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ABSTRACT The wurtzite-derived Cu,ZnSn(S,_,Se,), alloys are
studied for the first time through combining theoretical calculations
and experimental characterizations. Ab initio calculations predict
that wurtzite-derived Cu,ZnSnS, and Cu,ZnSnSe, are highly miscible, S
and the band gaps of the mixed-anion alloys can be linearly tuned
from 1.0 to 1.5 eV through changing the composition parameter x
from 0 to 1. A synthetic procedure for the wurtzite-derived
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has been developed. A linear tunable band-gap range of 0.5 eV is observed in the synthesized alloy nanocrystals, which shows good agreement with

the ab initio calculations.
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u,ZnSnS, (CZTS), CuyZnSnSe, (CZTSe),
C and their alloys Cu,ZnSn(S;_,Se,)4

(CZTSSe) are ideal substitutes for the
currently commercialized solar cell absorber
Cu(ln,_,Ga,)Se, (CIGSe) semiconductors, be-
cause they consist of earth-abundant ele-
ments Zn and Sn rather than scarce elements
In and Ga, as well as possess strong light
absorption and suitable band gaps.' > Re-
cently, an electric efficiency around 10%
has been achieved in hydrazine-processed
CZTSSe thin-film solar cells,*® demonstrat-
ing a promising future.

Printing colloidal “nanocrystal ink” is a
novel method to prepare solar cell absorber
layers, and the fabricated devices would result
in reduced costs.> "3 Three recent works have
demonstrated that this approach can be ap-
plied to fabricate CZTSSe, Cu,Zn(Ge;_,Sn,)-
(S1_,5e,)4 and Cu(In,_,Ga,)(S1_,Se,), thin-film
solar cells, yielding reasonably high efficiencies
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of 7.2%, 8.4%, and 12%, respectively.'*"®
These results encourage the further devel-
opment of the colloidal “nanocrystal inks”
synthesis.'”’ "2' One interesting discovery
about “nanocrystal ink” is that although
the wurtzite-derived phases (derived from
the wurtzite ZnS or ZnSe structure) of ter-
nary and quaternary chalcogenides, e.g.,, CulnS,
(CIS),** CulnSe; (CISe),”* Cu,SnSes (CTSe),*
CZTS,* and CZTSe,* have never been ob-
served in thin-film samples due to their en-
ergetic metastability, they can be prepared
in nanocrystals given proper kinetic con-
trols.22~2% Considering their special struc-
tural, surface, and interface properties, which
are at variance with those of the ground-state
zincblende-derived phases, these wurtzite-
derived phases provide new chances to
tune their properties and optimize the solar
cell performance proceeding from the
“nanocrystal ink”.
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For compound semiconductors, one important way
to tune their properties is to form mixed-anion alloys.
For example, thanks to the more flexible material
properties, the solar cells based on the CZTSSe alloys
have achieved higher efficiency than the pure CZTS
and CZTSe solar cells.*® It should be noticed that the
syntheses of CZTSSe alloys with different compositions
have been reported only with the ground zincblende-
derived structure, in both thin-film and nanocrystal
samples;?>?’ 732 however, whether the wurtzite-de-
rived alloys can be synthesized is still an open question.
This is important for their applications as solar cell
absorbers while challenging because of the two-fold
energetic metastability; that is, the CZTSSe alloys are
metastable relative to the phase separation into pure
CZTS and CZTSe, and the wurtzite-derived CZTSSe
are metastable relative to the zincblende-derived
CZTSSe. For most of the semiconductor alloys, such as
In,_,Ga,N,>®> GaN,_,As,.** and ZnO,_,Se,,>® whether
the compositionally homogeneous and tunable sam-
ples can be synthesized under a certain temperature
depends on the specific miscibility of the mixed ele-
ments. Due to the limited study both experimentally
and theoretically, these issues are not clear, i.e., whether
the mixed-anion CZTSSe alloys in the wurtzite-derived
structure have a good miscibility; how their band gaps
and optical properties depend on the composition x;
and how they differ from the corresponding zincblende-
derived alloys.

In this article, we answer these questions and de-
monstrate that composition- and band-gap-tunable
wurtzite-derived CZTSSe alloys are achievable. We first
introduce the prediction from the theoretical calcula-
tions, then demonstrate the first synthesis and character-
izations of wurtzite-derived CZTSSe alloy nanocrystals.

RESULTS AND DISCUSSION

Miscibility of Wurtzite-Derived (ZTS and (ZTSe. As re-
ported previously, both CZTS and CZTSe crystallize in
the zincblende-derived kesterite structure (Figure 1a)
at their ground states,**3” in which Cu, Zn, and Sn
cations occupy one face-centered-cubic (fcc) sublattice
of the zincblende structure and the S (or Se) anions
occupy the other sublattice. The wurtzite-derived
structures are metastable, in which the Cu, Zn, and
Sn cations occupy one hexagonal-close-packed (HCP)
sublattice of the wurtzite structure and the anions
occupy the other sublattice (Figure 1b and Supporting
Information Table S1). Among all the wurtzite-derived
structures, the wurtzite—kesterite structure shown in
Figure 1b has the lowest total energy and can be
related to the kesterite structure through a structural
rotation, as discussed previously.>” The wurtzite-de-
rived CZTSSe alloys mean that the isovalent S and Se
are mixed on the anion hcp sublattice, and their
occupations are usually disordered, like many isovalent
alloys, such as In;_,Ga,N** and GaAs;_,P,.>® One key
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Figure 1. Unit cells of kesterite (a) and wurtzite—kesterite
(b) CZTSe. The cations and anions of CZTS and CZTSSe have
the same atomic positions as CZTSe, but Se anions are
totally or partially substituted by S anions.
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Figure 2. Calculated formation enthalpies of CZTSSe with
different composition x (x = 0, 0.25, 0.5, 0.75, and 1) in the
wurtzite-derived wurtzite—kesterite and zincblende-derived
kesterite structures. The lines show the fitting according to
eq 2, with the interaction parameters labeled.

issue in the theoretical simulation of the disordered
semiconductor alloys is how to describe the random-
ness of the isovalent elements using a supercell with
finite size. In the present study, the well-established
special-quasirandom structures (SQS3%4%) are used, in
which the mixed-anion sites are occupied in a way that
the structural correlation functions are close to the
exact values of the random alloys, so the calculated
formation energy and the band gaps are also close to
those of the random alloys. The SQS model with the
composition x = 0, 0.25 (equivalent to 0.75), and 0.50
can be plotted (see Supporting Information Figure S1),
with the atomic coordinates listed in Table S2.

Figure 2 shows our calculated formation enthalpies
of the wurtzite-derived and zincblende-derived
(calculation details are given in a previous work®’)
CZTSSe alloys. The formation enthalpies of the alloys
are defined as

AHf(x) = E(x) — (1 —x)E(0) — xE(1) (1)

where E(x) is the total energy of the CZTSSe alloy at the
composition parameter x as calculated using the SQS
supercell, and E(0) and E(1) are the total energies
of pure CZTS and CZTSe, respectively. The formation
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enthalpy AH¢(x) describes the energy cost for mixing S
and Se anions in a certain lattice, so £(0) and E(1) of the
wurtzite-derived CZTS and CZTSe are used for calculat-
ing AH¢(x) of the wurtzite-derived alloys (E(0) and E(1)
of the zincblende-derived CZTS and CZTSe for the
zincblende-derived alloys). It is obvious that both alloys
have an upward bowing in their AH¢(x) dependence on
the composition parameter x, which indicates they
prefer decoherent phase separation into CZTS and
CZTSe at zero temperature. Comparing the two lines,
we can find that the formation enthalpies AH¢(x) of
wurtzite-derived alloys are always lower than those of
zincblende-derived ones at the same composition,
which indicates that the S and Se anions can be more
easily mixed in the HCP sublattice of the wurtzite-
derived structure than in the fcc sublattice of the
zincblende-derived structure.

To estimate the miscibility temperature, the calcu-
lated formation enthalpies AH(x) in Figure 2 are fitted
to the following formula:

AHi(x) = Qx(1 —x) (2)

where Q is the alloy interaction parameter,®® and the
fitted values are 19 and 26 meV/atom (38 and 52 meV/
mixed-atom) for the wurtzite-derived and zincblende-
derived alloys, respectively. In order to mix the S and Se
anions, the above positive formation enthalpy has to
be overcome by the configuration entropy under a
certain temperature, which is kTlx In x + (1 — x)In x]
according to the standard solid solution model. This
gives the miscibility temperatures of 220 and 300 K for
wurtzite-derived and zincblende-derived CZTSSe al-
loys, respectively. Both temperatures are below the
typical growth temperatures, and thus a good misci-
bility is expected in the CZTSSe alloys, whether in
wurtzite-derived or zincblende-derived structures. This
distinguishes CZTSSe alloys from the currently com-
mercialized solar cell materials Cu(In,Ga;_,)Se, (CIGS)
alloys, in which the high Q parameter (a calculated
value of 176 meV/mixed-atom*') and high miscibility
temperature (around 1000 K) make the phase separa-
tion and In/Ga inhomogeneity serious in the synthe-
sized samples,*? especially when Ga composition is
high, limiting the solar cell performance. For CZTSSe
alloys, component-uniform samples with variable
compositions can be synthesized, so the limitation
is much weaker, which is an important advantage
relative to CIGS.

Theoretical Band-Gap Dependence on Compositions of the
Wourtzite-Derived (ZTSSe Alloys. Since the composition of
CZTSSe alloys can be tuned with a good miscibility,
now we will look at how the composition influences
the band gap. The band gaps of the thin-film CZTS and
CZTSe in the kesterite structure are nowadays clear;
they are about 1.5 and 1.0 eV for the stoichiometric
samples, respectively."*>*® However, there are still de-
bates about the band gaps of the nanocrystal samples,
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TABLE 1. Reported Band Gaps of Zincblende- or Wurtzite-
Derived CZTS, CZTSe, and CZTSSe Alloy Nanocrystals

compound crystal structure band gap (eV)
s zincblende derivative 13,1315, 12157
(ZTSe zinchlende derivative 14-15%137 1.5
arsse zinchlende derivative 1.47—1.54,%° 1.28—1.50%
ars wurtzite derivative 142° 1438
(ZTSe wurtzite derivative 1.46%°
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Figure 3. Band-gap dependence of the wurtzite-derived
(blue) and zincblende-derived (red) CZTSSe alloys on the
composition x. The filled squares are the calculated values,
and the lines show the change according to the fitted
bowing parameter b. Here the GGA calculated band gaps
are corrected through adding an error, which changes
linearly with x from the calculated error of the CZTSe (1.30 eV)
to that of CZTS (1.41 eV).

of which the reported values are listed in Table 1. It
seems that the band gap of CZTSe nanocrsytals has
been overestimated; for example, the band gap of the
zincblende-derived CZTSe was reported to be 1.47 eV°
(see Table 1), even higher than that of the wurtzite-
derived CZTS (1.4 eV from a different paper).?® Although
a band-gap-tunable range from 1.0 to 1.5 eV is expected
according to the values of the zincblende-derived thin-
film samples, the achievable band-gap range for the
wurtzite-derived alloys is still a question.

Figure 3 shows the calculated band gaps for wurt-
zite-derived (blue) CZTSSe alloys with different com-
positions, and the values for the zincblende-derived
(red) alloys are also plotted to show the difference
between the two phases. It is obvious that the band
gaps of both wurtzite-derived and zincblende-derived
CZTSSe alloys depend almost linearly on the composi-
tion x, so the band-gap bowing parameters (labeled in
Figure 3) are both small. The band gaps of the wurtzite-
derived alloys are always higher than those of the
zincblende-derived ones with the same composition x,
despite the fact that their differences are always small,
less than 0.1 eV. The relatively larger band gaps of the
wurtzite-derived structures have been understood for
CZTS and CZTSe according to the symmetry of the
valence band maximum (VBM) and conduction band
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minimum (CBM) states,®” and the same mechanism
also works for CZTSSe alloys. It should be noted that
the disorder between Cu and Zn cations is highly
possible in the CZTS and CZTSe semiconductors due
to the very low energy cost to exchange them.3® Our
calculations have shown that Cu/Zn partial disorder is
also possible in the wurtzite-derived CZTSSe alloys, and
the specific cation ordering may depend on the growth
processes. However, since the partial disorder is uni-
versal in CZTSSe with different compositions, its influ-
ence on the band gaps (decrease by less than 0.1 eV) is
also universal, and thus the relative band gap change is
not affected. Thus, although the structural diversity
(wurtzite-derived or zincblende-derived, Cu/Zn par-
tially disordered or not) may influence the band gaps,
the influence should be in a perturbative and uniform
way. A continuous and linear band-gap tuning from
about 1.0 to 1.5 eV should be possible through the
composition control.

Synthesis and Characterization of Wurtzite-Derived CZTS and
(ZTSSe Nanocrsytals. To verify the predicted dependence
of band gaps on composition parameter x, we devel-
oped a high-temperature solvothermal procedure to
prepare wurtzite-derived CZTSSe alloy nanocrystals.
Various amounts of Cul, Zn(CH3COO),-2H,0, and
SnCl,-2H,0 listed in Table S3 were used as the cation
sources. Since the Zn source shows lower reactivity
than the Cu and Sn sources,*” the reagents contain
more Zn salt than the stoichiometric amount for the
expected cation ratios. To get metastable wurtzite-
derived CZTS and CZTSSe alloy nanocrystals, 1-dode-
canethiol and diphenyl diselenide, which have been
proven to provide proper kinetic controls to get me-
tastable nanocrystals,>*** were added as sulfur and
selenium sources, respectively. Sulfur and selenium
powders were absent in our synthesis, because reac-
tions yield zincblende-derived products when they are
involved.?® It should be noted that we balanced the
reactivities of sulfur and selenium sources through
adjusting the molar ratios of 1-dodecanethiol/diphenyl
diselenide, and pure CZTS and heavily sulfur-doped
CZTSe nanocrystals were prepared through keeping
the amount of 1-dodecanethiol constant (600 «L) while
varying the amount of diphenyl diselenide from 0 to
0.28 mmol. Actually, 600 uL of 1-dodecanethiol con-
tains about 2.5 mmol of sulfur atoms, which are much
more than the stoichiometric values even for the reac-
tion producing pure CZTS nanocrsytals (0.56 mmol),
indicating that 1-dodecanethiol is not exhausted after
reactions. The remaining 1-dodecanethiol acts as an
efficient capping surfactant to ensure the dispersibility
of the synthesized nanocrystals. We tried to synthesize
pure wurtzite-derived CZTSe without the presence of
1-dodecanethiol; however, the synthesized nanocryst-
als were hard to disperse in hexane. When 80 uL of
1-dodecanethiol is added into the reaction mixture,
the obtained nanocrystals show largely improved
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TABLE 2. Cation Ratios and Composition x of the Syn-
thesized Wurtzite-Derived CZTS and CZTSSe Alloy Nano-
crystals, Which Are Labeled As Samples 1—5 According to
the Composition Parameter x

sample Cu:Zn:Sn composition x of Cu,ZnSn(S;_,Se,),
1 21.211 0
2 2:1.2:0.9 0.22
3 21.1:10 0.37
4 2111 0.61
5 2111 0.95
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Figure 4. PXRD patterns and the Rietveld fits of samples
1—5. The diffraction peaks of the obtained wurtzite-derived
CZTSSe nanocrystals systemically shift to smaller angles as
composition x decreases. Due to the coexistence of zinc-
blende-derived structure, the relative intensities of those
shared peaks are slightly intensified.

dispersibility, but the decomposition of 1-dodeca-
nethiol at 280 °C makes the obtained nanocrystals
sulfur-doped. In order to get dispersible nanocrsytals
with a composition close to pure CZTSe, we added
excess diphenyl diselenide to depress the reactivity of
1-dodecanethiol.

The average chemical compositions of the target
nanocrystals were studied by the energy dispersive
spectrum (EDS) analysis (Figure S2 and Table 2), where
we confirmed that the cation ratios are all close to 2:1:1
and composition parameter x gradually increases from
0 to 0.95. Please note the sulfur contents were calcu-
lated based on the EDS-determined Cu, Zn, Sn, and Se
contents assuming the nanocrystals are electroneutral
and all elements are in the expected oxidation states,
because the sulfur signal from the capping agent
1-dodecanethiol obscures the accuracy of the sulfur
content determination. For simplicity and clarification,
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we label the obtained nanocrystals as samples 1-5
according to the composition parameter x (Table 2).

Figure 4 shows the powder X-ray diffraction (PXRD)
patterns of the synthesized CZTSSe nanocrystals, to-
gether with the Rietveld fits for analyzing the phase
purities. Note that the calculated miscibility tempera-
ture (200 K) of the wurtzite-derived CZTSSe alloy is
much lower than the growth temperature of nano-
crystals here (553 K), and it is reasonable to expect that
the anion sublattice is occupied by the mixed S and Se
anions. Furthermore, wurtzite—kesterite and kesterite
are the ground states of the wurtzite- and zincblende-
derived CZTS (or CZTSe), respectively, so Rietveld
refinements here were performed based on these
two structure models with randomly occupied (S+Se)
anion sublattices. We found that the phase purities of
wurtzite-derived structures in samples 1, 2,4, and 5 are
all high (around 90%) while there is more zincblende
phase in sample 3 (32.48%) (Table S4); the byproducts
of all samples are zincblende-derived CZTSSe. Even
though the experimental data fit well with the simu-
lated data based on the cation-ordered structure mod-
els, (Cu+Zn) disorder or partial disorder cannot be
detected by only PXRD analysis, and they are possibly
present in all synthesized nanocrystals due to the low
disorder formation enthalpy.3”*6484° The peak posi-
tions systematically shift to smaller angles as the
composition parameter x increases, and accordingly,
the calculated lattice parameters of samples 1—5 shift
gradually to larger values (Table S4 and Figure S3),
confirming the obtained nanocrsytals are mixed-anion
alloys rather than the phase-segregated mixtures of
CZTS and CZTSe.

Since wurtzite ZnS (PCPDF 89-2942) (ZnSe, PCPDF
89-2940) and wurtzite-derived CusSnS, (Cu,SnSes)**>°
show similar PXRD patterns to the wurtzite-derived
CZTSSe alloys, additional room-temperature Raman
spectra analysis was performed to confirm the ob-
tained nanocrystals are not mixtures of ZnS (ZnSe)
and waurtzite-derived CusSnS,; (Cu,SnSes). Although
there are no existing Raman spectra of wurtzite-de-
rived CZTS and CZTSe, they can be expected to show
similar Raman spectra to zincblende-derived CZTS and
CZTSe, like zincblende ZnS shows similar Raman spec-
trum to wurtzite ZnS.>' Zincblende-derived CZTS and
CZTSe represent the most intense peaks located at 196
and 338 cm™’, respectively,>**° which almost match
the most intense peaks of sample 1 and sample 5
(Figure 5), respectively, where the red shift of peaks can
be understood by the defect and size effects.>* >
Wurtzite ZnSe shows the most intense Raman peak
at 253 cm~',>"*> which is not noticeable in the Raman
spectrum of sample 5. Wurtzite ZnS has the strongest
Raman peak at 351 cm™' located between the most
intense peak and another weak peak of CZTS." Even
broadening of two neighboring peaks makes the
strongest peak of wurtzite ZnS hard to distinguish;

FAN ET AL.
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Figure 5. Room-temperature Raman spectra of samples
1-5. The spectra of samples 1 and 5 almost match with
those of pure CZTS and CZTSe, respectively; the two typical
modes of samples 2—4, i.e.,, one CZTS-like and the other
CZTSe-like mode, generally shifting to smaller wave numbers
with increasing composition x, are similar to the observations
in the zincblende-derived CZTSSe thin -film samples.

Figure 6. STEM—EDS element mapping of sample 4 with x =
0.61, which is the most representative sample among the
five samples because it shows the largest formation en-
thalpy. The five elements present a homogeneous distribu-
tion of the characterized nanocrystals, and thus the element
distributions of the other four samples can be expected
to be homogeneous. The white scale bar in the STEM image
is 50 nm.

it is obvious that there is no or very little ZnS in sample 1.
Therefore, we can confirm that samples 1 and 5 are not
mixtures of binary and ternary chalcogenides with co-
incidental amounts. With regard to samples 2—4, the
strongest Raman peaks represent typical two-mode be-
haviors (one CZTS-like mode and one CZTSe mode), and
generally, both modes shift to higher frequencies with the
increment in the content of lighter sulfur atoms (Figure 5).
This is consistent with the observations in the Raman
spectra of zincblende-derived CZTSSe alloys.>°
High-resolution scanning transmission electron mi-
croscopy (STEM)—EDS element mapping was used to
directly observe the element distribution in the wurt-
zite-derived CZTSSe nanocrystals. According to the
theoretical calculations (Figure 2), wurtzite-derived
CZTSSe alloys show the largest formation enthalpy
with x = 0.5; that is to say, the phase segregation will
most probably happen in sample 4 with a composition
parameter x = 0.61, and thus the element distribution
in sample 4 is rather representative. It can be seen from
Figure 6 that five elements distribute homogeneously
among the nanocrsytals and the phase segregation is
absent in the nanocrsytals. For samples 1, 2, 3, and 5
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Figure 7. TEM and HRTEM images of samples 1—5. The dimensions of samples 1—5 fall in the ranges 18 + 10,20 + 10,18 - 7,
17 £+ 5, and 26 + 4 nm, respectively. The epitaxially grown zincblende-derived CZTSSe can be directly observed in the HRTEM
images. The white and black scale bars are 50 and 5 nm, respectively.

with lower anion mixing enthalpies, it is reasonable to
confirm that they also do not encounter the problem of
phase segregation.

The transmission electron microscopy (TEM)
images in Figure 7 show the sizes and morphologies
of the obtained CZTSSe nanocrystals. The dimensions
of samples 15 fall in theranges 18 10,20 £ 10,18 +
7,17 £ 5, and 26 £ 4 nm, respectively. We calculated
the exciton Bohr radius ag of CZTS and CZTSe using the
reported values>® following the equation

Re/1 1
ag = —|—+—
e’ \me my

= 0.053em, <L+L> (nm) (3)
me My

FAN ET AL.

where A, ¢, me, m,, and m, are the reduced plank
constant, dielectric constant, effective mass of elec-
tron, effective mass of hole, and rest mass of electron,
respectively.>” The calculated ag of CZTS and CZTSe are
2.2—4.3 and 6.38—13.25 nm, respectively. CZTSe has a
much larger exciton Bohr radius than CZTS, but they
are still smaller than the average dimensions of the
nanocrsytals among all five samples, indicating that
quantum confinement does not have an effective
impact on the band gaps of the synthesized nanocrsy-
tals. HRTEM images reveal that the major phases of the
CZTSSe nanocrsytals are wurtzite-derived structures,
and there are also several or tens of anion atom layers
stacked with the sequence ..ABCABC.., which is the
typical sequence of a zincblende-derived structure,
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Figure 8. UV—vis—NIR spectra of samples 1—5, which are
stably dispersed in hexane. The linearly extrapolated onsets
of the samples decrease with increasing composition x. The
inset is the linear extrapolation of (ahv)? versus photon
energy, from which the band gaps evaluated also decrease
as composition x increases. The absorbance peaks in the
UV—vis—NIR spectra located around 1400 nm are attributed
to hexane.
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Figure 9. Experimental band gaps of samples 1—5, which
decrease almost linearly from 1.5 eV to about 1 eV with
increasing composition parameter x from 0 to 0.95.

interfacing with the wurtzite-derived domains along
the [001]yz direction. The results here are consistent
with those obtained from the Rietveld refinement anal-
ysis. It has been found that the band gap of wurtzite
GaAs nanowires slightly downshifts with the presence
of zincblende segments,*® so the small amount of co-
existing zincblende-derived CZTSSe structures can affect
the band gaps of wurtzite-derived CZTSSe structures to
some extent.”® However, when we compare the band
gaps of CZTSSe nanocrystals with different composition
x, the effect of a coexisting zincblende-derived structure
should be small, because zincblende-derived structures
are only minority phases existing in all samples.
Experimental Band-Gap Dependence on Composition of the
Wourtzite-Derived (ZTSSe Alloy Nanocrystals. Figure 8 illus-
trates the UV—vis—NIR spectra of a CZTSSe alloy nano-
crystal stably dispersed in hexane. Before the measure-
ments, the absorbances of different samples were
tuned to be close to each other through adjusting
the concentrations of the colloidal dispersions. We
calculated the light absorption coefficient a from the
equation a = A/bc, where the A, b, and ¢ are the ab-
sorbance, cuvette thickness (1 cm), and nanocrystal
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concentration (defined as 1). Please note that the
calculated absorption coefficient here is used only for
estimating the band gaps but not for evaluating the
light absorbance capacities of the nanocrsytals. The
band gaps of the CZTSSe alloy nanocrsytals were
evaluated by two widely used methods for direct
bandgap semiconductors, i.e., linear extrapolation of
the absorbance onset versus wavelength and (ahv)?
versus photon energy. It can be clearly observed
from Figure 9 that the band gaps of CZTSSe alloy
nanocrystals almost linearly decrease with increasing
composition x, regardless of the estimating method. We
noticed the variations in cation ratios of five samples
(Table 1), and actually, Zn doping will enlarge the band
gaps of CZTS and CZTSe, while Sn doping will decrease
the band gaps. Samples 1 and 2 show the same Cu/Zn
ratio, while the Sn content in sample 2 is about 20%
lower than sample 1; however, the band gap of sample
2 is smaller than that of sample 1, indicating the S/Se
ratio plays a dominant role in the band-gap determina-
tion. Sample 3 has a lower Zn content, and together
with a higher Sn content than sample 2, this might be
the reason that the band gap of sample 3 is a little bit
lower than the lineally fitted value. In general, all
five samples vary slightly in cation ratios, but the band
gaps almost decrease linearly with decreasing S/Se
ratio, indicating the band gaps of CZTSSe nano-
crystals are mainly effected by S/Se ratios.

For wurtzite-derived CZTS and CZTSSe alloy nano-
crystals with x = 0.95, the measured band gaps are
about 1.5 and 1 eV, respectively, showing a tunable
range of 0.5 eV. Tunable ranges of 0.22 (1.28—1.50)
and 0.07 eV (1.47—1.54 eV?°) have been achi-
eved previously through tuning the compositions
of zincblende-derived CZTSSe alloy nanocrystals.2%22
In contrast, our experimental result reveals that a much
larger tunable range can be obtained in wurtzite-
derived CZTSSe alloy nanocrystals. Both the band-
gap range and bowing from the experimental mea-
surements show good agreement with the theoreti-
cally calculated values.

CONCLUSIONS

To conclude, we performed a combined theoretical
and experimental study on wurtzite-derived CZTSSe
alloys. The calculations predict that the wurtzite-de-
rived CZTS and CZTSe are miscible above 200 Kand the
band gaps of CZTSSe alloys can be linearly tuned from
1.0 to 1.5 eV through adjusting the composition para-
meter x. We prepared CZTSSe alloy nanocrystals with
composition parameter x varying from 0 to 0.95 and
evaluated their band gaps from the UV—vis—NIR spec-
tra. The experimental results confirm the theoretical
prediction that the band gaps of wurtzite-derived
CZTSSe alloy nanocrystals increase almost linearly from
about 1.0 to 1.5 as x increases from 0 to 0.95, and the
tunable range (0.5 eV) is much larger than the previously
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reported values (0.07 and 0.22 eV)?>?® for zincblende-
derived samples. To the best of our knowledge, this is

METHODS

Calculation Methods. The total energy and electronic band
structure have been calculated within the density functional
formalism as implemented in the VASP code.?*?”° For the
exchange—correlation potential, we used the generalized gra-
dient approximation (GGA) of Perdew and Wang, known as
PW91.%" The d states of group IV elements are treated explicitly
as valence. The interaction between the core electrons and the
valence electrons is included by the standard frozen-core
projector augmented wave potentials. An energy cutoff of
300 eV was applied in all cases. For Brillouin-zone integration,
we used k-point meshes that are equivalent to the 6 x 6 x 6
Monkhorst—Pack meshes for a 16-atom orthorhombic unit cell.
All lattice vectors and atomic positions were fully relaxed by
minimizing the quantum mechanical stresses and forces.

Chemicals. Hexane (97%), ethanol (99.7%), 1-dodecanethiol
(97%), Cul (99.5%), Zn(CH3COO0), - 2H,0 (99%), and SnCl,-2H,0
(98%) were purchased from Sinopharm Chemical Reagent Co.
Ltd. (Shanghai). Oleylamine (80—90%) was purchased from
Aladdin Reagent Co. Ltd. (Shanghai). Diphenyl diselenide (99%)
was purchased from Acros Organics. All chemical reagents were
used as received without further purification.

Synthesis of Wurtzite-Derived (ZTSSe Nanocrystals with Different
Composition x. To prepare wurtzite-derived CZTSSe nanocrsytals
with tunable composition x, different amounts of Cul, Zn-
(CH3C00),:2H,0, and SnCl,-2H,0 listed in Table S3 were
dissolved in 10 mL of oleylamine in the presence of various
amounts of 1-dodecanethiol (Table S3) in a three-neck flask in
air and then heated to 180 °C. At the same time, various
amounts of diphenyl diselenide, which are also listed in Table S1,
were dissolved in another three-neck flask containing 5 mL of
oleylamine in air at 70 °C. Reactions were started through
injecting diphenyl diselenide solution into the former salt
solution. (For the synthesis of pure CZTS nanocrsytals, these
two steps have not been performed.) The reaction temperature
was increased from 150 °C to 280 °C at a heating rate of 10 °C/min
and kept at 280 °C for 0.5 h.

When the reactions were completed, the reaction flasks
were removed from the heating mantles and naturally cooled.
The black products were collected and centrifuged at 8000 rpm
for 5 min, and the upper clear yellow solutions were discarded.
Then hexane was added to disperse the nanocrystals. The dis-
persions were centrifuged at 4000 rpm for 5 s; larger nanocrystals
and aggregates were discarded, while the bright black colloidal
solutions were transferred into another centrifuge tube, where
slurries formed after the addition of ethanol. Those slurries were
centrifuged again at 8000 rpm for 5 min, and the nanocrystals
were accumulated at the bottom of centrifuge tube once again.
The washing process was repeated two times. A typical reaction
yields about 20 mg of dispersible nanocrystals.

Measurement and Characterization. The crystalline structure of
the products was characterized by PXRD, using a Philips X'Pert
PRO SUPER X-ray diffractometer equipped with graphite-mono-
chromated Cu Ka radiation (1 = 1.54056 A). The operation
voltage and current were kept at 40 kV and 400 mA, respec-
tively. The phase purities and relationships were analyzed using
the X'pert High Score Plus software in conjunction with the
ICDD database. All structural refinements were carried out using
the Rietveld refinement technique with the Fullprof software
suite (version 2.05).°% For zincblende- and wurtzite-derived
CZTSSe, the space groups were taken as /4 and P1. Pseudo-
Voigt profile functions were employed, and 18 least-squares
parameters (zero-point parameter, scale factor, lattice para-
meters, profile parameters U, V, W, shape, X, Asy) were varied
during the refinement process.

Nanocrystals dispersed in hexane were drop-casted on
carbon-supported Mo grids for TEM and HRTEM observations,
which were performed on JEOL-2010F with an acceleration
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the firstinvestigation of wurtzite-derived CZTSSe alloys
in either theory or experiment.

voltage of 200 kV. EDS and STEM-EDS element mapping were
carried out on an Inca Oxford equipped on a JEOL-2010F, and
Be grids were used for STEM-EDS mapping (Please note that
Be grids are highly toxic and should be handled with extreme caution).
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