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Abstract Synthesis of nanostructured powders of tetrago-
nal Cu,ZnSnS, (CZTS) nanocrystals was carried out based
on the hot-injection process. High-quality CZTS thin films
were prepared by spin coating method onto the Corning
1737 glass substrates. CZTS nanoparticles were charac-
terized using X-ray diffraction (XRD), small-angle X-ray
scattering (SAXS), transmission electron microscopy
(TEM) and high resolution TEM. It is observed that a good
quality CZTS film can be obtained by spin deposition at
room temperature. The optical properties of the film were
studied using UV-visible spectra between 300 and
1000 nm wavelength range. The direct optical band gap of
the film evolved as 1.49 eV. This value is close to the ideal
band gap for highest theoretical conversion efficiency of
solar cell. The optical absorption coefficients of the film
between 300 and 1000 nm are found to be about 2 and
7.6 x 10* cm™', respectively. The optical dispersion
parameters of the film were also determined by Wemple—
DiDomenico single oscillator model.

B4 O. F. Yiiksel
fyuksel @selcuk.edu.tr

Department of Physics, Faculty of Science, Selguk
University, 42075 Konya, Turkey

Department of Materials Science and Engineering, Faculty of
Engineering, Karamanoglu Mehmetbey University,
70200 Karaman, Turkey

Department of Energy Systems Engineering, Faculty of
Engineering, Giresun University, 28200 Giresun, Turkey

@ Springer

1 Introduction

Thin-film chalcogen materials such as Cu(In,Ga)Se,
(CIGS) are used in solar sell application. CIGS are the
highest performing thin film solar cells with efficiency of
more than 20 % [1, 2]. However these material consists of
uncommon and expensive materials as In and Ga. In recent
years, the group L-II-IV-VI, quaternary semiconductors
are used as an alternative to CdTe and Cu(In,Ga)Se,
(CIGS) since it is composed of abundant, inexpensive and
nontoxic elements [3]. Among this group, Cu,ZnSnS,
(CZTS) is a promising material because of low cost, suit-
able optical band gap (~ 1.5 eV) [4, 5] and high absorption
coefficient (~104_6 cm_l) [6, 7]. Moreover, CZTS are
used as p-type semiconductors for absorber layers of thin
films [8]. To synthesize CZTS films, several methods are
used such as evaporation [9, 10], sputtering [11, 12], sol-
gel method [13, 14], hot injection [15], pulsed laser
deposition [16, 17]. Compared with the other techniques,
spin coating method is cost-effective, easy to realize,
safety, simplicity and suitable for mass production. Until
now, the highest conversion efficiency of CZTS based thin
film solar cells is reached to 12.6 % [18], this was fabri-
cated by using a hydrazine-based solution via spin coating
technology.

Kumar et al. [19] have reported the characterization and
preparation of spray-deposited Cu,ZnSnS, thin films. They
concluded the optical band gap is found to lie between 1.40
and 1.45 eV and the average optical absorption coefficient
is also found to be 4 x 10* cm™". Patel et al. [20] have
reported deposition of CZTS thin films by the Successive
Ionic Layer Adsorption and Reaction (SILAR) technique
using Chloride precursors at the room-temperature. They
have reported that the band gap and absorption coefficient
of this film are 1.5 eV and about 10* cm™"' in visible range,
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respectively. Dhakal et al. [21] have reported the charac-
terization of a CZTS thin film solar cell grown by sput-
tering method. They concluded the optical band gap and
absorption coefficient are found to be 1.52 eV and 5 x 10*
cm !, respectively. Pawar et al. [22] have demonstrated a
synthesis of single phase Cu,ZnSnS, absorber prepared by
the rapid thermal processing (RTP). They have concluded
that the band gap energy of the CZTS absorber is found to
be 1.50 eV. Tanaka et al. [23] have reported that CZTS
thin films were prepared by sulfurizing precursors depos-
ited by the sol-gel method. They have concluded that the
band gap energy of the film was 1.49 eV at room
temperature.

In present work, CZTS nanocrystals fabricated by hot-
injection process were chosen as precursor and CZTS thin
films were deposited by spin coating on Corning 1737 glass
substrates. The goal of this study is to investigate the
optical constants of the film such as optical band gap,
absorption coefficient, refractive index and extraction
coefficient constant. To our knowledge, no previous review
focused on the optical dielectric and dispersion parameters
of CZTS films in detail. To improve the optical parameters,
more study is needed for CZTS film. The main goal of this
study was to develop and determine these parameters
according to Wemple-DiDomenico model.

2 Experimental Details

Copper (II) acetate (Cu(CO,CHj3),), Zinc acetate ((CHs.
CO,),Zn), Sulfur powder, Ethanol were obtained from
Sigma-Aldrich. Tin (II) acetate (Sn(OOCCH3),) was from
Alfa Aesar. Oleylamine - %80-90 (OLA), was obtained
from Across Organic. Toluene and 2- Prophanol were
obtained from VWR.

Synthesis of nanostructured powders of tetragonal CZTS
nanocrystals was carried out based on previously published
hot-injection process by using metal salts and oleylamine
precursors as starting materials and capping agent,
respectively [24-26]. Typically; 1 mmol Cu(CO,CHj3),,
0,5 mmol ((CH3CO,),Zn), 0,5 mmol Sn(OOCCH;), and
20 mL OLA (80-90 %) were added to a 25 mL two-neck
flask and heated to 280 °C under N, flow. Following the
colors changes from blue to reddish brown, a solution of
sulfur in oleylamine was added to above solution. Then, the
temperature is increased to 280 °C and kept for 30 min by
stirring. After cooling down to the room temperature, the
resultants were participated and centrifuged. The final
product was washed with ethanol and dried at 70 °C.

X-ray diffraction (XRD) and small-angle X-ray scat-
tering (SAXS) patterns of CZTS nanoparticles were
obtained on a Bruker (D8 Advance) with Cu-Ka radiation
source (1 = 0.15,406 A). Zeiss Evo model scanning

electron microscope was used for analyzing of atomic
percentage of elements. The microscopic images and
selected area electron diffraction pattern (SAED) of sam-
ples were recorded by a transmission electron microscope
(TEM, JEOL JEM-2100).

Before making thin film, glass was chemically cleaned
by acetone, ethanol and pure water respectively with
ultrasonic cleaning and then in UV-Ozone cleaner for
30 min and finally dried in nitrogen. Prepared CZTS
nanocrystalline compound semiconductor was carried on a
glass by spin coating method. Spin coating was performed
at 1500 rpm spin speed for 60 s. The thickness of Cu,.
ZnSnS, (CZTS) nanocrystalline thin film was measured
70 nm by using profilometer Veeco Dektak 150. Optical
properties of the prepared nano particle based CZTS thin
film were characterized by a Jasco model V-670 UV/VIS/
NIR spectrophotometer. Transmission and reflection spec-
tra of film were performed between 300 and 1000 nm
wavelength range. The room temperature Raman spectra of
nanocrystals was recorded Renishaw invia confocal-raman
spectrometer.

3 Results and discussion

CZTS nanoparticles have been analyzed by using X-Ray
Diffractometer for better understanding of crystalline
structure. X-ray diffraction (XRD) pattern of colloidal
CZTS nanocrystals is given in Fig. 1a. Characteristic peaks
for nanocrystals are clearly observed on XRD patterns. We
have to emphasize that, XRD peaks indicate two main
crystalline structures as kesterite and stannite. Both struc-
tures are described by tetragonal unit cell. Since their same
crystal structure, it is difficult to separate these structures
from diffraction peaks. However, kesterite phase is more
stable than stannite phase as reported many times in liter-
ature [15, 27]. The as-synthesized CZTS nanocrystals
showed three intensive XRD peaks centered at 20 = 28.3°,
46.75°, 55.2°, 67.7° and 74.9° corresponding planes to
(112), (220), (312), (008) and (332), respectively. As well
known, XRD peaks are broadened by decreasing the par-
ticle size (Fig. la). The sample of nanocrystals shows
broad diffraction peaks and this broad peaks are due to
small size of the CZTS nanocrystals. The average particle
size of the nanocrystals was calculated from the [112]
diffraction peaks at 28.3° by using Debye-Sherrer equation
as 18 nm, which is also confirmed by SAXS (Fig. 1b) and
TEM analysis.

The structure and phase purity of the CZTS nanocrystals
were investigated by using Raman analysis. The Raman
spectra of CZTS nanocrystals is presented in Fig. lc. The
characteristic peak of CZTS is clearly observed on
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Fig. 1 a XRD pattern, b SAXS, ¢ Raman spectra, and d EDS spectrum results of CZTS nanocrystals
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spectrum. A Raman peak at 332.8 cm™' corresponded to

the A, mode of CZTS [28]. This value is in good agree-
ment with the value obtained by Arora [29]. Compared to
the standard peak at 338 cm ™! of the bulk CZTS materials,
it is slightly shifted from the strong peak due to the dis-
persion of the phonon momentum [30]. Also there is no
significant indication of phase separation for Sn,S; at
304 cm ™!, Cu,SnS; at 318 cm™', ZnS at 355 cm™ ', and
Cu,_,S at 475 cm™ L. Since no other crystalline forms were
observed in the raman spectrum, we strongly suggested that
the structure of the CZTS samples shows high purity and
crystallinity. Furhermore, the broadening of the Raman
peak is seen for nanocrystals owing to the phonon con-
finement [31, 32], which is consistent with the XRD
pattern.

Energy-dispersive X-ray spectroscopy (EDS) was per-
formed to examine the overall homogeneity and composi-
tion of CZTS as an example of the synthesized
nanocrystals. The EDS spectrum of CZTS nanocrystals is
presented in Fig. 1d. As seen in Fig. 1d, the values of
elemental composition of the nano particle based CZTS
thin film are 25.17, 12.05, 12,87, and 49.91 for copper
(Cu), zinc (Zn), tin (Sn), and sulfur (S), respectively. The
Zn/Sn, Cu/Sn, and Cu/(Zn + Sn) ratios calculated in our
film are estimated as 0.94, 1.96, and 1.01, respectively. The
Cu/(Zn + Sn) and Zn/Sn ratios are desired in the vicinity
of 0.8 and 1.2, respectively [33]. Furthermore, Dhakal et al.
[21] have reported that the Cu/(Zn + Sn), Zn/Sn, and Cu/
Sn ratios were 0.79, 1.58, and 2.03, respectively. Moreover,
the average elemental composition ratio of CZTS
nanocrystals were found as Cu,Zn;Sn;S, which is revealed
that CZTS sample close to the ideal composition.

Figure 2 shows transmission electron microscopy (TEM)
images and selected area diffraction (SAED) patterns of the
as synthesized CZTS nanocrystals. As can be clearly seen
from Fig. 2a, most of the nanocrystals are spherical and the
nanocrystals have an average size of 18 nm. The standard

Fig. 2 a TEM b HRTEM
images and ¢ SAED pattern of
nanocrystals

deviation of nanocrystals was measured ~2 nm. To further
study crystallinity and confirm the structure of the fabricated
nanofibers, HR-TEM analysis was carried out (Fig. 2b). All
of the lattice fingers of the synthesized CZTS nanocrystals
revealed the highly crystalline nature. Moreover, interplanar
spacing of 3.1 A was measured and attributed to the (112)
crystallographic planes. Figure 2c shows the SAED pattern
of the nanocrystals, in which three main diffraction rings
correspond to (112), (220) and (312) planes of polycrys-
talline CZTS nanocrystals with tetragonal structure
[15, 26, 27, 34]. As shown in inset figures, the diffraction
rings are discontinuous and consist of sharp spots, which
indicate that the nanocrystals are well crystallized. These
results are consistent with the XRD data. Furthermore,
XRD, SAXS, Raman spectra, EDS and TEM results corre-
spond to the CZTS nanoparticles before spin deposition.

To determine optical parameters of nano particle based
CZTS thin film, transmission and reflection spectra of the
film were performed between 300 and 1000 nm wave-
length range. The measured transmission (7) and reflection
spectra (R) of nano particle based CZTS thin film are
depicted in Fig. 3. Acccording to Fig. 3, while transmis-
sion of sample has 50-65 % values in the visible wave-
length region, it is about 65-70 % and approximately
constant in the near infrared wavelength region. On the
other hand, Fig. 3 shows that the thin film has a low
reflectivity (~7-12 %) in the visible and near infrared
region.

The absorption coefficient has been calculated from the
experimental data of transmission 7" and reflection R using
the relation [19, 21, 35]:

(1-R)
T

1
o =—In

¥ (1)

where d is the thickness of film. Figure 4a shows the
variation of absorption coefficient of films with the

@ Springer



10132

J Mater Sci: Mater Electron (2016) 27:10128-10135

wavelength. The values of the absorption coefficient of the
nano particle based CZTS film were found to be about
4-7 x 10* em™" in visible region. The figure shows that
absorption coefficient is higher than 10* cm ™ measured in
the VIS-NIR region, which is consistent with those
reported in earlier published results [19, 21, 35] and
therefore, the nano particle based CZTS film is considered
as a suitable material for photovoltaic solar energy con-
version. The higher absorption coefficient in lower energy
region (longer wavelength region) is caused by defects in
crsytal structure. Many articles in the literature have high
absorption coefficient for Cu,ZnSnS, (CZTS) thin films.
Dhakal et al. [21] have prepared Cu,ZnSnS, (CZTS) thin
films by sputtering method. They reported that the
absorption coefficient calculated using the transmittance

75 20

Transmission (%)
Reflection (%)

45

400 600 800 1000
Wavelength (nm)

Fig. 3 Spectral variation of transmission and reflection of thin film

(@hvF (x10°) (cm™eV)?

o (xlO4 em™)

400 600 800 1000
Wavelength (nm)

Fig. 4 a Plot of o versus 4 of thin film and b Plot of ( ochv)2 Versus
(hv) of thin film
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and reflectance data was higher than 5 x 10* cm™' in most
of the visible region. Tanaka et al. [23] have prepared
solutions for Cu,ZnSnS,; (CZTS) precursors by sol-gel
method and deposited CZTS thin films by spin coating
method by means of the solutions on soda-lime glass
substrates. The absorption coefficient in the visible region
was larger than 10* cm_l, 2.7 x 10* em™' at 700 nm
(1.77 V) and 7.4 x 10* cm™! at 400 nm (3.1 eV), and
hence, CZTS is suitable material for thin-film solar cell.
The fundamental absorption is characterized by a high
absorption coefficient region (o> 10* cm™"). It corre-
sponds to electron excitation from the valence band to
conduction band. The absorption coefficient reported in
Refs. [36, 37] was 10°~10° cm™! in visible region. Guan
et al. [31] have prepared Cu,ZnSnS, (CZTS) thin films on
glass substrates by the solvothermal method. They reported
that the absorption coefficient in the visible region was
larger than 10* cm™', 2.0 x 10*cm™" at 700 nm (1.77 eV)
and 7.0 x 10* cm™ " at 400 nm (3.0 eV). Muhunthan et al.
[38] have prepared Cu,ZnSnS, (CZTS) thin films by the
reactive co-sputtering process. They reported that the
absorption coefficient in the visible region was larger than
10* em™!, 6.0 x 10* ecm™! at 700 nm (1.77 eV) and
6.5 x 10* cm™' at 400 nm (3.0 eV). These band gap
energies and absorption coefficients are comparable with
our results.

To determine the band gap energy of materials, in
common, the variation of ahv with (hv—-E,)" is investi-
gated, where hv is the photon energy, E, is the optical band
gap, and n is either 1/2 for indirect transition or 2 for direct
transition. Therefore, we have plotted the graph of (0hv)?
versus hv to determine the direct optical band gap energy
of nano particle based CZTS, as shown in inset of Fig. 4b.
As seen in inset of Fig. 4b, the linear region is obtained.
The optical band gap (E,) is calculated by extrapolating
this linear region of the plot (ahv)? versus photon energy
(hv). The optical band gap energy is found to be about
1.49 eV for our nano particle based CZTS thin film, which
is in good agreement with the reported values [20, 21, 39].
The direct band gap energy of the deposited nano particle
based CZTS thin films are in the solar energy range. Fur-
thermore, Kumar et al. [19] are found that the optical band
gap of high quality CZTS films prepared at different sub-
strate temperatures lie between 1.40 and 1.45 eV. Dhakal
et al. [21] have prepared Cu,ZnSnS, (CZTS) thin films by
sputtering method. They reported that the band gap derived
using a Tauc plot was 1.52 eV. Tanaka et al. [23] reported
that the band gap of the film was 1.49 eV for high quality
CZTS thin films. The band gap energy reported in Refs.
[36, 37] was 1.45 and 1.51 eV, respectively. Furthermore,
Guan et al. [31] have prepared Cu,ZnSnS,; (CZTS) thin
films on glass substrates by the solvothermal method. They
reported that the band gap of the CZTS film was 1.50 eV.
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Muhunthan et al. [38] have prepared Cu,ZnSnS, (CZTS)
thin films by the reactive co-sputtering process. They
reported that the band gap of the film was 1.47 eV.

The refractive index n contains an imaginary part and is
written as [19, 40]

n=n—ik. (2)

Imaginary part of refractive index, the extinction coef-
ficient k, can be calculated from the absorption coefficient
o using the relation of k = aA/4m. Figure 5 shows the
change of the extinction coefficient and refractive index of
nano particle based CZTS thin film with the wavelength.

Now we can calculate the refractive index (n) of thin
film from the reflection R and the extinction coefficient k
values using the following relation [19-21, 39, 40]

n=<if—§)+ (14_7’;)2—/& 3)

As seen from Fig. 5, the extinction coefficient has the
values changed between 0.19 and 0.22 % until 600 nm, then
k increase monotonically with increasing wavelength at
higher wavelength regions. On the other hand, the calculated
refractive index was found to be in the range of 1.7-2.

One of the main optical characteristics of any material is
the complex dielectric function. The real (¢;) and imagi-
nary (&) parts of the dielectric function are dependent on
its refractive index and extinction coefficient and calcu-
lated from the following relations [39, 40]:

n* — k? (4)
& = 2nk. (5)

€1

The variation of ¢; and ¢, with wavelength are presented
in Fig. 6, respectively. As seen in Fig. 6, the ¢; increases
from 3.1 to 3.7 in visible region and also remains at a
constant value between 600 and 800 nm and then decreases
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Fig. 5 Plot of n and k versus A of thin film

towards 3.5 value after 800 nm. Furthermore, the e,
increases from 0.79 to 0.81 in visible region and then
increases towards 1.1 value after 800 nm. The plot of the
real part of the dielectric function in Fig. 6 is also quite
similar to the n graph of the film.

The dispersion of the refractive index of any material is
analysed using the single oscillator model proposed by
Wemple and DiDomenico [40-42].

EdEo

2
=144
EZ — (hv)’

(6)

By plotting 1/(n*~1) against (hv)?, a straight linear
region is obtained (Fig. 7). E, the single oscillator energy
and E, the dispersion energy are determined by this linear
region. The intercept of the linear curve at vertical axes
gives E¢/E; and its slope the value of 1/ExE; The
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Fig. 7 Plot of 1/(n>—1) against (hv)? of thin film
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Fig. 6 The real and imaginary parts of dielectric constant of thin film
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calculated E, and E; were found as 3.765 and 7694 eV,
respectively. It seems that, the single oscillator energy E,
obeys an empirical relation such as Ey = 2.5E,. The static

refractive index, n, can be calculated by ny = /1 + g—[; as

1.74.

The M_; and M_; moment values of the optical spectra
were calculated from the E, andE,, using following rela-
tionships [40—43]:

M_,
El=—— 7
= (7)
M3
Ej=-+L 8
= (8)

The calculated moment values were found as

M_; =204eV2and M_; = 0.295 eV 2.

4 Conclusions

In this work, the I,-1I-IV-VI, quaternary compound Cu,.
ZnSnS, (CZTS) nanocrystalline thin film was produced
by hot-injection method. CZTS film with nanoparticle
was prepared by spin coating method on Corning 1737
glass. Surface morphological, optical and structural
properties of nano particle based CZTS thin films have
been investigated in detail. The XRD analysis confirmed
that the CZTS films exhibit the kesterite structure with
preferential orientation along the (112) direction. The as-
synthesized CZTS nanocrystals showed three intensive
XRD peaks centered at 20 = 28.3°, 46.75°, 55.2°, 67.7°
and 74.9° corresponding planes to (112), (220), (312),
(008) and (332), respectively. The optical constants were
calculated by means of transmission and reflection mea-
surements. The values of the absorption coefficient of the
film were found to be about 4-7 10* cm™' in visible
region. The direct optical band gap of this film is
1.49 eV, which is very close to the optimum value of the
band gap required for the absorber material in thin film
solar cell. According to the wavelength dependence of
and of the nano particle based CZTS film, the refractive
index (n) values vary from 1.78 to 1.97 in visible region.
The extinction coefficient (k) values vary from 0.21 to
0.19 in visible region and increases rapidly toward 0.29
value in the ranging of 800-1000 nm. In addition, the
dispersion of the refractive index is discussed in terms of
the Wemple-DiDomenico single oscillator model. The
values obtained forE,, E, and n, parameters are 3.765,
7.694, and 1.74 eV, respectively.
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