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Semiconductor nanocrystals are interesting candidates as new
light-absorbing materials for photovoltaic devices (PVs).' > They
can be dispersed in solvents and deposited at low temperature on
various substrates, including plastics,'* mixed with polymers to
make hybrid light-absorbing layers,* or infiltrated as dye replace-
ments in sensitized mesoporous TiO, or ZnO films.*> Many
different nanocrystals can be synthesized with optical gaps at the
red edge of the solar spectrum, including CdTe,® PbSe,” Ge,® Si,’
and [—III—VI, chalcopyrite compounds such as CulnS,, CulnSe,,
and Cu(In,Ga, _,)Se,.'° ' The I-III— VI, chalcopyrite nanocrystals
are particularly interesting because of their high absorption coef-
ficients, good photostability, and demonstrated high PV efficiency
from vapor deposited films.?°

This communication reports a new synthetic route to monodis-
perse, solution-stable chalcopyrite CulnSe, nanocrystals. Central
to the synthesis is the use of selenourea as a Se source, oleylamine
as a coordinating solvent, and careful control over the reaction
temperature and the way that reactants are combined. Furthermore,
these nanocrystals exhibit an interesting trigonal pyramidal shape
that arises from the polarity of the surface facets.

Figure 1. TEM images of CulnSe, nanocrystals. The nanocrystals in (a)
and (c) have an average length of 16.1 nm on two sides and 16.9 nm on
the other side, and the nanocrystals in (b) and (d) have an average length
of 16.4 nm on two sides and 17.5 nm on the other side. The fast Fourier
transform (FFT) of the nanocrystals in (d) (in the inset) reveals positional
order in the monolayer.
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Figure 1 shows TEM images of nanocrystals obtained from
reaction 1. The nanocrystals are triangular in shape and monodis-
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perse. The precise ways in which reactants are combined and the
temperature is manipulated are critical to obtaining monodisperse
nanocrystals. InCl; and CuCl were first combined under air-free
conditions in oleylamine and heated to 130 °C. Selenourea was
added after the temperature was decreased to 100 °C. The reaction
mixture was then heated to 240 °C and held there for 1 h.
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Figure 2. (a, b) TEM images of CulnSe, nanocrystals. The FFTs in the
insets in (a) and (b) index to chalcopyrite CulnSe,. The measured d-spacings
of 3.35 and 2.05 A respectively correspond to the {112} and {220} lattice
planes of tetragonal (chalcopyrite) CulnSe, (3.351 and 2.046 A). (c) XRD
pattern (A = 1.54 A) for the CulnSe, nanocrystals. The stick pattern for
chalcopyrite (tetragonal) CulnSe, (JCPDS No. 40-1487) is provided for
reference. (d) Room-temperature UV—vis absorbance spectrum of an
optically clear dispersion of CulnSe, nanocrystals in chloroform. See the
Supporting Information for experimental details.

X-ray diffraction (XRD) (Figure 2¢) and energy dispersive X-ray
spectroscopy (EDS) (see the Supporting Information) confirmed
that the nanocrystal composition is chalcopyrite (tetragonal)
CulnSe,. The optical gap of 1 eV measured by absorbance
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spectroscopy (Figure 2d) is also consistent with chalcopyrite
CulnSe,.?" In the TEM images, lattice fringes corresponding to the
{112} and {220} chalcopyrite CulnSe, planes were predominantly
visible. In fact, nanocrystals imaged by TEM generally had a
common crystallographic orientation with respect to the substrate.
For example, the nanocrystals in Figure 2a,b are both viewed down
the [114] zone axis, and the (112) and (220) lattice planes are visible
and oriented in the same way with respect to the triangular structure
of the nanocrystals. Scanning electron microscopy (SEM) revealed
that the nanocrystals have a trigonal pyramidal shape (see the
Supporting Information). On the basis of this shape and the
crystallographic orientations observed by TEM, the crystallographic
model of the CulnSe, nanocrystals in Figure 3a was formulated:
the nanocrystals are bounded by three {114} and one (112) surface
facets. The nanocrystals in Figure 2a,b, for example, are on (114)
facets, and the base of the trigonal pyramid (oriented perpendicular
to the substrate) is a (112) plane. The other top exposed surface
facets are most likely (114) and (114) planes.
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Figure 3. Crystallographic models of the trigonal pyramidal-shaped
CulnSe; nanocrystals. The nanocrystal in (a) is viewed down the [114] zone
axis, like the nanocrystals imaged by TEM in Figure 2, and the nanocrystal
portrayed in (b) is viewed slightly off the [114] zone axis to illustrate the
three-dimensional shape of the nanocrystal and its (112), (114), and (114)
surface facets.

The nanocrystal shape appears to be related to the surface-facet
polarity: the (112) and (114) chalcopyrite planes are structurally
equivalent to the (111) and (112) planes of a cubic sphalerite crystal
and are polar and nonpolar surfaces, respectively (see the Supporting
Information). The surface-facet polarity and stability determine the
nanocrystal shape, as in other nanocrystal materials studied in the recent
past, including nanorods, trigonal pyramidal CdS, CdSe, and CdTe,** 32
and disk-shaped Cu,S** and CuS.** The CulnSe, nanocrystals form
with a relatively stable cation- or anion-terminated (112) surface facet
and an opposing (112) surface that is correspondingly unstable and
leads to fast growth in the [112] direction. The three other nonpolar
{114} sidewall facets are relatively stable surfaces. The other nonpolar
surfaces of chalcopyrite CulnSe,—the (110) surfaces—are not observed.
These observations are consistent with what is known about CulnSe,
crystal surfaces.*>¢

Oleylamine underlies the nanocrystal synthesis, providing a
solvating medium for CuCl and InCl; and serving as an effective
capping ligand. However, when nanocrystals were dispersed in the
presence of excess oleylamine, the nanocrystal surfaces were etched
over time (see the Supporting Information). Similar etching of their
Cu—In—Se nanocrystals left in TOP/oleylamine for too long was
observed by Allen and Bawendi.'® Guo et al.'” also reported the
formation of hollow CulnSe, nanorings when TOP/oleylamine was
used as a reaction solvent. Therefore, care must be taken when
using oleylamine to make CulnSe; nanocrystals.

In summary, a new synthetic route to monodisperse chalcopyrite
CulnSe, nanocrystals was developed in which selenourea, CuCl, and
InCl; are used as reactants and oleylamine is used as a reaction solvent.
The nanocrystals exhibit trigonal pyramidal shape related to the polarity

and stability of the chalcopyrite surface facets. This study shows that
monodisperse nanocrystals of compositionally complex ternary com-
pounds can be synthesized by solution routes. Similar approaches will
most likely work for other ternary or quaternary compounds, including
Cu(In,Ga)Se;, (CIGS) nanocrystals and Cu,ZnSnSe, (CZTS) materials
that are candidates for new PV devices.
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Supporting Information Available: Experimental details, SEM and
TEM images and XRD and EDS data for CulnSe, nanocrystals, crystal-
lographic models of the unit cell and crystal planes of chalcopyrite CulnSe,,
and TEM and XRD results for oleylamine-etched nanocrystals. This
material is available free of charge via the Internet at http://pubs.acs.org.
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