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Facile and rapid one-pot synthesis for nearly monodisperse
Cu,SnS; and Cu,ZnSnS, nanocrystals was developed using a
heat-up method. Their crystalline phase and size were
simultaneously controlled by judiciously choosing the sulfur
precursor reactivity and the oleic acid content.

Copper-based ternary and quaternary semiconductors such as
Cu,InS; or Cu(In,Ga)S, have been explored intensively as absorbing
materials for thin-film photovoltaic devices. However indium and
gallium are not widely available and relatively expensive, which
may limit the practicality for device applications. Cu,SnS; (CTS)
and Cu,ZnSnS, (CZTS) have emerged as an alternative that are
composed of more earth-abundant elements. These semiconductors
are promising for solar energy conversion materials due to the high
optical absorption coefficient (>10* cm™), cost-effectiveness,
environmentally friendliness as being free of heavy metal ions, and
suitable energy band gap (~1.5 eV)."* Guo et al* reported the
synthesis of the CZTS nanocrystals (NCs) and its use for an absorber
layer. Synthetic protocols for CTS and CZTS NCs have been
fiercely pursued, which includes hot injection strategy,™ one-pot
synthesis,’ hydrothermal method,”® and microwave-assisted
method'”.

Controlling the phase, size, shape, and composition of NC is a
prerequisite before the NC is fully realizing the potential for the
optoelectronic devices. For example, photovoltaic performance of
NC-based solar cells is greatly affected by the NC crystal structure,
size, and composition.'" Liu ef al. have reported the zincblende and
wurtzite CTS NCs by hot injection method, where the crystal phase
was controlled by introducing different sulfur precursors.'? In the
case of CZTS NCs, the phase has been controlled by controlling the
injection temperature.”” Chang e al. have reported the role of
solvent, where coordinating oleylamine or non-coordinating
octadecene solvent determined the phase (wurtzite or zincblende) of
CTS or CZTS NCs." Recently, Zou et al. have reported the phase-
controlled synthesis of CZTS by different reactivity of octadecene-
sulfur.’® Orthorhombic’, wurtzite">*!* and kesterite CZTS® have
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been reported using various synthetic routes that include
hydrothermal and heat-up methods. Great interest has been attracted
also to the size control of CTS and CZTS NCs. Khare et al. have
demonstrated the size control of CZTS NCs ranging from 2 to 7 nm
in diameter by varying the oleylamine amount and the reaction
temperature.'® Liu ef al. showed that the hydrothermal reaction time
for the synthesis of CZTS NCs critically determined the NC size
ranging from 3 to 10.5 nm."” However, systematic and simultaneous
control over the crystalline phase and size of CTS and CZTS NCs
have been challenging. A simple synthetic protocol that can flexibly
tune the crystalline phase and the size would greatly foster the
development of NC-incorporated device applications. Herein, we
report a simple and rapid one-pot synthesis that yields nearly
monodisperse CTS or CZTS NCs. Their crystalline phase and size
were tailored simultaneously by the choice of sulfur precursor and
the oleic acid (OA) amount (See scheme 1).

For a typical CTS or CZTS NC synthesis, stoichiometric amounts
of metal acetylacetonates were mixed with elemental sulfur (ES) or
1-dodecanethiol (DDT) in oleylamine. OA was added to the mixture
flask, and the flask was purged with nitrogen and was heated up to
100 °C for the case of ES or to 240 °C for the DDT case. The heat-up

One Pot Synthesis

Choice of M, Zincblende NCs
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Amount of ‘w Small-sized NCs
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Scheme. 1 Schematic for non-injection, one-pot synthesis of CTS or CZTS NCs.
By choosing the sulfur precursor reactivity and by choosing the amount of oleic
acid amount, the phase and size of NCs can be simultaneously controlled.

A : Metal acetylacetonate
M : Sulfur precursor
WAnNH, @ Oleylamine
WAANCOOH : Oleic acid
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Fig. 1 TEM images, UV-vis absorption, XRD, Raman, and EDS spectra and the analysis for CTS NCs synthesized using elemental sulfur (top row), CTS NCs synthesized
using 1-dodecanethiol (second row), CZTS NCs synthesized using elemental sulfur (third row), and CZTS NCs synthesized using 1-dodecanethiol (bottom row).

took 20 minutes, and the heating source was immediately removed
after reaching the reaction temperature and the flask was cooled to
room temperature. Detailed synthetic procedures can be found in
Electronic Supplementary Information.

CTS and CZTS NCs were synthesized using either ES or DDT as
the sulfur precursor. For the four cases of CTS-ES, CTS-DDT,
CZTS-ES, and CZTS-DDT, transmission electron microscopy
(TEM) images, absorption spectra, X-ray diffraction (XRD) spectra,
raman spectra, and energy dispersive spectroscopy (EDS) spectra
were obtained (Fig.1). The synthesized NCs were quasi-spherical
and narrowly size-distributed with the relative monodispersity
around 10%. The average NC diameters were 6.8 nm +0.6 nm (CTS-
ES), 9.3 nm +1.3 nm (CTS-DDT), 9.2 nm +1.2 nm (CZTS-ES), and
4.9 nm +0.5 nm (CZTS-DDT) (See more TEM images at Fig. S1).
UV-vis absorption spectra showed broad and featureless profiles
with the tails extending to over 800 nm. The broad absorption
profiles can be advantageous as light absorbers in photovoltaic
device application. The choice of sulfur precursor critically
determined the crystalline structure of the final NCs. CTS NCs of
zinc-blende were obtained when ES was used, whereas DDT yielded
wurzite CTS NCs. The XRD patterns matched quite well with
simulated XRD patterns. Because standard JCPDS XRD data were
unavailable for most of the crystal structures, we have generated
simulated XRD patterns for those crystals using a commercially
available program Diamond (Crystal Impact, Bonn, Germany) with
Rietveld refinement by MAUD program (INEL, Artenay, France).
Crystal structure parameters used for the simulations were added in
the Supporting Information (Fig. S2). Similarly, CZTS-ES showed
kesterite structure> while CZTS-DDT was wurtzite. Different
reaction temperature was used for the ES and DDT (100 °C for ES
and 240 °C for DDT), however temperature itself was not the major
factor affecting the final crystal structure of NCs. As a control
experiment, CTS-ES was synthesized at an elevated temperature up
to 300 °C, but the product NCs were still zinc-blende (Fig. S3). For
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Fig. 2 X-ray photoelectron spectra of wurzite CZTS NCs.

the CTS-DDT, no reaction proceeded at a temperature below 200 °C
because DDT did not decompose. For a heat-up synthesis like ours,
precursor reactivity seems to be more important than the final
reaction temperature in determining the crystalline phase because the
precursor reactivity plays a critical role in defining the temperature
at the NC seed formation. ES is a more reactive sulfur precursor than
DDT. CTS-ES forms the NC at a lower temperature than CTS-DDT,
which can be easily observed by the color change. As the result,
CTS-ES forms zincblende NCs which is known to favour lower
temperature than wurtzite. Once the crystalline structure is
determined at the NC seed stage, the structure does not change
within the temperature range of our synthesis. For the four samples,
Raman spectroscopy was performed to confirm the structure. The
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Fig. 3 TEM images of CTS NCs synthesized using DDT as the sulfur precursor as
varying the oleic acid to cations molar ratio to 3:1 (a, average diameter 5.9 nm),
6:1 (b, 5.2 nm), 12:1 (c, 4.8 nm), and 18:1 (d, 3.2 nm). CTS NCs synthesized using
ES with the ratio of 6:1 (e, 9.0 nm) and18:1 (f, 6.8 nm). CZTS NCs synthesized
using DDT with the ratio of 3:1 (g, 6.7 nm), 12:1 (h, 5.4 nm). CZTS NCs
synthesized using ES with the ratio of 3:1 (I, 9.5 nm) and 6:1 (j, 7.3 nm).

peaks at the spectra were rather broad because of NC phonon
confinement.!” CTS-ES and CTS-DDT showed two peaks at 294cm’™,
353cm’! and 296cm™, 348cm’!, respectively, and CZTS-ES and
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Fig. 4 TEM images of CTS aliquots using 1-dodecanethiol as the sulfur precursor
that were collected when the color change occurred at 240°C. The sizes of
nanocrystals are dependent on molar ratios of oleic acid to cation. (a) 3 : 1 ratio,
5.0 nm (b) 6 : 1 ratio, 4.8 nm (c) 12 : 1 ratio, 4.3 nm and (d) 18 : 1 ratio, 2.3 nm.
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Fig. 5 Average particle size of CTS NC aliquots at the reaction time after reaching
240°C. The molar ratio of oleic acid to cations is 3:1 (black box), 6:1 (red circle),
12:1 (blue upright triangle), or 18:1 (green inverted triangle).

CZTS-DDT revealed single peak at 336 cm™ and 337 cm™,
respectively, which accorded well with the previous reports for CTS
and CZTS."® However, an additional Raman peak could be found at
320 ecm™ for the case of wurtzite CTS, which might originate from
co-existing orthorhombic Cu;SnS, secondary phase." Strong (002),
(110), and (112) wurtzite CTS XRD peaks also corroborates the
secondary phase because the orthorhombic Cu;SnS, (112), (220),
and (132) reflect at the almost same angles (JCPDS 33-0501).
Raman peaks at 315 cm and 355 cm’ that could originate from
SnS, and ZnS were not observed. Composition of the NCs was
determined by EDS, which verified the NCs contained all the
expected constituent elements. However, the stoichiometry was not
perfectly matched for CTS and CZTS (Fig. S4). The reasons could
include non-perfect stoichiometry of NCs by defects or
predominantly preferred surface crystalline facets, residual reactants
such as ES, and unpurified by-products such as Cu,,S. X-ray
photoelectron spectroscopy (XPS) analysis was performed to
confirm the valence states of the wurtzite CZTS NCs (Fig. 2). Cu 2p
peaks at 933.5 and 953.3 eV with the peak separation of 19.8 eV are
characteristics of the splitting of Cu(I). So is Zn 2p peaks at 1023.4
and 1046.4 eV with the peak splitting of 23.0 eV for Zn(II), Sn 3d
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peaks of 487.3 and 495.7 eV with the splitting of 8.3 eV for Sn(IV),
and S 2p peaks at 161.2 and 162.4 eV with the splitting of 1.2 eV for
the sulfide. This valence state represents that our synthetic route
provides NCs with well-defined quaternary materials. Size control of
the CTS and CZTS NCs was achieved by adjusting the OA amount
(Fig. 3). For the CTS-DDT synthesis, the molar ratio of OA to
cations was varied from 3:1 to 18:1 while fixing the total reaction
volume by adjusting the oleylamine solvent, which yielded smaller
NCs as increasing the OA ranging the NC size from about 6 to 3 nm.
As increasing the OA ratio from 6 to 18 at CTS-ES syntheses, the
size of NCs decreased from 9 to 7 nm. This tendency was also
consistent to CZTS-ES and CZTS-DDT syntheses. OA activates
metal salt precursors, and larger amount of OA can lead to smaller
NC size as increasing the number of nuclei at the nucleation step. In
addition, OA can also act as a growth-arresting stabilizing ligand to
NCs. To confirm these two hypotheses, experiments for Fig 3a to d
were repeated and aliquots were taken from the CTS-DDT reaction
flask as soon as the color change occurred. For the OA ratio of 3, 6,
12, and 18, the average NC size was 5.0, 4.8, 4.3, and 2.3 nm,
respectively (Fig. 4), which confirms the hypothesis of smaller
nuclei. The growth was also followed by regularly taking out
aliquots and measuring the size by TEM (Fig. 5), which confirmed
the ligand role by revealing faster growth for smaller OA.

To summarize, a heat-up one-pot synthesis for CTS and CZTS
NCs allowed simple and rapid control over the crystal structure and
the size. The NCs are also readily dispersed in common organic
solvents, which promises simple processes for device fabrications
such as NC ink for thin-film solar cells.

This work was supported by Basic Science Research Program
NRF-2013R1A1A2005582 and 2009-0094036 funded by the
Ministry of Education, Science and Technology.
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Facile and rapid one-pot synthesis for nearly monodisperse Cu,SnS; and
Cu,ZnSnS, nanocrystals was developed, where their crystalline phase
and size were simultaneously controlled by judiciously choosing the

sulfur precursor reactivity and the oleic acid content.
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