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Thin-film solar cells offer the promise of both low cost and
scalability, features that are vital for any approach toward providing
large amounts of carbon-free power.1 CdTe and Culn,-,Ga,Se,
(CIGS) are two materials that are currently being commercialized
for thin-film photovoltaic devices but may be limited in total power
production by the scarcity of Te, Ga, and In.' 3 CuyZnSnS, (CZTS)
is an emerging solar cell material that contains earth-abundant
elements and has a near-optimum direct band gap energy of ~1.5
eV and a large absorption coefficient (>10* cm™').*~¢ Thin-film
solar cells with efficiencies of up to 5.75% have been fabricated
from CZTS using costly, low-throughput sputtering and vapor
deposition techniques (which are also mainly used for CdTe and
CIGS production).'*~¢

A new method for scaling up solar cell production is based on
the synthesis of nanocrystals that are dispersed in an “ink” that
can be either thermally annealed into larger-grain thin films or used
to make solar cell devices using as-deposited three-dimensional
arrays of photoactive nanocrystals.” These approaches have spurred
interest in the synthesis of ternary nanoparticles such as Culn(S,Se),.5~'°
Herein we report the synthesis of CZTS nanocrystals, the key first
step in the fabrication of both nanoparticle inks and photoactive
nanocrystal arrays."'

We used the hot-injection solution synthesis method to prepare
the CZTS nanocrystals. This method involves injecting a cold
solution of precursors into a hot surfactant solution, leading to the
immediate nucleation and growth of nanocrystals.'*'*> We chose
this route because it has been successful in the syntheses of a wide
range of semiconducting chalcogenide nanocrystals, such as CdX
(X =S, Se, Te) and CIGS, providing exquisite control over
composition and morphology. This approach will enable low-cost
fabrication of solar cell devices through techniques such as drop
casting, dip coating, spin coating, or printing of the resulting CZTS
nanocrystal solution.®*'*~'¢ To our knowledge, this is the first
reported synthesis of Cu,ZnSnS, nanocrystals and the first directed
synthesis of quaternary nanoparticles.

In a typical synthesis, stoichiometric amounts of copper(Il)
acetylacetonate, zinc acetate, and tin(IV) acetate were combined
under inert conditions in oleylamine and heated to 150 °C under
vacuum; the temperature was reduced to 125 °C after 0.5 h. In a
separate vial, sulfur powder was sonicated in oleylamine until an
orange-red solution was obtained. Trioctylphosphine oxide (TOPO)
was heated to 300 °C, and the S and metal precursors were rapidly
injected. Aliquots were taken every 15 min over a total reaction
time of 75 min.

Figure 1 shows transmission electron microscopy (TEM) images
of representative CZTS nanocrystals synthesized at 300 °C for 45
min (additional TEM images and size distribution plots for all
aliquots are shown in Figure S1 in the Supporting Information).
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Figure 1b is a lower-magnification TEM image of triangular and
round CZTS nanocrystals with an average particle size of 12.8 &
1.8 nm (Figure S1h). High-resolution TEM (HRTEM) (Figure 1a)
shows that the nanocrystals are single-crystalline. The selected-
area electron diffraction (SAED) pattern shown in Figure 1c matches
the structure of CZTS (JCPDS 26-0575, indexed using the method
of relative ratios), as indicated by the diffraction spots corresponding
to the (112), (200), (220), (312), (008), and (332) planes. Large-
area scanning electron microscopy (SEM) images show that the
CZTS nanocrystals have similar sizes and pack uniformly (Figure
S2a).

Figure 1. TEM images of Cu,ZnSnS4 nanocrystals. The HRTEM image
in (a) shows interplanar spacings of 2.7 and 3.1 A corresponding to the
(200) and (112) planes, respectively; the CZTS nanocrystals in (b) have an
average size of 12.8 £ 1.8 nm. The SAED pattern in (c) was indexed to
CZTS.

The structure and composition of the CZTS nanocrystals were
confirmed using X-ray diffraction (XRD) (Figure 2) and energy-
dispersive spectroscopy (EDS) performed in both the SEM and
TEM microscopes (Figures S2b and S3). The diffraction pattern
shown in Figure 2 was indexed to tetragonal Cu,ZnSnS,, and the
average nanocrystal size (evaluated using the Williamson—Hall
method) was consistent with the particle sizes measured by TEM
(Figure S4). However, the diffraction patterns of stoichiometric
tetragonal Cu,SnS; (JCPDS 1-089-4714) and cubic ZnS (JCPDS
5-0566) have very similar lattice parameters. EDS of various areas
of the CZTS sample showed a Cu/Zn/Sn/S stoichiometric ratio of
2:1:1:4 (Figures S2b and S3). X-ray photoelectron spectroscopy
(XPS) analysis was used to confirm the presence of all four elements
in their expected oxidation states (Figure S5). To rule out the
possibility that the samples were a coincidental stoichiometric
mixture of Cu,SnS;:ZnS phases, differential thermal analysis (DTA)
of the nanocrystals was performed.

In the bulk, these materials all have high melting points (Cu,SnS;
has a phase transition at 775 °C from triclinic to cubic and melts
at 850 °C;'7"'® CZTS melts at 991 °C;'® ZnS undergoes a phase
transition from cubic to wurtzite at 1020 °C and melts at 1650 °C'?),
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Figure 2. XRD pattern (1 = 1.54 A) for the Cu,ZnSnS, nanocrystals. The
peaks have been indexed to tetragonal CZTS (JCPDS 26-0575). Below the
XRD pattern are the standards for CZTS (black), CTS (red), and ZnS (blue),
indicating the three materials have similar diffraction patterns.

but for nanocrystals, these temperatures could be depressed. DTA
(Figure S6) of two preparations of CZTS nanocrystals, Cu,SnS;
nanocrystals, and a mixture of Cu,SnS; and ZnS [synthesis details
and XRD data for ZnS and Cu,SnS; (Figure S7) are given in
Supporting Information]®° revealed that the two samples of CZTS
each show a single phase-transition temperature below 830 °C,
while the Cu,SnS; nanoparticles show a transition at 747 °C. The
mixture of Cu,SnS; and ZnS exhibits two phase transitions: one at
736 °C, which can be attributed to Cu,SnS;, and a second at 816
°C. This transition point could be attributed to either ZnS or
Cu,ZnSnS,4, which may have formed as the mixture was heated.
The clear difference between the as-prepared CZTS samples and
the intentionally mixed Cu,SnS; + ZnS sample indicates that the
synthesized nanocrystals are pure Cu,ZnSnS, rather than a mixture
of Cu,SnSs and ZnS.
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Figure 3. UV—vis absorption spectrum of Cu,ZnSnS, nanocrystals. The
inset shows an obtained band gap of 1.5 eV.

UV —vis absorption spectroscopy was used to evaluate the optical
properties of the nanocrystals (Figure 3). Plotting (othv)?, the square
of the absorption coefficient (o)) multiplied by the photon energy
(hv), versus hv shows a band gap of 1.5 eV, consistent with the

literature values of 1.45—1.6 eV.*° This value is near the optimum
for photovoltaic solar conversion in a single-band-gap device. The
band gap of Cu,SnS; is 0.93 eV, providing further evidence that
this phase is not present.'” Preliminary experiments show that dip-
cast CZTS nanocrystal films exhibit a clear photoresponse (Figure
S8). An in-depth investigation of these properties will be reported
shortly.?!

We have shown for the first time that homogeneous, nearly
monodisperse CZTS nanocrystals can be synthesized in solution
through the hot-injection method. XRD, EDS, XPS, and DTA
confirmed that the structure and composition of the as-synthesized
nanocrystals correspond to those of pure Cu,ZnSnS,. UV —vis data
indicate that the CZTS nanocrystals have an optical band gap of
1.5 eV, which is optimal for photovoltaic applications, and
preliminary results indicate that films of these nanoparticles exhibit
a clear photoresponse.
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SEM, EDS, TEM, XPS, and DTA. This material is available free of
charge via the Internet at http://pubs.acs.org.
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