn(CH3COO)p-2H0 (>
5 SnCl4- 5H20 180°C I?
[ ]
Elemental sulfur o o 24 h :>
CZTS
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‘ \ Vi /
Elemental sulfur CZTS
NC’s Centrifugation

Fig. 1 Schematic representation of the solvothermal process to obtain
CZTS nanocrystals
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inside a tubular furnace under N, atmosphere at 500 °C for
30 min (under a pressure of 5.97 x 107 Torr) using a heating
ramp of 3-5 °C increment/min, as reported in our previous
research [5].

3 Characterization techniques

The structural, compositional, morphological, and optical
properties of the CZTS nanocrystals were studied using
appropriate analytical tools. X-ray diffraction pattern of the
nanoparticles was obtained on a Panalytical-Empyrean X-ray
Diffractometer operating at 40 kV and 40 mA using CuKa
radiation with the wavelength of 1.5406 A. The data were
collected in the 26 range 20—75° with a scan rate of 0.02°/
sec. The correct phase and crystal structure were investigated
in detail using Raman spectroscopy (Jobin Yvon LabRAM
HR800) with an excitation wavelength of 632.8 nm. The
morphological analyses and crystalline property of the
CZTS NCs were studied by field emission scanning elec-
tron microscopy (FESEM; JEOL JSM-7800F), conventional
transmission electron microscopy (TEM) and high-resolu-
tion TEM (HRTEM) using a JEOL JEM 2200FS transmis-
sion electron microscope operated at an accelerating voltage
of 200 kV. The sample dispersed in ethanol was drop-casted
onto lacey carbon-coated nickel grids. The stoichiometry
of CZTS NCs was analyzed using an Oxford Instrument
X-Max energy-dispersive X-ray spectroscopy (EDS) detector
attached to the field emission scanning electron microscope
(JEOL JSM-7800F) at an acceleration voltage of 15 kV. The
detection limit of EDS analysis was <0.4 wt %, all mapping
was done with 500 s of acquisition time. Optical proper-
ties of the powder CZTS nanocrystals were evaluated on
a Varian (Agilent) Cary 5000 UV-vis spectrophotometer

Fig.2 a Rietveld refinement ( a)
of the powder XRD pattern of

with diffuse Reflectance Accessory (DRA-CA-30I). The
reflectance of the sample was measured with respect to the
reflectance of a standard (Teflon) in the wavelength range
of 250-2000 nm.

4 Results and discussion

4.1 X-Ray diffraction analysis and morphological
study

The XRD patterns of CZTS kesterite in the 26 range of
20-75° is shown in Fig. 2. The diffraction patterns of the
sample exhibit acute and well-defined Bragg diffraction
peaks which coincides with the JCPDS standard of CZTS
with card number 26-0575. All the peaks were indexed to
tetragonal structure with 14 space group; no additional impu-
rity peak was detected. To determine the correct structure
such as lattice parameters and unit cell volume, Rietveld
refinement of the experimental XRD data was performed
by employing EdPCR routine of FullProf Suite software.
A numerical convolution of pseudo-Voigt function with the
axial divergence asymmetry function was used to fit the peak
shape. The reliability of the Rietveld profile fitting of exper-
imental powder XRD patterns was checked by R-factors:
Rwp (weighed residue profile factor, %), Rexp (expected
profile factor, %) and the ratio between these two, which is
known as goodness of fitting (GoF) and corresponds to the
most elegant fit with experimental data. These fitting factors
confirm the successful formation of single phase of CZTS
kesterite. All parameters obtained are summarized in the
Table 1 along with other important data such as the ratio of
lattice parameters (7 =c/2a). Here, this value is found to be
less than one for our CZTS nanocrystals. The first-principle

(b)

CZTS nanocrystals. The black
circles, red lines, blue lines

and magenta ticks represent
experimental data, calculated
data, difference between experi-
mental and calculated data and
positions of Bragg reflections,
respectively. b Representation
of kesterite CZTS structure
using FullProf Suite software
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Table 1 Structural parameters

; . R-factors Lattice constants
obtained after Rietveld _ _ _
refinement Rwp Rexp GoF a=b (A) c(A) V(A n=cl2a
6.68% 3.36% 1.98 5413 10.823 317.120 0.999
calculations claim that the parameter # has different value kA S cosd = kA 1
with symmetry, i.e., < 1 for kesterite structure and 5> 1 for " Bcost DBy @)

stannite structure [26]. This further confirms the formation
of single phase tetragonal structure of kesterite CZTS in the
prepared sample.

4.1.1 Scherrer method

It is well known that the broadening of XRD peaks in the
nanocrystals is attributed to both crystallite size and intrinsic
strain effects. Therefore, it is essential to consider the instru-
mental factor since depending on the instrumental configura-
tion used in the measurement, the contribution to the width
and shape of the peaks may change. Here, the observed
broadening of X-ray diffraction peaks is attributed to the
contribution of sample defects as well as instrumental factor.
The instrumental broadening can be corrected using differ-
ent relations depending on the peak shape and distribution
functions such as Cauchy (Lorentzian), Gaussian, Pseudo-
function, and so on [24, 25]. The instrumental broadening
in this case is corrected using the Eq. (1):

Bua = (B — B) (B2 = B2) D2, )

where f,,, is the corrected broadening, f,, is the measure-
ment broadening and f; is the instrumental broadening. In
this study, we used the standard lanthanum hexaboride as
reference material (LaB,) for position and instrumental
broadening calculation. After correction of instrumental
broadening and ignoring the contribution of the strain, we
calculated the average (Scherrer equation) crystallite size

with the help of Eq. (2):

where k is the morphological parameter or shape factor
for spherical particles (equal to 0.9), A is the wavelength,
0 is Bragg diffraction angle and D is the average particle
size. Figure 3a shows the plot of cosf vs. 1/8,,, for CZTS
nanocrystals using each XRD peak of the diffractogram. It
is observed that the linear fit of these scattered points is not
a good fitted line as the linear regression coefficient of R? is
0.71. The average crystallite size has been determined from
its slope, corresponding to 38.1 nm. For the accuracyj, it is
suggested that the Scherrer equation is appropriate when
the average NP size is around 100 nm [25]. However, in
Scherrer method, we consider the broadening of the dif-
fraction peaks to obtain the crystallite size but the broaden-
ing is also related to the lattice strain. To reduce the errors,
Monshi et al. introduced some modifications in Eq. (2),
which involves the consideration of all diffraction peaks to
determine the crystallite size. The sum of absolute values of
errors is given by Eq. 3 [25]:

errors = Z (iAlnﬂhk,)z. 3)

Therefore, the modified Scherrer equation takes the form
of Eq. (4), which gives more accurate value of D by reduc-
ing the errors:

lnﬁhkl=ln(%>+ln< L ) @)

cost

Now, the linear plot of In(f) vs. In(1/cos6) (Fig. 3(b))
using this modification yields an improved linear regression

Fig.3 a Scherrer plot and b (a) (b)
Monshi—Scherrer plot for CZTS 1.004
4.6
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value (R?) of 0.86 compared to 0.71 using Scherrer method.
The intercept of the linear plot gives the value of In(kA/D)
from which a single value of average crystallite size is
obtained. According to Monshi—Scherrer equation, the value
of crystal size is 21.9 nm.

4.1.2 Williamson-Hall study (W-H)

Scherrer equation only considers the effect of crystallite
size on the diffraction peak broadening but does not con-
sider the effect of intrinsic strain on the peak broadening.
Williamson—Hall (W—H) method takes into account the
strain-induced peak broadening which is originated in the
nanocrystals through point defects, grain boundaries, inter-
stitial defects and stacking faults. This is one of the most
used methods and part of the Scherrer equation that inversely
relates the width of the diffraction peaks to the apparent size
of the nanoparticle. By considering that the broadening of
the diffraction profiles f3,;, is a combination of grain size and
intrinsic strain, and both factors are additive phenomena, the
line broadening can be expressed by the Eq. (5):

ﬂhkl = ﬂsize + ﬂstrain' (5)

For accuracy, we analyzed the crystallite size and micro-
strain using modified W—H equation and models involving
Uniform Deformation (UDM), Uniform Stress Deformation
(USDM) and Uniform Deformation Energy Density Model
(UDEDM) [27, 28].

The UDM model considers uniform strain along all crys-
tallographic directions (isotropic). As the intrinsic deforma-
tion affects the physical broadening of the XRD profile, the
effective strain can be written as (6):

ﬂstrain = 4etand. (6)

Therefore, the broadening due to the strain (f,,,,;,) and the

size (f,;,,) can be expressed according to the Eq. (7):

kA
= ——— + 4etanb.
P Dcos6 +aetan 7
Rearranging Eq. (7), we get the following relation which
is known as UDM (8):

Briucost = % + 4esind. 8)

By plotting S, cos@ vs. 4sinf, the particle size can be
estimated from linear fit where the slope and intercept of the
fitted line correspond to the micro-strain € and crystalline
size (D), respectively (Fig. 4). In this case, we obtained the
crystallite size and intrinsic strain of around 26.36 nm and
1.36 x 1072, respectively. The slope of the linear plot (cor-
responding to intrinsic strain) is positive, which is related to
the tensile strain or lattice expansion.

B, cos 6x 10°

y=0.00136x + 0.0052
* R*=0.81

06 08 10 12 14 16 18 20 22 24
4sin0

Fig.4 UDM plot for CZTS nanocrystals

The assumption in UDM that strain is isotropic in all
crystallographic directions is not justified in a real crystal
system. A more realistic approach considered in USDM is
the generalized Hooke s law, where strain (¢) is proportional
to the stress (o) and the proportionality constant is the Young
modulus as expressed by Eq. 9:

o
O-ZEthlHEZ_. (9)

hkl

Here, Y}, is the Young’s modulus or modulus of elasticity
and is valid for a significantly small strain. Now, substituting
this expression of ¢ in Eq. (8), we get a new expression for
USDM (Eq. 10):

Bricost = % +4-Zsine. (10)

hkl

This expression considers the uniform stress in every
crystallographic direction. The Y, depends on the crystal-
lographic direction perpendicular to the set of planes (hkl)
of the Miller indices. For a given tetragonal crystal, Young’s
modulus is related to their elastic compliances S;; given by
the following relation (11) [29, 30]:

1 Su(h*+K) + (281 + See ) K + (2515 + Syy) (W + k) P + Sy
Yig (h2+k2+12)2 ’

)
where, S|, S5, Sy3, S33, S44 and S¢4 are the elastic compli-
ances of tetragonal structure for kesterite CZTS, and their
theoretical values are 21.3x 107'%,-8.7x 1072, -7.6 x 1072,
20.1x107'2,24.7x 1072 and 23.6 x 107'2, respectively [31,
32]. Using these values, the Young’s modulus has been
calculated for (110), (112), (200), (220), (312), (224) and
(008) planes as 82, 80.6, 46.9, 82, 78.3, 80.6 and 49.8 GPa,
respectively, and an average Young’s modulus for tetragonal
CZTS nanoparticles was estimated as~71.5 GPa. By plot-
ting B,,cos6 as a function of 4sin6/Y,,;, (Fig. 5), the uniform
deformation stress o can be estimated from the slope of the
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Fig.5 USDM plot for CZTS nanocrystals
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Fig.6 UDEDM plot for CZTS nanocrystals

linear fit, while y-intercept gives the crystallite size. The
strain € can be obtained from the Young’s modulus. The
average particle size and strain calculated from USDM are
22.81 nm and 0.66 x 107, respectively. (Fig. 6)

Another model that can be used to determine the lattice
energy density of a crystal is the UDEDM. As we have seen
earlier, UDM model assumes the isotropic nature of the
crystal, while USDM model considers a linear relationship
between stress—strain described by Hooke’s law. However,
due to different defects formed in the crystal, neither the
isotropic nature of lattice strain is correct, nor the constants
in stress—strain relation are independent when strain energy
density (U) is considered. UDEDM model considers the
uniform anisotropic deformation of the lattice in all crystal-
lographic directions. Then, according to Hooke’s law, energy
density U is related to strain by the following Eq. (12):

Y,
U= 52%. (12)

By substituting the value of ¢ extracted from the above
relation, Eq. (8) can be rewritten as follows:

@ Springer

1/2
Bricost = k2 + 4sinf 2U . (13)
D Ikl

By plotting S, cos@ vs. 4sind(2/Y};,) and applying linear
fitting through the points (corresponding to each diffrac-
tion peak), we can obtain the energy density from the slope
and the average crystallite size (D) from the intercept of the
straight line. Using this model, we have obtained the average
size of 24.70 nm, the energy density of 42.64 kJ/m® and the
strain of 1.02x 107,

4.1.3 Size-strain plot (SSP)

The W-H plots describe that the line broadening is basi-
cally isotropic and broadening occurs due to the contribu-
tions of grain size and strain. However, at higher angles,
the reflections are of poor quality and the data are not as
reliable as those resulting from reflections at lower angles.
SSP method considers the XRD peak profile as a combina-
tion of the Cauchy (Lorentzian) and Gaussian functions. The
strain profile is expressed by the Gaussian function and the
crystallite size by Cauchy (Lorentzian) function, so that the
total broadening can be written as Eq. (14) [33]:

B = B + By, (14)

where f; and f; are the peak broadening due to Gaussian
and Lorentzian functions, respectively.

Therefore, SSP method is governed by the following
Eq. (15):
)2 _ kA ( 52

(dpgaBracosd ) 3, Brcos0) + T (15)
where d,, is the lattice distance between the (hkl) planes,
which can be expressed by Eq. (16) for the tetragonal unit

cell:

1
T (16)

a? c2

dyg =

Figure 7 displays a plot of (d,;8,.,c0s0) vs. (d,*Bic
0s0) corresponding to each diffraction peak. The slope of the
straight line provides the average size as 21.3 nm, whereas
the intercept gives the intrinsic strain of the CZTS nanocrys-
tals as 6.8 1073, which is about six times higher than the
strain value obtained from others models as discussed in
previous sections. This happens because less importance is
given to data from reflections at higher angles where the
precision is usually lower. In this regard, the SSP method
provides a reliable result for isotropic broadening as it pri-
oritizes low angle reflections over peaks at higher diffrac-
tion angles. It is worth to note that the value of R? in SSP
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Fig.7 SSP plot for CZTS nanocrystals

plot is 0.95 indicating that the data are closely fitted to the
regression line.

4.1.4 Halder-Wagner study (H-W)

In SSP method, the peak profile has been assumed as a
Lorentzian and Gaussian functions, but in some region of
our X-ray diffractogram, XRD peak is neither Lorentzian
nor Gaussian function. To overcome this problem, the Hal-
der—Wagner (H-W) method is employed, which is based
on the assumption that the peak broadening is a symmetric
Voigt function. The Voigt function is the convolution of a
Gaussian function with a Lorentz function. According to
Voigt function, the full width at half maximum of the physi-
cal profile can be written as Eq. (17) [33, 34]:

By = BB + ﬂé, (17)

where f; and f are the full width at half maximum of the
Lorentzian and Gaussian function. The relation between the
size of the crystallite and the lattice strain as per this method
is given by the Eq. (18):

* 2 *
<ﬂhk1> :lﬁhkl_i_(f)z
G) ~Daz "t

hkl

(18)

050
where §, = —ﬂ”“zm and d;7, =

distance between hkl planes.
Figure 8 shows the plot of h term along x-axis and the

2
dhkl

is the interplanar

2dyysing | s
PR dhk/

. N2
term of ( 5”“ ) along y-axis. The slope of the plotted straight

s

hkl
lines provides the average crystallite size and the intercept

gives the intrinsic strain of the CZTS nanocrystals. The aver-
age crystallite size obtained from H-W method is 24.62 nm,
and the strain is found to be 7.2 x 1073, which is very close
to the value obtained from SSP method. The accuracy of
measuring lattice strain by this method is considerably high
(R*>=0.99) as it gives more importance to the XRD peaks at

2.0
1.8
164
1.4
£ 12]
1.0
% 081
~ 06l

0.4

¥ x 10°

19"

y=0.004063x + 1.31x10°
R*=0.99

0001 0002 0003 0004 0005
% %2
(B hkl /d hk/)

Fig.8 H-W plot for CZTS NCs

low and mid angle, where the overlapping of diffraction
peaks is less.

4.1.5 Warren-Averbach study (W-A)

The Warren—Averbach method provides an alternative analy-
sis for the separation of size and strain contributions to the
diffraction peak broadening and is based on the deconvo-
lution of Fourier transforms for the determination of line
profile of the diffraction peak [35, 36]. If A(L) is the Fou-
rier transform of the intrinsic peak profile, then it can be
expressed as the product of the size coefficient and the stress
coefficient according to the Eq. (19):

A(L) — Asize(L)Astmin(s’ L), (19)

where A**“(L) and A*"*"(L) are the size Fourier transform
and strain coefficient, respectively. Both the Fourier trans-
form and the deconvolution have been made through the
Matlab program. The reason for determining the real part of
Fourier transform of the diffraction peaks is to separate the
size and strain contributions using the Eq. (20):

InA(s, L) = InAS**(L) — 27%s°L*(€*(L)), (20)

ni
2(sind,—sind,)’

rier transform, €, and @, correspond to the angle range of the

. . 25ind X ]
measured diffraction, s = % represents the variable in

where L = n is the harmonic number of the Fou-

reciprocal space and {(£2(L)) is the mean-square strain for the
correlation distance (L).

The size coefficient plotted as a function of L for the
CZTS nanocrystals is illustrated in Fig. 9a. The area-
weighted mean length<L> _,,, is obtained from the tangent
of small L value of A(L) extrapolated to the x-axis. On the
other hand, the volume-weighted column length<L> , is
obtained from the area under the curve of A(L) against L, as
reported by Krill and Birringer [37], following the relations
(21) and (22)
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Fig.9 a Plot of Fourier size a b
coefficient versus distance L and 1'0'( ) 24 ( )
b RMSS distribution of CZTS
nanocrystals 0.84 2.2
=
g 0.6 ‘>—< 204
* A
< o4l o
04 16.7 nm \_\5/.{' 1.8
0.2
1.6
0.0 T T i T T T T T i
0 5 10 15 20 25 30 0 5 10 15 20 25 30
L (nm) L (nm)
dA*=e(L) 1 4.1.6 Morphological study and chemical composition
T )T Do 2h analysis: FE-SEM, TEM, and EDS
— area
. The direct and basic methods to examine the size and shape
(LY, =2 / A*=(L)dL. (22) of the nanocrystals is picture image analysis using SEM and
0

From the above equations, the area and volume-weighted
average grain sizes are given by (23):

<D>area = %<L>area;<D>vol = %<L>vol. (23)

Herein, the area-weighted average grain size <D > .,
and volume-weighted average grain size <D >, were esti-
mated, as 25.05 nm and 22.6 nm, respectively. Figure 9b
displays the root-mean-square strain (RMSS), where we can
observe that the RMSS decreases with increasing column
length L, being the maximum value of 2.3 x 10~ with an
average micro-strain of 1.5 107>, Depending on the number
of points to define the linear part of A%%(L), different values

of the < L > area are obtained.

Fig. 10 a FE-SEM image of and
b the size distribution of CZTS
nanocrystals

3 b
A N
1 £ e o
s ¥
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TEM techniques. Figure 10a displays the SEM micrograph
of CZTS nanoparticles. It can be clearly seen that the parti-
cles are almost uniform in size and round-shaped with well-
defined grain boundary. The size distribution histogram was
plotted by measuring the diameter of around 200 individual
particles in the SEM image (Fig. 10b). The average particle
size is estimated as 22.7 +0.6 with a narrow size distribu-
tion, which is close to the crystalline domain size determined
from the XRD peak broadening.

Figure 11a shows the EDS spectrum and elemental map-
ping performed on CZTS nanocrystals. In the EDS spec-
trum, we could observe the emission peaks of the constituent
elements, indicating the compositional purity of CZTS nano-
particles. To verify the homogeneous distribution of Cu, Zn,
Sn and S in CZTS nanocrystals, EDS elemental mapping
was carried out and the results are shown in Fig. 11b. The

\
\

NN
[

8 20 2 24 2 28 30
Particle Diameter (nm)

500 nm
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Fig. 11 a EDS spectrum and b elemental maps of Cu, Zn, Sn and S
of CZTS nanocrystals.

SEM-EDS analysis indicates that the metals and sulfur are
evenly distributed within the nanoparticles.

The chemical composition has been investigated using
energy-dispersive X-ray spectroscopy (EDS) and the results
are shown in Table 2. The sample is found to be slightly

Cu-poor and Zn-rich with Cu/(Zn+ Sn) ratio of 0.88 and
Zn/Sn ratio of 1.06. According to previous studies, the non-
stoichiometric CZTS having Cu/(Zn+ Sn) between 0.75
and 1, and Zn/Sn ratio between 1 and 1.25 are known to
deliver high conversion efficiency over 8% when integrated
as absorber layer in a solar cell [38, 39]. From EDS analysis,
the molecular formula is estimated as Cu; 3710, 1,51, (453 g3
which fulfills the criteria of a good absorber.

Figure 12a displays the bright field TEM micrograph of
the prepared nanocrystals, showing that most of the parti-
cles are nearly spherical in shape with minimal aggregation.
The mean size and standard deviation of the nanoparticles
were estimated from size distribution histogram (Fig. 12b)
by measuring a population of ~ 150 individual particles
from TEM images. The results reveal that the nanocrys-
tals are almost uniform in size with the average diameter of
23.2+0.4 nm.

High resolution TEM (HRTEM) image of CZTS NCs
(Fig. 13a) reveals the continuous lattice fringes of indi-
vidual CZTS nanocrystals, suggesting the good crystal-
linity. The Fast Fourier Transform (FFT) image (Fig. 13b)
shows the periodicity of different d-spacing values, which
can be indexed as (112), (220) and (312) diffraction planes
of tetragonal CZTS (JCPDS# PDF 26-0575). The distance
between adjacent planes measured directly on the HRTEM
image reveals that the interplanar distances are 3.34, 1.97
and 1.65 A, which are in accordance with (112), (220) and
(312) planes of tetragonal CZTS [5], as shown in Fig. 13c,
d, e.

Figure 14 exhibits the values of average crystallite size
estimated from direct and indirect methods. As observed in
the figure, the majority of the methods give the particle size

Table 2 The elemental

L Sample
stoichiometry of CZTS

Cu (at%)

Zn (at%)

Sn (at%) S (at%) Cu/(Zn+ Sn) Zn/Sn

nanocrystals obtained through

CZTS 24.21

14.03

13.18 48.58 0.88 1.06

EDS analysis

Fig. 12 a Low magnifica-
tion TEM images of CZTS
nanocrystals and b the cor-
responding size distribution
histogram

)
-

Frequency (%)
88588

8 20 2 24 26 28 30
Particle Diameter (nm)

@ Springer



1008 Page 100f 16

D. Mora-Herrera, M. Pal

Fig. 13 a HRTEM image show-
ing excellent crystallinity, b

the FFT pattern with the most
intense peaks and c—e interpla-
nar distances corresponding the
(112), (220) and (312) planes,
respectively, of CZTS nanocrys-
tals

value in the interval of 22-28 nm except Scherer formula
where the value is almost double with 38.1 nm. After careful
inspection, we came to the conclusion that the average size
calculated from H-W and W-A method coincides closely (R
tends to 1) with the average particle size observed in SEM
and low resolution TEM images. The inset table compares
the strain determined by different methods. All methods pro-
vide the same tendency, except SSP and W—H, which give a
very high value of strain, because both methods consider the
contribution of low and mid angle XRD data, attributed by
the lattice dislocations. Table 3 summarizes the crystalline

40 —
’g 'S Model |Strain X102
£ 35 Scherrer uDM 1.36
o) USDM 0.66
% UDEDM 1.02

SSP 6.80
% 321 H-W 7.20
] W-A 15
T 28]
(0] ¢  UDEDM HW
g 2 ubmM SEM TEM
© 24]
g o &y S o ¢
< 20 Scherrer Mod. ¢ WA

XRD and morphological study

Fig. 14 Average particle size calculated from XRD peak broadening
and morphological studies
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size and lattice strain of CZTS nanocrystals obtained by dif-
ferent models. Based on the above results, it is clear that
out of different available methods to estimate the crystallite
size and lattice strain, the W—H analysis, H-W method, Riet-
veld refinement, and W-A analysis are the most common.
All these methods can be applied to other semiconductor
nanocrystals regardless of either the material is in powder
form or supported on a substrate.

4.2 Raman analysis

Group theory analysis predicts the following irreducible
representation for the 14 symmetry of tetragonal kester-
ite at the I" point of the Brillouin zone: I'=(1B @ 1E) &
(3A @ 6B & 6E), where 1B and 1E modes are acoustic,
3A, 6B and 6E are Raman-active modes, and only 6B and
6E are infrared-active modes. Raman spectra presents a
superposition of multiple vibrational modes, which can
be modeled by Lorentzian deconvolution of the asymmet-
ric peaks. The Raman spectrum of CZTS nanocrystals is
displayed in Fig. 15. In this case, the intensive scattering
peak at 330 cm™! is accompanied by two shoulder peaks,
which were deconvoluted into two weaker peaks at 284 and
365 cm'. Different deconvolution parameters are listed in
the inset of the Raman spectrum. The intensive scattering
at 330 and week peaks at 284 and 365 cm™! are representa-
tive of CZTS and close to the literature values. The peaks



A comprehensive study of X-ray peak broadening and optical spectrum of Cu,ZnSnS,...

Page 110f 16 1008

Table 3 The crystallite size and intrinsic strain of CZTS nanocrystals obtained by different models based on XRD pattern

Halder-Wagner (H-W) Warren—Averbach (W-A)

Size—strain plot

Williamson—Hall (W-H)

Monshi—

Scherrer

Scherrer

UDEDM

USDM

UDM

Size (nm) Strain (x 107%)

Size (nm) Strain (X Size (nm) Strain (X Size (nm) Strain (X Size (nm) Strain (X

Size (nm) Strain (X

Size (nm) Size (nm)

107%)

107%)

1073

1073

1073

1.5

22.6

7.2

24.6

6.8

21.3

1.02

24.7

0.66

22.8

1.36

26.3

219

38.1

o Exp.data
Lorentzian fitting curves
—— Peak sum
-1
3cm Peak| Position | FWHM
% 1 284.1 | 92.8
2 330.4 | 196
—~
S 3 365.2 | 19.9
©
~
‘B
c
]
-
£

200 250 300 350 400 450 500
Raman Shift (cm’")

Fig. 15 Raman spectrum of CZTS nanocrystals with deconvoluted
spectra (Lorentzian curves)

at 284 and 330 cm™' correspond to the A vibrational mode
and are originated from the vibrations of sulfur atoms in
CZTS lattice, while rest of the atoms remain stationary. On
the other hand, the peak at 365 cm™! is related to E sym-
metry mode of phase pure kesterite. No other peaks for any
impurity phases were detected which confirms the phase
purity of the as synthetized CZTS nanocrystals. The full
width at half maximum (FWHM) value for the most intense
peak is a good indicator of size and crystallinity of the mate-
rial under study. In this case, the FWHM for the 330 cm™!
peak was calculated to be 19.6 cm™' which is narrowest of
the three peaks. Such narrow widths suggest that the pho-
non confinement effect does not contribute to the line width
broadening and indicate good crystallinity of the sample.
The average phonon lifetime (t) in the CZTS nanocrystals
can be determined from the energy time uncertainty rela-
tion, 1= 27r}£ = 2zcl’, where, 7 is the mean phonon life-
time,TAE is the uncertainty in the phonon energy state, /
is Planck’s constant (6.626 x 107>* Js), ¢ is the velocity of
light (2.998 x 107'° cm/s) and I' is the FWHM of the most
intense Raman peak in cm™!. With this relation the average
phonon lifetime of the CZTS nanocrystals was calculated
to be 0.27 x 107'2 s, which is consistent with the theoretical
predictions [40]. The observed peak broadening in Raman
peaks is commonly observed for nanostructures because of
the finite grain size as well as defect states.

4.3 Optical properties

The diffuse reflectance spectrum (DRS) of CZTS nanocrys-
tals is shown in Fig. 16a. The absorption edge is found
to lie in the near infrared region which can be associated
with the band gap of CZTS. The optical band gap of CZTS
nanocrystals was estimated from the DRS spectrum using
Kubelka—Munk (KM) formalism converting the reflectance

@ Springer
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Fig. 16 a Diffuse reflectance (a) (b)
spectrum and b the equivalent 50 4.0
absorption coefficient using 45 354
the Kubelka—Munk relation, — )
showing the optical band gap of 401 ‘_E) 3.0 °§
CZTS NCs (inset) 35 ~ 0
L ZSE 2.5 g
x ¥ ¥ 20- o
254 ? <
= 1.51 =
201 T 5 E,=137¢eV
1.04
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data into equivalent absorption coefficient (a,,) (Fig. 16b)
with the help of Eq. (24):

2
1—R
e = F(R,) = % - % 24)

[s]

where £ is the effective absorption coefficient, s is the effec-
tive dispersion coefficient of the sample and R, is defined

R R - -
as: R = Ry (0 being R, is the diffuse reflectance of the

reference (here, it is Teflon).

Hence, to estimate the optical band gap of CZTS
nanocrystals, a plot of (ay,, hv)’ vs. photon energy was
drawn using the Tauc relation associated with the direct
transition: (a,, hv) =A(hv-Eg)1/2; where & is the Planck’s
constant, v is the frequency and E, the optical band gap.
By extrapolating the linear portion of the plot to photon
energy axis, we estimated the optical band gap of 1.37 eV,
as displayed in the inset of Fig. 16b. Similar value of E, for
CZTS nanoparticles was observed by Kannan et al., where
the nanoparticles were synthesized by solvothermal method
in five different solvents (water, ethylene glycol, diethylene
glycol, ethylene diamine, and ethanol) and the band gap of
CZTS was found to vary from 1.39 eV to 1.53 eV for the
particle sizes varying between 14 and 7 nm [41].

The Urbach energy (E) is governed by the overall dis-
order present in the material. Any structural disorder in the
lattice creates localized states close to the band edge, lead-
ing to the Urbach tail at energies below the main absorption
edge and can be expressed by the Eq. (25):

hv
agy(hv) = apetv, (25)

where a is a constant. Due to the occurrence of Urbach tail
states, a transition occurs between the defects states to the
energy band. The value of E; was calculated by taking the
inverse of the slope from the linear portion of Ln(ag,,) vs.
hv plot as displayed in Fig. 17. The Urbach energy value for
CZTS nanocrystals was 234 meV. Regularly, the reported
values for CZTS nanostructures vary from 30 to 125 meV
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Fig. 17 Relation between Ln(aKM) vs. hv to determine the Urbach
energy of CZTS particles

[42, 43]. As can be noticed, the estimated E, of 1.37 eV
for our CZTS nanocrystals is relatively smaller than the
reported values [44]. This can be due to the sub-band states
formed in between the valence band and conduction bands,
leading to the narrowing of the band gap. As a multinary
semiconductor, these defect states are frequently formed in
bulk CZTS due to site vacancies (Vy, Vs Vep V), inter-
stitial (Cu;, Zn;, Sn;) and antisite (Cu,, Zng,) defects [38].
In this case, the high Urbach energy of 234 meV further
supports the increased number of defect levels within the
forbidden energy gap, thereby reducing the effective band
gap of CZTS.

The application of Kramers—Kronig (KK) disper-
sion relations to reflectance data at normal incidence
allows us to determine optical and dielectric parameters
of a material as described by the following relation:
f(w) = n(w) + ix(w), where n(w) is the refractive index
and x(w) is extinction coefficient. Experimental diffuse
reflectance spectra are always measured in bounded fre-
quency region, while the KK relations include integration
over all frequencies, with a singularity. The KK relations is
simpler, accurate and the optical parameters can be calcu-
lated using the reflectance data without a detailed require-
ment of boundary conditions, i.e., the KK relations do not
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require any assumption or extrapolations of the reflectance
experimental data which is beyond the measured range.

One of the standard forms of the KK transform is given
by (26) [45]:

(¢S] /@ ¢
KK{@}(w)z%P/ w—(w)dw’,

0 w2 _a)’2

(26)

where P is the Cauchy principal value, O(w) denotes an opti-
cal property and KK can be regarded as the Kramers—Kronig
operator.

The reflectance data as the input parameter in determin-
ing the n(w) and x(w) are [45]:

) = 1 - R(w)
1 + R(w) — 21/R(@)cosb(@) @7
24/ R(w)sinf(w)
K(w) = (28)

1 + R(®) — 21/R(@)cosb(@)

where 6(w) is the phase change or shift on reflection after
the photon travel inside the material. This phase change can
be derived from KK dispersion relation (29) [45]:

Several integration methods have been proposed, in this
case, we used the Maclaurin’s method and this integration
method features higher calculation accuracy, but it usually
takes a longer time for calculation. We may consider a new
form for a relatively simple computation (30) [45]:

4 In{ \/R(®;)
o) 4ﬁAwZM 60

@i T
where Aw = w;,; — w; and if j is an odd number then i =2,
4,6, ..., j-1, j+ 1. On the other hand, if j is an even number
i=1,35, ..., j-1, j+ 1 and it allows to avoid direct calcula-
tion of the point at i=j.

Figure 18a, b shows the plots of n(w) and x(w) versus
photon energy, which are calculated by KK method. For
CZTS nanocrystals, the refractive index changed from 4.3
to 2 when the photon energy is varied from 1 to 2.5 eV and
remains steady for higher photon energies (Fig. 18a). The
high refractive index is attributed to the good crystallinity
and probably the Cu-poor/Zn-rich stoichiometry because
the velocity of light into the material decreases with an
increment in the refractive index. Figure 18b displays the
extinction coefficient of CZTS nanocrystals, which increases
from 1 to 1.25 eV photon energy range followed by a slight

® oolnR(co’) — InR(w) . .
O(w)=—=— -~ > do'. (29)  decrease near the band gap energy and then it again increases
wr—® steadily in the range of 1.5-4.5 eV photon energy. The lower
Fig. 18 Optical constants in - (a) (b)
terms of a refractive index, b 45 1) 20
extinction coefficient, ¢ real and ‘>_<
d imaginary parts of the dielec- = 4.0 <
tric function of CZTS NCs < =
calculated by KK method & 351 G
2 ke
2 30; £ 1.0
£ 8
© 2.5 8
= = 054
0}
X 20- %
1.5 T T r T T T 0.0 T T T T : .
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Fig. 19 a Absorption coefficient (a) (b)
and b the optical band gap of 30
CZTS nanocrystals using the
Kramers—Kronig relations (KK) 254 g
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value of extinction coefficient is probably due to the weak
absorption in the CZTS nanocrystals since this optical con-
stant has direct relation to the absorption coefficient. The
complex dielectric constant is the basic intrinsic property of
materials and it has two parts: the real part of the dielectric
constant represents how much it will slow down the veloc-
ity of light in the material, whereas the imaginary part of
dielectric constant describes the interaction of a dielectric
material with an electric field due to polarization. The real
(e,) and imaginary (¢;) parts of the dielectric constant have
been evaluated through the relation (31) [46, 47]:

() = n(w) + ik(w) = i) = 1) + ik(@)]* X
= n(w)* + 2in(w)k(®) — k(w)* = €, + i€;. G

The variation of the real and imaginary parts of the die-
lectric function with photon energy is shown in Fig. 18c,
d, where the plots show the similar trends as the plots of
refractive index and extinction coefficient (Fig. 18a, b).
The real part of dielectric constant decreases from 17.8
to 4.6, while the imaginary part of the dielectric constant
decreases gradually from 2.25 to 0.75x 107 in the photon
energy range of 1.0 to 1.5 eV followed by an increase over
this energy The values of optical constants reported here are
well matched with previous experimental data observed for
CZTS nanocrystals [48].

We calculated the absorption coefficient using the equa-
tion: ag = 4”7’(‘ Figure 19a illustrates the absorption coef-
ficient of the CZTS nanocrystals obtained by KK method.
The band gap of CZTS NCs associated with direct transi-
tion was determined by Tauc method: (agyx hv)=A(hv-
E,)"” (Fig. 19b). The axy plot has similar shape as the plot
obtained by Kubelka—Munk relation except a less steep
slope. The band gap estimated by KK method is found
to be 1.28 eV compared with 1.37 eV obtained with the
Kubelka—Munk relation, confirming that the KK method is
another useful way to determine the optical band gap.

@ Springer

5 Conclusions

In this work, an exhaustive analysis of XRD data for kester-
ite CZTS NCs is presented using peak broadening analysis
to calculate various microstructural properties, such as, crys-
tallite size, stress, strain, and energy density using Scherrer
method, different models of Williamson—Hall plot includ-
ing UDM, USDM, and UDEDM. Besides, Size—Strain Plot
(SSP), Halder—Wagner (H-W) and Warren—Averbach (W-A)
are also explored. SEM and TEM image analysis revealed
that the average particle size of CZTS NCs are 22.7 +0.6
and 23.2+0.4 nm, respectively. After comparing all the
methods based on experimental diffraction line profiles, we
came to the conclusion that the average size calculated from
Warren—Averbach (W-A) and Halder—Wagner (H-W) meth-
ods coincide closely with the average particle size observed
in SEM and TEM images. The estimated band gap from
UV-vis diffuse reflectance spectrum is 1.37 eV, which is
similar to the value obtained from Kramers—Kronig rela-
tions. Normal incidence reflectance measurement has been
further used for the determination of optical constants using
KK analysis. The knowledge of the wavelength-dependent
complex refractive index, dielectric constant, and optical
band gap of this material is important from scientific and
technological point of view as well as for the design and
theoretical modeling of optoelectronic devices.
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