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Wurtzite—Chalcopyrite Polytypism in CulnS, Nanodisks
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Monodisperse CulnS, nanodisks were synthesized by heating metal chlorides and thiourea in oleylamine.
X-ray diffraction showed the predominant phase to be wurtzite (hexagonal) CulnS, instead of chalcopyrite
(tetragonal) or compositionally disordered sphalerite (cubic). High-resolution transmission electron
microscopy, however, revealed polytypism in the nanodisks, with the wurtzite phase interfaced with

significant chalcopyrite domains.

Introduction

Solvent dispersions, or “inks”, of nanocrystals of ternary
[—III—VI, compounds like CulnS, have been the target of
recent synthetic efforts because of their potential as light-
absorbing materials in printed and flexible photovoltaic
devices (PVs).!™ These materials have band gap energies
near the red edge of the visible spectrum, high optical
absorption coefficients, and durable photostability, and when
deposited by vapor-phase routes, they have been used to
achieve high efficiency (>10%) PVs.®” Recent studies have
demonstrated the incorporation of I—III—VI, nanocrystals
into functioning PVs, although the power conversion ef-
ficiencies have been relatively low (<5%).!”> Part of the
challenge facing these efforts has been the need for better
synthetic methods for nanocrystals of the desired I-1II—VI,
compound.

CulnS,; nanocrystals have been synthesized by a number
of research groups in the recent past, but the chemistry
continues to be refined to obtain nanocrystals with
improved size control.>®7!° Here, we provide a new
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Figure 1. TEM images of CulnS, nanodisks. The dimensions are 13.4 +
1.6 nm (diameter) and 5.7 £ 0.6 nm (thickness). The red oval in (a)
highlights a region of nanodisks oriented on their sides and the image in
(c) shows many nanodisks on their sides.

synthetic route to monodisperse CulnS, nanodisks. Recent
examples of shape control have appeared for CulnSe,
nanocrystals, including doughnuts’> and trigonal pyra-
mids,?® but no similar examples of nonspherical nanoc-
rystals of CulnS,. X-ray diffraction (XRD) showed that
the CulnS, nanodisks had wurtzite crystal structure instead
of the expected tetragonal chalcopyrite phase?' or com-
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Figure 2. SEM images of CulnS, nanodisks on silicon substrates coated with either (a,b) native oxide or (c,d) silicon nitride (Si3Ny4). In these two cases, the
orientation of the nanodisks is different on the substrates, resting either on their faces as in (a) and (b) or on their sides as in (c) and (d).

positionally disordered cubic, sphalerite. Schimmel et al.?
has reported the formation of wurtzite CulnS, by thin film
electrodeposition, and coincidentally, Pan et al.® also
recently observed wurtzite CulnS, in their colloidally
grown nanocrystals. High-resolution transmission electron
microscopy (HRTEM) of our CulnS, nanodisks, however,
revealed a significant amount of polytypism with most of
the nanodisks having domains of chalcopyrite CulnS,
interfaced with wurtzite CulnS, across (002),/(112)
stacking faults.?® This is the first example of wurtzite—chal-
copyrite polytypism in a I—III—VI, compound and is a
consequence of the high surface area to volume ratio of
the nanodisks and the colloidal synthesis.
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Experimental Details

Chemicals. Copper(I) chloride (CuCl, Aldrich, 99.995+ %),
indium(III) chloride (InCls, Aldrich, 99.999%), copper(Il) acetyl-
acetonate (Cu(acac),, Aldrich, 99.99+%), thiourea (Fluka, <99.0%),
and oleylamine (Fluka) were purchased and used as-received.

CulnS; Nanodisk Synthesis. A mixture of 0.05 g of CuCl (0.5
mmol of Cu), 0.11 g of InCl; (0.5 mmol of In), 0.076 g of thiourea
(1.0 mmol of S), and 10 mL of oleylamine is vigorously stirred
(this solution has a dark brown color) and degassed in the reaction
flask for 30 min at 60 °C by pulling vacuum on a Schlenk line.
The flask is then filled with nitrogen and heated to 240 °C at a rate
of 15 °C/min. During the heating process, smoke begins to evolve
at about 200 °C and the color turns a darker color, indicating
nanocrystal nucleation and growth. After the reaction is allowed
to proceed for 1 h, the reaction flask is removed from the heating
mantle and allowed to cool to room temperature. Thirty milliliters
of ethanol is then added to precipitate the nanocrystals, followed
by centrifugation at 7000 rpm for 3 min. The supernatant is
discarded. The nanocrystals redisperse in a variety of nonpolar
organic solvents, including chloroform, hexane, and toluene. Prior
to characterization, dispersions are centrifuged again at 6000 rpm
for 1 min to remove inadequately capped nanocrystals. A typical
reaction yields approximately 200 mg of CulnS, nanocrystals.

Materials Characterization. Nanocrystals were imaged by
scanning and transmission electron microscopy (SEM and TEM).
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Figure 3. (a) XRD and (b) EDS of CulnS, nanodisks. The stick patterns
for wurtzite CulnS, shown in (a) were calculated with the CaRlIne
Crystallography 3.1 program using the following lattice parameters: space
group, P63mc (No. 186) and unit cell dimensions a = b = 3.897(3) A and
c =6.441(0) f\).x The Ni, C, and Si signals in the EDS data are from the
nickel grid, the carbon support, and the background in the TEM. Additional
EDS data obtained from individual CulnS, nanodisks is provided in the
Supporting Information.

TEM images were acquired on a JEOL 2010F microscope equipped
with a field emission gun operated at 200 kV. TEM samples were
prepared by drop-casting from chloroform dispersions onto carbon-
coated Ni TEM grids (200 mesh, Electron Microscopy Sciences).
The JEOL 2010F has an Oxford X-ray energy dispersive spectros-
copy (EDS) detector, which was used for elemental analysis. SEM
images were acquired with a Zeiss Supra 40 VP SEM at a working
voltage of 10—15 kV and working distance of 6 mm.

XRD patterns were obtained from nanocrystal films that were
approximately 200 um thick on quartz substrates. A Bruker-Nonius
D8 Advance powder diffractometer with Cu Ko radiation (A =
1.54 A) was used with a scan rate of 6°/min in 0.01° increments,
collecting for 12 h with that sample rotating at 15°/min.

Room temperature UV —visible absorbance spectra were collected
on a Varian Cary 5000 Scan spectrophotometer with samples
dispersed in chloroform in quartz cuvettes.
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Figure 4. Room temperature UV —vis absorbance spectra of an optically
clear dispersion of CulnS, nanocrystals in chloroform. The absorption edge
corresponds to an optical gap of 1.53 eV, which is consistent with bulk
CulnS..

Results and Discussion

Figures 1 and 2 show TEM and SEM images of the CulnS,
nanodisks synthesized by heating CuCl, InCl3, and thiourea
in oleylamine at 240 °C. The nanodisks are monodisperse
with average diameter and thickness of 13.4 and 5.7 nm.
The standard deviation about the mean diameter is +12.0%.
The disk shape of the particles is easily observed, as they
either deposit flat with their faces on the substrate or on their
sides, in some cases stacking face-to-face into columns
extended parallel to the substrate (see for example Figures
lc, 2¢, and 2d). EDS (Figure 3b) confirmed that the
nanodisks are composed of CulnS,, with Cu:In:S atomic
ratios very near 1:1:2. The optical absorption edge in the
UV—vis absorbance spectra also corresponds to the
expected band gap energy of 1.53 eV typical of bulk
CulnS; (Figure 4).%

The XRD patterns (Figure 3a) from the nanodisks,
however, were characteristic of a hexagonal wurtzite structure
as opposed to the expected tetragonal chalcopyrite structure.
Although the wurtzite phase was unexpected, Pan et al.? also
recently observed the formation of wurtzite CulnS, nanoc-
rystals. The XRD pattern calculated using the lattice param-
eters reported by Pan et al.® (space group: P63mc (No. 186)
and unit cell dimensions a = b = 3.897(3) A, ¢ = 6.441(0)
A) gave a good match to the experimental diffraction pattern,
as shown in Figure 3a. (See Supporting Information for a
comparison of the XRD patterns to other possible phases.)

The nanodisks were further studied by high-resolution
TEM. Figure 5 shows TEM images of the nanodisks with
two different orientations on the substrate. The FFT of the
image in Figure 5a corresponds to a crystal with a hexagonal
structure with the nanodisk being viewed down the [001]
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Figure 5. TEM images of CulnS, nanodisks with two different orientations
on the substrate: (a) lying flat and (b) standing on edge. The FFTs are
consistent with wurtzite CulnS,: the (100) spots do not appear in the
chalcopyrite structure. (c) Illustration of the crystallographic orientation of
the nanodisks based on TEM images like those in (a) and (b).

zone axis (i.e., the c-axis of the wurtzite CulnS, crystal
structure). The top and bottom faces of the disk are bounded
by {002} planes, as illustrated in Figure 5c. Similar crystal-
lographic orientations have been observed for CuS and Cu,S
nanodisks with hexagonal crystal structure.??

But extensive TEM revealed that a significant amount of
chalcopyrite CulnS, was also present in the nanodisks. We
noticed that stacking faults were present in many nanodisks
imaged on their sides. A careful structural analysis of the
TEM images showed that part of the crystal was actually in
the chalcopyrite phase. This was surprising because XRD
quite clearly showed that the nanodisks were composed of
wurtzite CulnS,. But a more careful look at the XRD peak
intensities also revealed that wurtzite—chalcopyrite polytyp-
ism was present in the sample. The diffraction peak positions
matched wurtzite CulnS,, but the intensities of the peaks
corresponding to chalcopyrite—i.e., the wurtzite (002), (110),
and (112) peaks—were slightly higher than expected. Most
nanodisks turned out to have crystalline wurtzite domains
interfaced with chalcopyrite domains across (002)/(112),
stacking faults, like the nanodisk in Figure 6.

The crystal phase of the nanodisks is therefore most
accurately described as polytypic, as both wurtzite and
chalcopyrite crystal domains coexist within each nanodisk.
For example, the FFT in Figure 6b generated from the
crystalline region outlined by the red square in (a) has more
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Figure 6. (a) HRTEM image of the CulnS, nanocrystal with [120] zone
axis and (b) FFT of the red square area in (a). The FFT shows multiple
diffraction spots (indicated by yellow arrows) from chalcopyrite struc-
ture at the lower part. (c¢) A crystal model showing the {120} wurtzite
plane and its equivalent {024} chalcopyrite plane. The crystal models
were generated using Materials Studio and the angles between lattice
planes were calculated by CaRlIne Crystallography 3.1 program. (d)
Magnified image of the region bordered by the red square in (a) with
the same scale as the simulated crystal in (c). (“w” and “ch” indicate
wurtzite and chalcopyrite, respectively.)

Figure 7. HRTEM images of CulnS, nanodisks oriented on their sides,
exhibiting wurtzite—chalcopyrite polytypism.

spots (indicated by the yellow arrows) than expected for a
wurtzite crystal imaged down the [120] zone axis. These
additional spots arise from the change in crystal structure to
chalcopyrite across the stacking fault. Figure 7 shows
additional TEM images of polytypic nanodisks and Figure
8 shows another example of a nanodisk imaged on its side
and the FFTs generated from different positions of the crystal
showing the wurtzite—chalcopyrite polytypism.

It should be appreciated that the wurtzite—chalcopyrite
polytypism can be observed only in TEM images of
nanodisks with particular orientations on the substrate. For
example, nanodisks oriented on their faces (like the one
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Figure 8. FFTs generated from a TEM image of a CulnS, nanodisk in the different regions of the crystal outlined in red. The additional spots in the FFT
arise from the crystalline chalcopyrite domain ([024] zone axis), indicated by yellow arrows under the wurtzite domain.

imaged in Figure 5a) and imaged down the [001],, zone axis
appear to be single crystals as the (002),/(112)y, stacking
faults within the interior of the nanodisk are not visible when
viewed in this crystallographic direction. The stacking faults
are observable only when the crystal is imaged down the
[120],, zone axis.

Conclusions

A new synthetic route was developed that produced
monodisperse CulnS, nanodisks. The nanodisks exhibited
wurtzite—chalcopyrite polytypism with the coexistence of
both wurtzite and chalcopyrite domains interface across
(002),/(112), stacking faults. This is the first example of
wurtzite—chalcopyrite polytypism in I—III—VI, compounds
that we are aware of. The phase behavior and crystal structure
of nanocrystalline materials are known to differ in some cases
from bulk materials, as in the case of Co nanocrystals with
an unusual e-phase,>’”? AgInSe, nanorods with a new
orthorhombic phase,® and CulnS, with an unexpected
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wurtzite phase.® The wurtzite—chalcopyrite polytypism ob-
served here for CulnS, nanodisks provides another example
of unexpected phase behavior. Another important feature of
nanocrystals is their ability to accommodate significant
amounts of lattice strain at interfaces, which leads to different
defect formation mechanisms than in bulk materials,*' ~** and
may provide another reason why these nanodisks exhibit
wurtzite—chalcopyrite polytypism that is uncommon in bulk
or thin film materials.
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