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Abstract

Non-stoichiometric Cu2ZnSnS, nanoparticles with average diameters of 4-15 nm and quasi polyhedral shape were
successfully synthesized by a colloidal method. We found that a non-stoichiometric composition of Zn to Cu in
Cu2ZnSnS4 nanoparticles yielded a correlation where Zn content increased with a decrease in Cu content, suggesting
formation of lattice defects relating to Cu and Zn, such as a Cu vacancy (Vcu), antisite with Zn replacing Cu (Zncy)
and/or defect cluster of V¢, and Zncy. The bandgap energy of Cu2ZnSnS, nanoparticles systematically varies between
1.56 and 1.83 eV depending on the composition ratios of Cu and Zn, resulting in a wider bandgap for Cu-deficient
Cu,ZnSnS4 nanoparticles. These characteristics can be ascribed to the modification in electronic band structures due
to formation of V¢, and Znc, on the analogy of ternary copper chalcogenide, chalcopyrite CulnSey, in which top of the
valence band shifts downward with decreasing Cu contents, because much like the structure of CulnSe; the top of the

valence band is composed of a Cu 3d orbital in Cu,ZnSnS..
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Introduction

Presently, Cu,ZnSnS4 (CZTS) is the most promising candidate for environmentally and economically compatible
photovoltaic materials, which can achieve high-efficiency energy conversion (Siebentritt et al. 2012; Ramasamy et
al. 2012). CZTS consists of low-toxicity and earth-abundant elements only, unlike other novel photovoltaic materials
with higher conversion efficiencies such as CdTe, Cu(InGa)Se, and lead-halide perovskite. The high absorption
coefficient of ~10* cm™ and a bandgap of ~1.5 eV indicate that CZTS is one of the ideal semiconductors available to
thin-film solar-cell absorbers (Ito et al. 1988). These advantages have accelerated research on both fundamental
material properties and solar-cell applications of CZTS (Siebentritt et al. 2012; Ramasamy et al. 2012).

Among the various methods utilized for synthesizing semiconductor thin films, a solution-based process using
‘nanoparticle ink’, in which semiconductor nanoparticles dispersed in solvent are painted or printed on substrates
followed by a sintering process, is a strong candidate for low-cost processing methods for the production of
photovoltaic devices (Guo et al. 2009; Genovese et al. 2012; McLeod et al. 2015). In addition, semiconductor
quantum dots (QDs), which are very small semiconductor nanoparticles less than the exciton Bohr radius, have also
attracted much attention because of unique electronic and optical properties that originate from the quantum
confinement effect of carriers (Nalwa 2000). From such characteristics, QDs have attracted considerable attention as
key materials not only for various light-emission devices but also for the next-generation photovoltaic materials. This
is because extremely high efficiencies exceeding the Shockley—Queisser power conversion limit are theoretically
predicted in QD solar cells which can operate based on unconventional mechanisms such as intermediate band
structures, multiple exciton generation, etc (Nozik 2010).

On the basis of these aspects, studies on synthesizing size-controlled colloidal CZTS nanoparticles have been
actively conducted, and the optical and electronic properties of these nanoparticles have been investigated (Guo et al.
2009; Riha et al. 2009; Steinhagen et al. 2009; Dai et al. 2010; Shavel et al. 2012; Pundsack et al. 2013; Fan et al.
2014). CZTS nanoparticles with diameters less than ~3 nm exhibit apparent enlargement in bandgap energy because
of the quantum confinement effect of carriers, where it increases from ~1.5 eV for bulks up to ~1.8 eV for 2 nm
(Khare etal. 2011; Liu et al. 2013; Nishi et al. 2014). It has been also reported that the bandgap of CZTS nanoparticles
can be controlled over a wide range, depending on elemental compaosition ratios in comparison with the quantum size
effects. Compositions of the cationic elements in CZTS nanoparticles (Cu, Zn and Sn) were investigated in the
preceding studies (Nishi et al. 2013; Chen et al. 2014) and are plotted as a ternary diagram in Fig. 1. As shown in Fig.
1, previously reported compositions were limited to non-stoichiometric regions corresponding to the alloy between

CupSnS; (CTS) and ZnS (Chen et al. 2014), or the narrow region centered on the stoichiometry (Nishi et al. 2013).



Depending on the ratio between CTS and ZnS, the bandgap energy varied between ~3.1 eV for ZnS and < 1.5 eV for
CTS (Nishi et al. 2013; Chen et al. 2014). Such behavior is analogous to the bandgap change observed in many mixed
crystal semiconductors and empirically explained by Vegard’s law in bandgaps (Basu 1997). Altering the mixing ratio
of two semiconductor species is the most common procedure of engineering to control the bandgap of semiconductors.
However, as for CZTS, the mechanism for the bandgap changes dependent on cation compositions has not been
elucidated.

In this study, we have synthesized non-stoichiometric CZTS nanoparticles with the cation composition ratios
deviating from the CTS-ZnS alloys in order to examine the key elements that determine the bandgap energy of non-
stoichiometric CZTS. It was found that the bandgap energies vary depending on the contents of Cu and Zn but not
on the contents of Sn. By the systematic investigation, we have identified Cu as a key element determining the
bandgap energies. These observations provide a novel method for manufacturing the bandgap energy of CZTS

nanoparticles which can contribute improvement of photovoltaic conversion efficiency of CZTS-based solar-cells.

Experimental

Non-stoichiometric CZTS nanoparticles with surface passivated by 1-dodecanethiol (1-DT, C12H2sSH) ligands
were synthesized by the reaction between metal sources and a sulfur source in the solution phase. Copper acetate, zinc
acetate and tin chloride were mixed with dioctylamine in a three-neck flask. The mixture was kept at 363 K in an argon
gas atmosphere for 30 min, and then heated. When the temperature of the solution reached 423 K, sulfur powder
dissolved in 1-DT was injected. After injection, the solution was heated up to 503 K and kept intact for 120 min, and
then cooled to room temperature. Black-colored colloidal solution was obtained. The crude nanoparticles were
thoroughly washed by repeated precipitation with an addition of ethanol followed by centrifugation. Finally, the
purified nanoparticles were dispersed in hexane and drop-casted on quartz or silicon substrates. To achieve Cu-poor
compositions, the molar ratios of Cu, Zn and Sn ions in the starting reagents were varied from the stoichiometric
composition of CZTS, i.e. Cu:Zn:Sn = 2:1:1, to highly non-stoichiometric Cu:Zn:Sn = 2:15:15, keeping equivalent
total amounts of Zn, Sn and S ions in the reagents. In other words, the molar ratios of Cu to the total amount of metals,
x = [Cu]/([Cu] + [Zn] + [Sn]), were changed between 1/2 and 1/16.

The elemental compositions of the synthesized nanoparticles were examined using X-ray photoelectron
spectroscopy (XPS) measured by ULVAC PHI5000. Before the XPS measurements, surface cleaning of the
nanoparticles deposited on silicon substrates was conducted by Cgo ion beam sputtering. The XPS spectra of Cu 2p,

Zn 2p, Sn 3d, S 2p and C 1s electrons were measured and analyzed by a deconvolution technique. Transmission



electron microscopy (TEM) of individual nanoparticles were performed by Hitachi HF2000 and JEOL JEM2100F. The
crystalline structures of the nanoparticles were investigated by X-ray diffraction (XRD) and Raman spectroscopy. XRD
patterns were measured by a powder diffractometer using Cu-Ka radiation (Mac Science High Quality XG). Raman
spectra were obtained by excitation at 532 nm using JASCO NRS-3300 Raman spectrometer. To investigate optical
bandgap energies of nanoparticles, photoluminescence excitation (PLE) spectra were measured using a Horiba SPEX

Fluorolog3 spectrofluorometer equipped with a near-infrared photomultiplier tube.

Results and discussion
Reaction scheme

In this procedure, we employed the conventional metathesis reaction between metal complex and sulfur complex.
Sulfur-1-DT (RSH) complex was decomposed to H,S, which react with metal complex to form chalcogenide. The
composition of CZTS NPs is decided by formation rates of Cu.S, ZnS, and SnS,, which differ from each other. On the
other hand, high ionic conductivity of chalcogenides may lead to the cation exchange process. Under equilibrium
condition, the chemical composition (Cu:Zn:Sn) of CZTS NPs are decided by the stability of metal complexes in

solution phase (Kuzuya et al. 2012).

Elemental compositions

Figure 2 shows the XPS spectra obtained for nanoparticles synthesized from starting compositions of x = 1/10
(sample F, Cu:Zn:Sn = 2:9:9). Characteristic peaks of Cu, Zn, Sn, S and C atoms are present in these spectra. The
peaks of Cu 2ps2 (932 eV), Cu 2pi1s2 (952 eV), Zn 2ps2 (1022 eV), Zn 2p12 (1045 eV), Sn 3dsy, (486 eV), Sh 3ds;z (495
eV), S 2p (161-165 eV) and C 1s (284.8 eV) were observed. A shoulder peak located at the high-energy side of the Sn
3ds2 peak (Fig. 2 (c)) was assigned to an Auger electron peak of Zn (Wagner et al. 1979). All of the peaks for Cu, Zn
and Sn, except for Sn 3ds, and an Auger peak, exhibit asymmetrical features because of a shoulder on the high-energy
side of each peak. Such spectral features suggest that additional weak peaks exist there. These main and additional
peaks could be deconvoluted by fitting analysis. In this analysis, we adopted a Voigt function for representing the peak
profiles. As shown in Fig. 2 (a)—(c), each asymmetric peak was well fitted by this procedure. Peak energies of the weak
components were estimated to be 1-2 eV higher than the main peaks. The main peaks appeared on a similar energy
position to those reported for bulk CZTS (Bér et al. 2011); hence, these were identified as the signals of Cu, Zn and
Sn belonging to the nanoparticles. Weak components may originate in Cu, Zn and Sn from some impurities or

secondary phases; however, we cannot identify these species.



It is well known that the S 2p peak splits into two separate peaks with a distance of 1.2 eV and an intensity ratio
of 2:1, which originate in S 2ps2 and S 2py2 electrons (Wagner et al. 1979). However, measured spectrum of S 2p
electrons (Fig. 2(d)) exhibited complicated features, suggesting that several overlapping peaks exist in this region.
Taking into account these characteristics of the S 2p spectrum, we also analyzed S 2p spectra by the same
deconvolution method adopted to the metal peaks as described above. The spectral shape of the S 2p was successfully
reproduced by two sets of S 2ps» and S 2p1» peaks. This estimation is reasonable because there exist two types of S
atoms in these nanoparticles; S in the nanoparticle bodies and 1-DT ligands. On the basis of the peak energies, we can
identify that the low- and high-energy peak sets correspond to the S 2p electrons in S bonded with metals (dashed
curves in Fig. 2(d)) and S bonded with C in alkyl chains of 1-DT (dot-dashed curves in Fig. 2(d)), respectively (Caster
et al. 1996; Xu et al. 1998; Cruz et al. 2003; Krylova and Andrulevi¢ius 2009). This conclusion is supported by the
XPS spectrum of C 1s electrons shown in Fig. 2 (e); this may be attributed to the 1-DT ligands, in which two types of
C exist, bound and non-bound S. The C 1s peak could be also deconvoluted into two components, the main peak at
284.8 eV and the weak peak at 286.07 eV. This result indicates that the weak component is ascribed to C atoms bonded
with S, and the main peak is ascribed to C not bonded with S. Consequently, we conclude that the S 2p peaks appearing
in high-energy and low-energy regions are because of S belonging to 1-DT ligands and nanoparticles, respectively.
Therefore, an elemental composition of nanoparticles can be deduced from integrated intensities of Cu 2p, Zn 2p, Sn
3d and S 2p peaks originated in the nanoparticles, considering the relative sensitivity factors of each element in XPS
measurements. In this way, we successfully estimated accurate values of elemental compositions of the nanoparticles
by separating them from the same elements in impurities and secondary phases. The composition ratio of the sample
F was determined to be Cu:Zn:Sn:S = 1.03:1.90:0.94:4.13. Cu and Zn contents are half and nearly twice the
stoichiometric values, respectively, whereas Sn and S contents are close to a stoichiometric ratio.

Elemental compositions were also evaluated for other nanoparticle samples synthesized in this study. The results
are summarized in Table 1 and cation compositions are plotted in the ternary diagram shown in Fig. 1. As shown in
the ternary diagram, the cation composition ratios of these nanoparticles are different from the previously reported
CTS-ZnS-alloyed nanoparticles (Nishi et al. 2013; Chen et al. 2014). The ratio of Cu:Zn:Sn varies between near-
stoichiometric 2.08:1.34:1.31 (sample A) and highly non-stoichiometric 1.08:2.49:0.83 (sample E), where the Zn
content increases with a decrease of Cu content. This tendency suggests that Cu atoms were substituted with Zn under
the Cu-poor condition, indicating that the antisite with Zn replacing Cu (Znc,) as well as the Cu vacancy (Vcy) were
possibly formed. The antisite Znc, can be easily formed because Cu* and Zn?* with a coordination number of 4 have

identical ionic radii of 0.6 A (Shannon 1976). Such an assumption is also supported by the recent theoretical prediction



that Vcy and Vey + Zng, defect clusters in CZTS have relatively low formation energies (Chen et al. 2010).

Structural investigations

Typical TEM images of CZTS nanoparticles are depicted in Fig. 3 (a) and (c) for near-stoichiometric (sample A)
and non-stoichiometric (sample F) compositions, respectively. These nanoparticles exhibit quasi polyhedral shapes
and approximately ~7 nm (A) and ~5 nm (F) in average diameters. Electron diffraction patterns of the corresponding
nanoparticles are shown in Fig. 3 (b) and (d). Three diffraction rings were observed for both of the nanoparticles, which
indicate that the nanoparticles are well crystalized. The interplanar spacings estimated from the diffraction rings were
about 3.1, 1.9, and 1.6 A in both cases. These values are in accordance with the (112), (220), and (312) planes of
kesterite CZTS, respectively (Joint Committee on Powder Diffraction Standards (JCPDS) 075-4122). TEM
observation of any other compositions showed that nanoparticle shapes were near polyhedral and their average
diameters varied from ~4 to ~15 nm independent of composition of starting reagents (Electronic Supplementary
Material). Average diameters above ~4 nm are larger than the diameter for an enlargement in the bandgap because of
the quantum confinement effect, suggesting the bulk-like electronic states of nanoparticles prepared in this study
(Khare et al. 2011; Liu et al. 2013; Nishi et al. 2014). However, very small particle size and low contrast of TEM
images make it difficult to estimate accurate size of individual nanoparticles. Therefore, crystallite size of nanoparticles
were also investigated by analyzing XRD peak width using the Scherrer equation.

XRD patterns of each nanoparticle sample deposited on quartz substrates are shown in Fig. 4 in conjunction with
the JCPDS data of CZTS, cubic ZnS and cubic CTS. Diffraction patterns characterized by three intense peaks appearing
around 26 = 28°, 47° and 57° were observed for many compositions. Broad diffraction peaks around 20° were because
of quartz substrates. Many sharp peaks below 26 = 30° observed in the sample C and weak structures at 26 = 32° and
49° in several samples were most likely from residual organic impurities which can be ascribed to the copper-thiolates
(Espinet et al. 1999). The position and intensity ratio of the main diffraction peaks closely match those reported for
CZTS bulk crystals (Nagaoka et al. 2012) and films (Washio et al. 2011), as well as the JCPDS data. This indicates
that fundamental crystalline structures of CZTS, including lattice constants, are maintained despite highly non-
stoichiometric compositions, which is consistent with the electron diffraction patterns. However, it is difficult to
distinguish the diffraction patterns of CZTS from other compounds such as cubic ZnS and CTS, which are possibly
produced as secondary phases. Thus, Raman spectra have been often used for CZTS characterization (Khare et al.
2011; Nagaoka et al. 2012; Shavel et al. 2012; Liu et al. 2013; Nishi et al. 2013; Chen et al. 2014).

Figure 5 shows the Raman spectra of the same nanoparticles deposited on silicon substrates. Frequencies of the



Raman spectra were calibrated using the longitudinal optical (LO) phonon peak of the silicon substrates. The Raman
peaks were observed at 327-335 cm™, which are closely match previously reported values for the A; mode of bulk
CZTS, and are different from the characteristic peaks of ZnS (275, 350 cm™?) (Serrano et al. 2004) and CTS (303, 355
cmY) (Fernandes et al. 2010). However, peak frequencies are slightly lower than the A; peak reported for
stoichiometric single crystals, 336 cm™ (Levcenko et al. 2012) or 338 cm™* (Nagaoka et al. 2012). Grossberg et al.
(2012) observed the Raman band at the frequency similar to our results and ascribed it to disordered kesterite, where
disorder of the cation position exists in the Cu-Zn layer. Such disordered CZTS were actually identified by neutron
scattering and the presence of anti-sites of Znc, and Cuz, were reported (Schorr 2011). The low-frequency Raman peak
at 331 cm™* was reported for CZTS films evaporated at low substrate temperatures and also ascribed to the structural
disorder in a cationic sub-lattice (Caballero et al. 2014). Thus, our Raman results suggest disordering at the Cu and Zn
sites in the Cu—Zn layer because of non-stoichiometric compositions of Cu-poor and Zn-rich conditions. We can see
no pronounced difference in Raman frequencies in spite of the wide variations of Cu and Zn compositions. The
following point can be considered as the reason. The A; mode is a pure anion mode in which only S atoms vibrate;
hence, its frequency is less affected by composition variations of other cation atoms (Khare et al. 2012). Consequently
from this analysis, the nanoparticles synthesized in this study could be identified as CZTS nanoparticles with high non-
stoichiometric Cu and Zn compositions. However, as can be seen in Fig. 5, the Raman spectrum of the sample H
exhibited the hump on the frequencies corresponding to the phonon mode of ZnS (LO) and CTS, suggesting the
formation of secondary phase of ZnS (and CTS) which could not be identified by XPS and XRD.

The lattice constants of samples A—H calculated from the (112), (220) and (312) peaks of the XRD patterns are
shown in Table 1. The lattice constants are 5.406-5.441 A and 11.061-11.425 A for a- and c-axis, respectively. There
is no systematic dependence on the elemental compositions in these values. The crystallite size estimated from full
width at half maximum (FWHM) of the (220) and (312) diffraction peaks by the Scherrer equation is also shown in
Table 1. The crystallite sizes are 4-5 nm which are equivalent to or slightly smaller compared with the average
diameters of nanoparticles measured by TEM. These results are not contradict the TEM observation where nanoparticle

diameters are 4-15 nm.

Optoelectronic properties
Investigation of optoelectronic properties of non-stoichiometric CZTS nanoparticles dependent on the elemental
compositions was conducted. It is well documented that the bandgap energy of a semiconductor can usually be

estimated from the optical absorption spectrum by analyzing the spectral shape around an absorption edge (Yu and



Cardona 2010). However, nanoparticle samples prepared in this study were not suitable for absorption spectroscopy
because of strong light scattering because of rough surfaces. The PLE spectrum is approximately equivalent to the
absorption spectrum of the sample (Yu and Cardona 2010). Thus, we estimated bandgap energies £ of the non-
stoichiometric CZTS nanoparticles using the PLE spectra instead of the absorption spectra. In direct bandgap
semiconductors, an absorption coefficient « near the absorption edge can be expressed as the following formula (Yu
and Cardona 2010),

A(h‘/_Eg)y2 )

hv

a =

Here, A, hand vare a proportional constant, Planck’s constant and frequency of light, respectively. Eg can be estimated
as a zero-crossing energy from the plot of (ahv)? against hv. In this study, o was replaced by the intensity of PLE
spectrum Ip_e for analysis of Eg because Ip e is proportional to . The PLE spectra of the CZTS nanoparticles were
measured by monitoring intensities of PL spectra peaked at 1-1.2 eV. Figure 6 shows the PLE spectra of the CZTS
nanoparticles displayed in the plot of (IsLe h)? versus h v. We could not obtain clear PLE spectra for some compositions
(sample B and C) because of weak emission. PLE spectrum of the sample H is not shown here because of possible
presence of the secondary phase detected by Raman measurement. As shown in Fig. 6, rising edge energies of the PLE
spectra are different depending on the compositions of nanoparticles, which indicates that the Eg is dependent on the
elemental compositions. The E4 values were estimated from the plot shown in Fig. 6 by extrapolating the linear part
of each spectrum.

Estimated E4 values are shown in Table 1 and plotted versus Cu, Zn and Sn content ratios to all cations, respectively,
in Fig. 7, with Eq previously reported for non-stoichiometric CZTS nanoparticles with compositions of a CTSx(ZnS):-
x alloy (Nishi et al. 2013; Chen et al. 2014). The results show that Ey of the CZTS nanoparticles with Cu:Zn:Sn =
1.58:1.02:1 is minimal at 1.56 eV, which is equivalent to that of stoichiometric CZTS, and that of highly non-
stoichiometric Cu:Zn:Sn = 1.3:3:1 is 1.83 eV. The Egq values are strongly correlated with the content ratios of both Cu
and Zn. Eg increases with a decrease in Cu composition and an increase in Zn composition. Such behaviors are also
found in the former CTSx(ZnS)1-x-alloyed nanoparticles (Nishi et al. 2013; Chen et al. 2014). However, we cannot find
apparent Sn-composition dependence, although clear dependences were found in alloyed nanoparticles. Correlation
coefficients between Eg and the Cu composition ratio as well as between Eq4 and the Zn composition ratio were
estimated to be —0.97 and 0.86, respectively. These are much larger than the coefficient of —0.52 derived for Sn
composition. These results suggest that Cu and Zn compositions are key parameters in determining Eg of the CZTS

nanoparticles.



The bandgap widening similar to the non-stoichiometric CZTS nanoparticles was reported in other non-
stoichiometric copper chalcogenides, chalcopyrite CulnSe; (CISe), with Cu-poor composition (Philip and Pradeep
2003). In CISe, the bandgap change was explained in terms of formation of 2V ¢, + Inc, defect clusters and modification
in the electronic band structure was associated with these defects (Zhang et al. 1998). The LDA calculation indicated
that valence band maximum (VBM) of CISe is composed of hybridized states between Cu 3d and Se 4p orbitals and
there exists a p—d repulsion gap, which separates the upper anti-bonding states and lower bonding states. Increases in
the number of V¢, and Incy weakens the p—d hybridization, resulting in weak p—d repulsion and reduction of the
repulsion gap. Thus, the bandgap increases as a result of the down-shift of the top of VBM because it is composed of
the anti-bonding states. Like the Cu chalcopyrite, the VBM of CZTS is composed of hybridized states between Cu 3d
and S 3p orbitals and a p—d repulsion gap exists (Chen et al. 2013). Therefore, the hybridization will be weakened
when V¢, is formed or Cu is substituted with other cation atoms. In such a situation, the same as in ClSe, the p—d
repulsion gap is decreased; hence, the bandgap widens. Structural analysis in this study suggested that the V¢, and/or
Veu + Zney defect clusters could be created in our non-stoichiometric CZTS nanoparticles. Such defects may weaken
the hybridization between Cu 3d and S 3p. Therefore, Eq values of CZTS nanoparticles depend strongly on the

composition ratios of both Cu and Zn, but Sn-composition dependence is much weaker.

Conclusions

We synthesized CZTS nanoparticles with diameters of 4-15 nm and large non-stoichiometric cation compositions
by the colloidal method. Bandgap energies of non-stoichiometric CZTS nanoparticles predominantly depends on the
contents of Cu and Zn in nanoparticles; an increase in energy with a decrease in Cu composition and an increase in Zn
composition. Such tendencies may be ascribed to formation of V¢, and/or V¢, + Zney defect clusters on the analogy of
Cu-poor CISe, which can weaken the Cu 3d-S 3p hybridization in the VBM and cause a down-shift of the VBM. This
approach presents a potential technique for the bandgap engineering of CZTS nanoparticles, which enables precise

tuning of the absorption wavelength while contributing to advancement in photovoltaic technology.
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Figure Captions
Fig. 1. Ternary plot of the atomic percentage of Cu, Zn and Sn in the CZTS nanoparticles. e: this work, o: Nishi et al.

(2013), /\: Chen et al. (2014)

Fig. 2. XPS spectra of CZTS nanoparticles of sample F: (a) Cu 2p (b) Zn 2p, (c) Sn 3d, (d) S 2p and (e) C 1s.

Fig. 3. TEM images and electron diffraction patterns of CZTS nanoparticles with near-stoichiometric composition
(sample A, (a) and (b)) and non-stoichiometric composition (sample F, (c) and (d)), respectively. Positions of some

nanoparticles are marked by the circles in (a) and (c).

Fig. 4. XRD patterns of the CZTS nanoparticles measured using a powder diffractometer with Cu-Ka radiation. For

reference, JCPDS data of CZTS, cubic ZnS and cubic CTS are also shown.

Fig. 5. Raman spectra of the CZTS nanoparticles around the A, vibrational mode. Thick red bars indicate frequencies
and intensities of the Raman bands reported for single crystal CZTS. Thin vertical lines indicate positions of major

Raman bands of cubic ZnS and cubic CTS.

Fig. 6. PLE spectra of the CZTS nanoparticles. Vertical axes of the spectra are modified for analysis of bandgap

energies. Solid lines represent interpolation of the linear parts of the spectra.

Fig. 7. Relations between the bandgap energies and composition ratios of (a) Cu, (b) Zn and (c) Sn versus whole

metallic elements in CZTS nanoparticles. e: this work, o: Nishi et al. (2013), A: Chen et al. (2014)
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Table 1.

Composition ratios, crystallite size, lattice constants, and bandgap energies of CZTS nanoparticles.

sample  size (nm) Cu:Zn:Sn:S a (A c(A) Eq (eV)
A 4.3 2.08:1.34:1.31:3.27 5.410 £ 0.004 11.288 £ 0.084 1.56
B 4.6 1.81:1.38:1.14:3.67 5.408 £ 0.001 11.259 £0.014 —
C 51 1.66:0.81:2.13:3.40 5.417 £ 0.005 11.072 £ 0.093 —
D 4.0 1.56:0.80:2.02:3.62 5.441 £ 0.000 11.425 £ 0.001 1.64
E 4.8 1.08:2.49:0.83:3.60 5.431 £ 0.001 11.016 £ 0.017 1.83
F 4.0 1.03:1.90:0.94:4.13 5.409 £ 0.012 11.067 £0.234 1.77
G 3.8 1.14:2.00:0.95:3.91 5.406 £ 0.008 11.389 £0.175 1.82
H* 51 1.30:2.42:1.54:2.74 5.429 £ 0.001 11.061 +0.026 —

* secondary phases
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