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Nanomaterials exhibit electrical and optical properties which depend sensitively on the size of the
nanocrystals and the properties are of both fundamental and technological interest. Among various
types of chalcogenide materials, CulnSe; (CIS), CulnGa(S,Se)>(CIGS) and CdTe are the most prominent
and commercialized materials for large scale photovoltaic manufacturing due to their high power
conversion efficiency and stability [ 1]. However, the low availability and toxicity of indium and gallium
increases the production costs and hinders the development of CIGS thin film solar cells [2]. The tox-
icity of heavy metal cadmium in CdTe based solar cells also raises health and environmental concerns.
The crystal structure of CZTS is similar to that of (CIGS) Culn,_,Ga,Se, which is considered as the most
promising solar cell absorber layer. However, the constituent elements In and Ga are expensive and Se
is toxic. In contrast to CIGS, CZTS has attracted much attention in recent years because of its abundant
availability and non-toxic nature [3]. In order to replace rare or toxic elements in a compound semicon-
ductor, isoelectronic alteration can be made to obtain a new compound semiconductor with the same
electronic structure. In CIGS compound semiconductor indium and gallium can be replaced by Zn and
Sn, as they are non-toxic and abundantly available materials and replacing Se with S converts CIGS into
CZTS. Kesterite, Cu,ZnSnS,4 (CZTS), Cu,ZnSnSe, (CZTSe) and their alloys (Cu,ZnSn(S,Se), (CZTSSe)), are
regarded as promising absorber materials for future photovoltaic systems on a terra-watt scale [4-6].

On the other hand, tremendous amount of interest has been shown in semiconductor nanoparticles
for the fabrication of highly efficient quantum dot solar cells because the nanoparticles exhibit size -
dependent energy structure and unique carrier generation, such as hot carrier extraction and multiex-
citon generation derived from quantum size effect [7-11]. The theoretical solar energy conversion
efficiency of quantum dot solar cells has been reported to be ca. 60% [9] which is much higher than
Shockley-Quisser limit (32%) [12].

CZTS nano particles can be synthesized by various methods such as, solvothermal [13], hot injection
[14], hydrazine slurry-based methods [15], microwave assisted methods [16] and sol-gel [17]. The wet
chemical synthesis of CZTS nanoparticles offers unique tools to carefully control the particle size, phase
composition and surface properties at nano scale level. So far, very few investigations have been
reported on CZTS quantum dots [18,25] and also low temperature, high yield synthesis of CZTS nano
particles has been limited. In this letter we report about the quantitative yield of CZTS quantum dots
prepared using simple precursors at low temperature by chemical precipitation technique. To synthe-
size high yield, single phase kesterite CZTS the precursor materials of CZTS are dissolved in long chain
coordinating solvents followed by burst precipitation and controlled growth at desired temperature
[19]. Analytical reagent grade (AR) chemicals copper nitrate (Cu(NOs),) (0.20 M) =zinc nitrate
(Zn(NO3),) (0.15 M), tin chloride (SnCl,) (0.15 M), and thiourea (H,NCSNH;) (0.40 M) were dissolved
in 2-methoxy ethanol and ethanolamine was added dropwise at room temperature. The resultant solu-
tion was stirred for 1 h to yield a homogeneous, clear and transparent solution using magnetic stirrer.
The obtained solution was aged at room temperature for 48 h for the nucleation and growth of CZTS
nanoparticles. The obtained precipitate was washed several times with distilled water and centrifuged
at 5000 rpm for 10 min, further it was dried at 70 °C for 1 h. The synthesized nanoparticles were
annealed at 170 °C for 1 h. The reaction mechanism of CZTS has been reported in our earlier work [27].

Structural properties of CZTS nanoparticles were studied using X-ray diffractometer Bruker D8 and
Raman spectroscopy studies were carried out using Raman spectrometer (Horiba-Jobin Labram 800
HR). High-resolution TEM (HRTEM) and selected area diffraction pattern images were recorded using
HRTEM (JEOL, JEM-ARM200F). The elemental distribution of CZTS nanoparticles was studied using
STEM instrument attached to the HRTEM. The photoluminescence spectra were recorded using (Lab-
RAM HR800). X-ray photoelectron Spectroscopy (XPS) studies were carried out using ESCA2000 (VG
microtech: UK). Optical properties were studied using the absorbance spectra recorded using UV-
Vis-NIR spectrophotometer (Jasco V570).

TEM image of the CZTS nanoparticles is shown in Fig. 1(a) and it is observed that all the particles
are spherical in shape. Fig. 1(b and c) shows the high-resolution transmission electron microscopy
(HRTEM) image of CZTS nano particles. The image clearly shows the lattice fringes indicating the
formation of good nano crystalline CZTS quantum dots. The HRTEM image gives a grain size of
~8.3 nm. This confirms the formation of CZTS nano particles with particle size lying in the quantum
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Fig. 1. (a) TEM image of CZTS nanoparticles, (b and c) HRTEM image of CZTS quantum dots, (d) SAED pattern of CZTS quantum
dots.

dot range. The HRTEM image exhibits lattice fringes with d spacing of 3.10 A corresponding to the
(112) reflection of the kesterite phase CZTS. Selected area electron diffraction (SAED) image shown
in Fig. 1(c) exhibits diffraction rings corresponding to the (112), (220), and (303) directions of the
kesterite phase of CZTS. The d spacing values obtained for all the diffraction rings from the SAED
pattern match very well with that of kesterite CZTS. The appearance of multiple diffraction rings is
due to the random orientation of the polycrystallites. The spotty ring pattern with missing periodicity
observed in the SAED image is due to the fact that the particles have random orientation.

Fig. 2 shows the X-ray diffraction pattern of the CZTS quantum dots. The diffraction pattern exhib-
its broad peaks revealing that the synthesized particles have very small crystallite size. The peaks
obtained at the 20 positions 28.26, 47.28, 55.24 corresponds to the (112),(220), (312) planes of CZTS
nanoparticles and they are characteristic of tetragonal type kesterite structure of Cu,ZnSnS,4 (JCPDS,
card No. 26-0575) [20]. Kesterite has a tetragonal unit cell inside which each sulfur anion is bonded
to four cations and each cation is bonded to four sulfur anions. The cation layers alternate with sulfur
anion layers along the crystallographic c-direction as CuZn/SS/CuSn/SS [28].

The average crystallite size of the CZTS nanoparticle was calculated and found to be ~9.1 nm by
using Scherer’s equation. Being quaternary compound CZTS often contains other binary and ternary
phases and it is difficult to control the stoichiometry. Most of the secondary phases such as (ZnS,
CuS, Sn,S;, SnS; and Cu,SnS;) are formed due to the lack of sulfur during the formation of CZTS.
The secondary phases have peaks which lie close to the peaks of CZTS due to similar crystal structure
and this makes it hard to distinguish CZTS from the secondary phase in a X-ray diffractogram. Most of
the reports shows that CZTS loses its anion during annealing process due to the high volatile nature of
sulfur. Therefore, CZTS annealed without sulfur atmosphere exhibits secondary phases [21]. Raman
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Fig. 2. X-ray diffraction pattern of CZTS quantum dots.

spectroscopy can give a better indication of the presence of secondary phase, because each phase in
CZTS will give a peak position in Raman scattering which is more distinct than in X-ray diffraction
pattern.

The Raman spectra of CZTS film is shown in Fig. 3. The vibration frequency at 332 cm~' confirms
the formation of pure kesterite phase CZTS. The strong peak observed at 332 cm™! corresponds to
the A1 mode of CZTS. The A1 modes are pure anion modes which correspond to vibrations of Sulfur
atoms surrounded by motionless neighboring atoms [29] and their broadening suggests the phonon
confinement effect occurring in the nanoparticles. A relationship between nano-crystal size and
phonon position can be expressed (based on uncertainty principle)

APAX > h’ /4

where AP is phonon momentum distribution, AX is particle size distribution, and 1 is reduced Planck’s
constant. The reduction in particle size will result in confinement of phonon within the particle. The
CZTS Raman spectrum did not show any evidence for the presence of binary phases SnS, SnS,, CuS and
CU2S.

Fig. 4(a and b) shows the high resolution STEM image of CZTS Quantum dots. In order to identify
the elemental distribution of the CZTS nanoparticle, chemical analysis with nanoscale spatial
resolution was carried out using STEM elemental mapping shown in Fig. 4(c-f). The images show
the homogeneous and uniform distribution of all the four elements Cu, Zn, Sn&sS.
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Fig. 3. Raman spectrum of kesterite phase CZTS quantum dots.
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Sn

Fig. 4. ((a) and (b)) Scanning transmission electron micrographs of kesterite CZTS quantum dots. (c-f) STEM elemental mapping
images of CZTS quantum dots.

X-ray photoelectron spectroscopy (XPS) was carried out to investigate the stoichiometry and the
oxidation states of constituent elements in the CZTS nano particles. The core level spectra of Cu 2p,
Zn 2p, Sn 3d and S 2p are shown in Fig. 5. The peak of Cu 2p split into 931.4eV (2p3/2) and
951.3 eV (2p1/2) with a splitting energy of 19.9 eV is assigned to Cu(I). The 2p peak of Zn observed
at the binding energies of 1021.5 (2p3/2) and 1044.3 eV (2p1/2) with a splitting energy of 22.8 eV cor-
respond to Zn(Il). The peak of Sn 3d split into 486.2 (2p5/2) and 494.6 eV (2p3/2) with a splitting
energy of 8.4 eV is attributed to Sn(IV). The 2p peak of S lying in the range of 160-164 eV suggests
its sulfide states [26].

The formation of CZTS nanoparticles can be also confirmed by photoluminescence (PL) spectros-
copy. Fig. 6 shows the PL spectra of CZTS nanoparticles recorded at room temperature using an exci-
tation wavelength of 620 nm. The spectra is found to exhibit two emission peaks centered on 657 and
691 nm. The strong emission band is observed at 657 nm and weak band cover the region between
675 and 710 nm. The observed emission bands are in red region (620-740 nm) of the electromagnetic
spectrum. Emissions from semiconductor nanoparticles originate from electrons in the conduction
band, excitonic states and trap states. It is important to note that any physical property that is depen-
dent on the size of a quantum dot could also be used for predicting its size and distribution. It is well
known that emission is very sensitive to nature of nanoparticle surface because of the presence of gap
surface states arising from surface non stoichiometry and unsaturated bonds.

The absorbance spectra of the kesterite CZTS quantum dots is shown in Fig. 7. The inset in the
figure shows the (ohv)? versus (hv) plot of the CZTS quantum dots. The valence band is made by an
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Fig. 5. XPS Spectra of CZTS quantum dots.
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Fig. 6. Photoluminescence spectra of CZTS quantum dots.

antibonding linear combination of Cu-3d states and S-3p states, and the conduction band is dominated
by an isolated band made up by Sn-5s and S-3p states. The transitions from the Cu-3d/S-3p states into
the conduction band determine the optical properties of CZTS in the visible wavelength [33,34].
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Fig. 7. Absorption spectra of CZTS nanoparticles inset plot of (cthv)? versus (hv).

The band gap of the CZTS quantum dots has been determined using the relation,
o =A(hy — Eg)'"?

where o is the absorption coefficient, A is the constant, Eg is the energy gap and hv* is the incident
photon energy.

The optical band gap is deduced by extrapolating the straight line portion of the (ohv)? versus (hv)
plot to meet the hv axis. The optical band gap energy was found to be 1.58 eV, which is larger than the
bulk band gap of bulk CZTS (1.4-1.5 eV) [22,23]. This increase in band gap due to the small size of the
particle is obviously caused by the quantum confinement effect [24].

The formation mechanism of CZTS quantum dots involves three steps. In the first step, Cu®*, Zn>*,
and Sn*" coordinated with thiourea molecules to form Cu-Thiourea, Zn-Thiourea, and Sn-Thiourea
complexes [30]. Among these three complexes, The Cu-Thiourea complexes first undergo decomposi-
tion to form Cu,_,S nucleus. In the second step the Zn-Thiourea and Sn-Thiourea complexes undergo
decomposition to form ZnS and SnS. In the third and final stage the active Cu,_,S reacts with ZnS and
SnS to form CZTS as a stable product. At this process, the binary copper sulfide serves as the starting
point for the nucleation and growth of CZTS. Meanwhile, the copper sulfide nucleus gradually
disappear and transform into CZTS grains and aggregate together to form a spherical structure and
it conserves the lowest surface energy. This process is agreement with previous reports [31,32].

In conclusion, high yield CZTS quantum dots have been synthesized by using simple precursors by
co-precipitation technique. X-ray diffraction pattern, X-ray photoelectron spectra (XPS) and Raman
spectra revealed the formation of tetragonal type pure kesterite structure CZTS nanoparticles. STEM
analysis indicates the presence and uniform distribution of Cu, Zn, Sn and, S. The optical band gap
shifted to the higher energy side 1.58 eV shows the presence of quantum confinement effect.
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