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ABSTRACT: Copper indium diselenide (CulnSe,) is a prototype ternary compound and
group I-III—VI semiconductor with useful optoelectronic properties. CulnSe, nanocrystals
have been of significant interest because of their size-tunable optical properties and lack of
toxic heavy metals. Because of the particular vacancy and antisite substitutional point defects
in CulnSe,, large stoichiometric deviations can be tolerated, sometimes leading to the so-
called ordered vacancy compounds (OVCs). Here, we use Raman spectroscopy of
oleylamine-capped CulnSe, nanocrystals and ab initio lattice dynamics modeling to study
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the concentration and arrangements of (2vg, + Ing;) defect pairs in the nanocrystals. The

nanocrystals have randomly distributed defect pairs that become mobile under light excitation and accumulate, as in OVCs,
along the [100] direction. Because the high concentration of vacancies in CulnSe, nanocrystals is compensated by Ing}, antisite
defects, these nanocrystals do not exhibit an optical plasmon resonance like many other copper chalcogenide nanocrystals.
Annealing the nanocrystals at a high temperature (600 °C) was found to significantly reduce the defect concentration.

B INTRODUCTION

There has been significant interest in colloidal nanocrystals of
ternary compounds, especially group I-III—VI materials since
they exhibit optical and optoelectronic properties similar to
many II-VI and III-V semiconductors—but lack toxic
elements like Cd, Pb or As—and could be potentially useful
for a variety of applications, such as photovoltaic (PV) devices,
luminescent glass and solar concentrators, and fluorescent
contrast agents for biological imaging.'~'* Copper indium
diselenide (CulnSe,) nanocrystals are a model for this class of
materials.”> > Unlike ternary alloys, such as Zn,Cd,_,S or
CsPbLBr;_,, which have compositions that can be widely
tuned, ternary compounds like CulnSe, exhibit preferred
stoichiometry.”' ~>* Even so, synthetic routes to CulnSe,
nanocrystals often yield nanocrystals either enriched or
depleted in In or Cu, with significant stoichiometric deviations
from the ideal 1:1:2 molar ratio of Cu/In/Se.'”"® CulnSe,
tolerates these deviations because of the ready formation of
copper vacancy and substitutional In antisite (2vg, + Ingh)
defect pairs.2’23_25 In bulk films, the accumulation of these
defects can give rise to ordered defect, or ordered vacancy,
compounds (ODCs or OVCs), with stoichiometries like
Culn,Ses and CulngSes.””*~*° Colloidal nanocrystal quantum
dots of I-I1I—VI OVCs have also been reported;'’ yet, little is
actually known about these defects in CulnSe, nanocrystals
and their stability.

Here, we use Raman spectroscopy to study the defects in
CulnSe, nanocrystals capped with oleylamine (OLAm). With
the aid of ab initio lattice dynamics calculations, Raman
spectroscopy provides a way to determine the relative
concentration and arrangement of (2vg, + Ing,) defect pairs
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in the nanocrystals. The concentration of defect pairs is found
to be heavily dependent on the crystallization temperature
used during the nanocrystal synthesis. The defects appear to be
randomly arranged in the as-synthesized nanocrystals but
migrate into ordered arrangements like those in OVCs under
light excitation. Thermal annealing at 600 °C greatly reduces
the defect concentration and significantly enriches the
concentration of In on the surface. These results show that
the concentration of point defects in nanocrystals—and their
interactions—can be very sensitive to the synthesis and
processing conditions of the material. This is particularly
important for optoelectronic applications like PVs, in which
defects directly influence the properties of the material and
device performance.

B EXPERIMENTAL DETAILS

Chemicals. Copper(I) chloride (CuCl, 99.99%), indium
chloride (InCl;, 99.99%), selenium powder (Se, 100 mesh,
99.99%), anhydrous toluene (99.8%), oleylamine (OLAm,
>98%), anhydrous tetrachloroethylene (TCE, >99%), and 70
wt % nitric acid (HNO,) were purchased from Sigma-Aldrich.
Copper, indium, and selenium standards (1 mg/mL) for
inductively coupled plasma experiments were also purchased
from Sigma-Aldrich. Toluene and ethanol were purchased
from Fisher Scientificc. OLAm was degassed before use by
maintaining vacuum under 200 mTorr for 4 h at 110 °C and
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then stored in a nitrogen-filled glovebox. All other chemicals
were used as received.

CulnSe, Nanocrystal Synthesis. In a Ny-filled glovebox,
40 mL OLAm, S mmol (0.49 g) CuCl, S mmol (1.11 g) InCl,,
and 10 mmol (0.79 g) Se were added to a 100 mL three-neck
flask. The flask was sealed with septa, removed from the
glovebox, and transferred to a Schlenk line. The reaction
mixture was heated to 110 °C under vacuum (<200 mTorr)
for 1 h and then for 12 h under N, to allow the precursor
complexes to completely form. The flask was heated to
reaction temperatures of 180, 210, or 240 °C for 10 min. The
heating mantle was then removed to allow the reaction mixture
to cool down to room temperature. CulnSe, nanocrystals were
purified by antisolvent precipitation by adding 20 mL of
ethanol, followed by centrifugation at 2600 rcf for 5 min. After
discarding the supernatant, the nanocrystals were redispersed
in 10 mL of toluene and centrifuged again at 2600 rcf to
remove poorly capped nanocrystals. The supernatant was
transferred to another centrifuge tube, and one more
antisolvent precipitation steps was carried out. Ethanol (4
mL) was added, followed by centrifugation at 2600 rcf for S
min, and the supernatant was discarded. The product yields of
dispersible OLAm-capped CulnSe, nanocrystals from reactions
carried out at 180, 210, and 240 °C were 1.2 g (64%), 1.5 ¢
(80%), and 1.3 g (70%), respectively. The nanocrystals were
dispersed in anhydrous toluene and stored in a nitrogen-filled
glovebox. The CulnSe, nanocrystals lose colloidal stability
after a few days when exposed to air, but remain dispersed for
months when stored in the glovebox.

Thermal Annealing of CulnSe, Nanocrystals. For some
experiments, the nanocrystals were thermally annealed on Mo-
coated soda lime glass substrates in an MTI OTF-1200X-RTP
furnace. The furnace was held under vacaum (100 mTorr) for
10 min and then purged with nitrogen for 10 min. The
chamber was then heated to 600 °C at 60 °C/min, held at 600
°C for 30 min, and then cooled down to room temperature.

Materials Characterization. Powder X-ray diffraction
(XRD) data were acquired using a Rigaku R-axis Spider
Diffractometer with an image plate detector. Cu Ka (4 = 1.54
A) radiation was used with 40 kV and 40 mA power supply.
Dried powder is suspended in a 0.5 mm nylon loop. The
samples are scanned for 10 min while rotating at 1°/s. The
diffraction patterns are integrated with the Rigaku 2DP powder
processing program.

Samples for transmission electron microscopy (TEM) were
prepared by drop-casting dilute nanocrystal solutions in
toluene onto carbon film mesh nickel TEM grids purchased
from Electron Microscopy Sciences. TEM images were
obtained using an FEI Tecnai Spirit Bio Twin operated at 80
kV accelerating voltage.

Raman spectra were obtained using a Witec Micro-Raman
Spectrometer a 300 with laser excitation at 488 nm. CulnSe,
nanocrystals were deposited on Mo-coated 1/2” X 1/2” soda
lime glass substrates by spin-coating 100 mg/mL dispersions in
toluene. The CulnSe, films were about 150 nm thick according
to contact profilometry. Changes in the Raman signal during
the measurement due to laser exposure were avoided by
acquiring the Raman signal immediately after the sample was
exposed to the laser. Raman spectra were acquired for S s. For
the time series measurements, Raman spectra were acquired
for 5 s, followed by a 10 s delay in spectra acquisition while the
sample remained illuminated by the laser.
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Inductively coupled plasma atomic emission spectroscopy
(ICP-AES) was performed with a Varian 710 ICP-AES. About
8 mg of nanocrystal sample was dissolved in 1 mL of 70% v/v
nitric acid followed by dilution with DI-H,O to a final
concentration of 8 mg/L. The Cu 213.598, In 230.606, and Se
196.026 nm wavelength lines were used for the ICP-AES
analysis, as these gave the lowest deviation between replicates.
The reported error is the standard deviation of three replicates.

Absorbance spectra were measured with a Cary-5000 UV—
Vis—NIR spectrophotometer. CulnSe, nanocrystals were
dispersed in TCE and studied in quartz cuvettes with 1 cm
path length. All spectra were background-subtracted against
the same quartz cuvette filled with pure TCE.

X-ray photoelectron spectroscopy (XPS) was carried out
with a Kratos Axis Ultra DLD photoelectron spectropho-
tometer using a monochromatic Al Ka X-ray source. Samples
were prepared by spin-coating 100 mg/mL CulnSe, nano-
crystal dispersions in toluene onto Mo-coated 1/2” X 1/2"
soda lime glass substrates. The acquired spectra were
processed using CasaXPS software. The charge on the samples
was corrected by shifting the C 1s peak to 284.8 eV—the
expected value for adventitious carbon (the Cu 1s XPS peaks
are shown in the Supporting Information). Compositional
estimates were calculated by fitting the peaks to a Gaussian—
Lorentzian distribution and a Shirley background function.
The peak area was then divided by the corresponding relative
sensitivity factor and normalized to yield the surface-sensitive
composition relative to Se.

Computational Methods. Raman spectra were performed
using ab initio lattice dynamics calculations®® similar to those
described by Skelton et al.”?”*® Atomic positions of
chalcopyrite CulnSe, were taken from the Pearson Crystallo-
graphic Database (ICSD: 73351, Pearson Symbol TL16).”
PyCIFRW was used to generate the crystallographic
information files (CIFs).”" Structures are built containing
216 CulnSe, unit cells in a 6 X 6 X 6 configuration. Only
phonons at the I'-point of the structure were investigated, but
by using a relatively large super-cell structure, the forces
applied by neighboring atoms are accounted for and phonon
modes near the edge of the unit cell Brillouin zone were
explored. This method is described in detail by Qian et al.’'
Defect pairs (described by Zunger et al.”***) defined by an In
antisite in the (1/2, 1/2, 1/2) Cu site and vacancies in the (1/
2,0,3/4) and (1, 1/2, 1/4) Cu sites are then added to various
unit cells. Density functional theory (DFT) calculations®” >
and density functional perturbation theory (DFPT)*'~*
calculations were carried out with the ABINIT software
package and the AbiPy Python library.*' = The ground-state
structure was determined through DFT calculations by varying
the atomic positions to minimize the magnitude of the forces
on the ions.””*****® The magnitude of the forces was below 1
meV/A in all ground-state structures. The Born effective
charges and interatomic force constants were determined using
DFPT calculations.”’ =" The phonopy and phonopy—spec-
troscopy code packages were then used to calculate dielectric
tensors, determine Raman active phonon modes, and generate
Raman spectra.**”* All DFT and DFPT calculations were
carried out with a plane energy cutoff of 600 eV and a I'-
centered k-point spacing of 0.2 A™". The generalized gradient
approximation exchange—correlation functional of Perdew,
Burke, and Ernzerhof, revised for solids (GGA-PBEsol), was
used for the density functional interaction potentials.*® The
Cu.GGA_PBE, In.GGA PBE, and Se.GGA PBE atomic
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Figure 1. TEM, XRD, and Raman spectra of OLAm-capped CulnSe, nanocrystals obtained using three reaction temperatures: (a—c) 240 °C, (d—
f) 210 °C, and (g—i) 180 °C. The average diameters of the nanocrystals in (a), (d), and (g) are 10.9 & 2.3 nm, 5.2 + 1.2 nm, and 3.4 + 0.8 nm,
respectively. The black and red curves (XRD and Raman spectra) correspond to nanocrystals before and after annealing under N, at 600 °C for 30
min, respectively. The XRD indexing corresponds to JCPDS no. 00-040-1487 for chalcopyrite CulnSe, (gray drop lines). Histograms of the
nanocrystal size distributions and additional TEM images are provided as the Supporting Information.

Table 1. Size and Elemental Composition of the CulnSe, Nanocrystals Used in This Study”

nanocrystal stoichiometry

reaction temperature (°C) Cu
240 0.94 + 0.03
210 0.77 + 0.02
180 0.59 + 0.01

In Se diameter (nm)
1.02 + 0.03 2.00 + 0.05 109 + 2.3
1.07 + 0.03 2.00 + 0.02 S2+12
1.14 + 0.03 2.00 + 0.06 34+ 038

“The average diameters and standard deviations were determined from TEM images of 300 nanocrystals. Elemental compositions were measured
by ICP-AES. Histograms of the nanocrystal size distributions are provided in the Supporting Information.

pseudopotentials from the ABINIT database were used for Cu,
In, and Se.”” The phonopy and phonopy—spectroscopy
calculations an interaction range of 10 A. All calculations
were carried out with periodic boundary conditions at 300 K.
The phonon line widths were calculated with the Phono3py
postprocessing software, which determines broadening based
on the phonon mode lifetime, as described by Skelton et al.”®
and Togo et al.** The phonon modes and intensities output by
the calculations and “stick spectra” that indicate the calculated
Raman spectra prior to broadening effects are available in the
Supporting Information. The calculated XRD patterns for all
structures are calculated using the visualization for electronic
and structural analysis (VESTA) software, using a Cu Ka (4 =
1.54 A) X-ray source, and no spectral broadening are also
available in the Supporting Information.>’

B RESULTS AND DISCUSSION

For this study, nanocrystals were synthesized by heating CuCl,
InCl;, and Se in OLAm at three different temperatures: 180,
210, or 240 °C."*'” We found that the extent of defects in
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CulnSe, nanocrystals depended strongly on the growth
temperature. Maintaining similar reaction conditions to make
the nanocrystals, different growth temperatures gave particles
with a slightly different size. Figure 1 shows the TEM images of
the nanocrystals used in the study. The nanocrystals have
average diameters of 3.4 + 0.8, 5.2 + 1.2, and 10.9 + 2.3 nm
that increase with increasing reaction temperature. Figure 1
also shows the X-ray diffraction (XRD) data for the
nanocrystals. All of the XRD patterns are consistent with
chalcopyrite (tetragonal) CulnSe, crystal structure, except for
the absence of the (typically weak) (211) and (101) diffraction
peaks. The lack of the (211) and (101) diffraction peaks
indicates cation disorder and point defects in the nanocryst-
als."” This is consistent with nonstoichiometric elemental
compositions determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES), as shown in Table
1. Nanocrystals made at the lowest reaction temperature (180
°C) lack a significant amount of Cu, with a Cu/In molar ratio
of only 0.52. Nanocrystals made at 210 °C have a Cu/In ratio
of 0.72, and nanocrystals made at 240 °C are nearly
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Figure 2. Raman spectra calculated for CulnSe, structures containing 216 unit cells. Defect pairs are defined by an In antisite defect in the (1/2, 1/

2, 1/2) Cu site and Cu vacancies in the (1/2, 0, 3/4) and (1, 1/2,

1/4) Cu sites. (a) Defects are placed evenly throughout the structure at

concentrations chosen such that 11, 25, 50, 75, and 100% of the unit cells in the structure contain a defect. (b) Raman spectra calculated for
chalcopyrite CulnSe, nanocrystals built with 216 unit cells in a 6 X 6 X 6 configuration containing 54 defect pairs (25% defects) with different
distributions. (i) CulnSe, structure in which the entire rows of unit cells in the (100) direction contain a defect pair. (ii) CulnSe, structure in
which the defect pairs accumulate along half of the (100) row (three defected unit cells followed by three chalcopyrite unit cells). (iii) CulnSe,
structures in which the entire columns of unit cells along the (001) direction contain a defect pair. (iv) CulnSe, structure with evenly distributed
defect pairs. (c) Characteristic plane of unit cells illustrating different types of defect distributions. The precise defect distribution used for each

calculation is provided as Supporting Information.

stoichiometric (yet nonetheless, deficient in Cu). The Raman
spectra reveal that the nanocrystals have a significant number
of defects. As shown in Figure 1c,f;i, the Raman spectra exhibit
a peak at 175 cm™ due to the A, vibrational mode of
chalcopyrite CulnSe,,”' ™ with two additional broad peaks at
120 and 240 cm™' corresponding to defect-related modes.
Similarly, broad Raman features straddling the A; mode have
been observed at 150 and 260 cm™' in extremely Cu-poor
polycrystalline CulnSe, films grown by a coevaporation
process” and at 152 and 220 cm™ in CulnSe, films prepared
by annealing hydrazine-based precursor solutions.”> The
defect-related Raman peaks observed in Figure Icfi are
significantly more pronounced for the nanocrystals made at
lower synthesis temperatures.

The Raman spectra were compared to ab initio lattice
dynamics calculations,”*** using a model of 216 chalcopyrite
unit cells”” in a 6 X 6 X 6 configuration with periodic boundary
conditions and defect pairs inserted throughout with an In
antisite at the (1/2, 1/2, 1/2) Cu atomic position and vacancies
in the (1/2, 0, 3/4) and (1, 1/2, 1/4) Cu atomic positions.
Zunger and co-workers have shown that these defect pairs have
an exceptionally low energy of formation.”*** The defect pairs
are also believed to occur in high concentrations, associate and
order to give rise to the OVCs,’ 6 although the structural details
in the bulk films are still being studied.”®> In our case, we

examined how the positions of the defects in the nanocrystals
were expected to affect the Raman spectra. Figure 2a shows the
Raman spectra calculated for chalcopyrite CulnSe, with
various concentrations of evenly distributed defect pairs.
Defect-free chalcopyrite CulnSe, exhibits a sharp Raman
peak at 175 cm™". The introduction of defect pairs creates a
broad shoulder between 200 and 300 cm™'. When more than
half of the unit cells in the crystal contain defects, a second
broad peak appears between 100 and 150 cm™'. Table 2
summarizes the Cu, In, and Se compositions and vacancy
concentrations used to calculate the spectra in Figure 2.

The arrangement of the defect pairs was also found to affect
the Raman spectra. Figure 2b shows the Raman spectra
calculated with 25% of the unit cells in the chalcopyrite
structure containing pair defects in different configurations.
When the defect pairs order and accumulate in the [100]
direction (Figure 2b,iii), the A; signal becomes much broader
and the defect peaks become stronger than when the defects
were evenly distributed or accumulated along the [001]
direction. Long-range ordering along [100] (Figure 2b,ii)
exhibits the most significant A; broadening and the highest
defect peak intensity. The Raman peak between 100 and 150
cm™ is only observed in structures with [100] ordering,
whereas the Raman peak between 200 and 300 cm™ is
observed in all structures containing defect pairs. This indicates
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Table 2. Composition and Vacancy (v) Concentration of the
CulnSe, Structures Used To Calculate the Raman Spectra
in Figure 3a

nanocrystal stoichiometry
(normalized to Se)

fraction of unit cells with a defect pair (%)  Cu In Se v
0 1.00 1.00 2.00 0.00
11 0.92 1.03 2.00 0.06
25 0.81 1.06 2.00 0.13
50 0.63 1.13 2.00 0.25
75 0.44 1.19 2.00 0.38
100 0.25 1.25 2.00 0.50

that the enhanced peak broadening and appearance of the
Raman peak between 100 and 150 cm™" are caused by chains
of undercoordinated Se atoms created when the defect pairs
accumulate along the [100] direction. The calculated Raman
spectra for structures in which 50% of the unit cells in the
chalcopyrite structure contain pair defects exhibit similar
behavior and are available in the Supporting Information.
Calculated XRD patterns for all structures (see the Supporting
Information) also resemble the experimentally observed X-ray
patterns for chalcopyrite CulnSe,, differing only in the
intensity and position of the low-intensity XRD reflections.

Annealing the CulnSe, nanocrystals at 600 °C under N,
was found to significantly sharpen the A, peak, as shown in
Figure 1cfi. The A, peak also shifts slightly closer to the
expected value of 175 cm™', and the defect-related peak
intensities were greatly reduced. This processing temperature is
similar to what is commonly used to process polycrystalline
CulnSe, films for PVs.”> Annealing also sharpened the XRD
peaks, as in Figure 1b,eh, indicating that significant crystal
grain growth occurred. Furthermore, the (211) diffraction peak
is now evident. These observations further confirm that
relatively low synthesis temperatures lead to significant
concentration of point defects in the CulnSe, nanocrystals.
Higher temperatures allow the cations to redistribute into
more thermodynamically favorable positions, resulting in the
appearance of the (211) and (101) XRD peaks and the
sharpening of the A; Raman mode.

X-ray photoelectron spectroscopy (XPS) provides another
measure of the composition of the nanocrystals, which is more
sensitive to the surface than ICP-AES. Thermal annealing led
to significant defect redistribution. It could also lead to a loss of
material, such as Se outgassing, for example, and XPS could

provide an indication of whether significant changes in the
overall stoichiometry occurred. Figure 3 shows the XPS data
for the CulnSe, nanocrystals synthesized at 240 °C before and
after annealing at 600 °C. The XPS peak shapes and positions
are in good agreement with those observed for polycrystalline
CulnSe,””*® and CulnSe, nanocrystals.”” There was no
indication of significant Se loss. The annealing process,
however, did cause the relative intensity of the Cu 2p spectral
features in XPS to drop by nearly half. Since the XPS signal is
extremely surface-sensitive and decays exponentially with
penetration depth,” this reduction in intensity suggests that
annealing causes Cu vacancies to migrate to the surface of the
film. The composition of the nanocrystals is also similar to that
of the Cu-poor surfaces often observed in polycrystalline
CulnSe,.””*"** The surface-sensitive composition is estimated
for a flat homogeneous sample by fitting the XPS peaks to a
Gaussian/Lorentzian distribution and a Shirley background
function.”> The peak area is then divided by the relative
sensitivity factor provided in the Kratos Library to generate the
surface-sensitive composition estimate presented in Table 3.
XPS of the annealed nanocrystals also reveals a decrease in the
carbon signal of 40%, indicating the loss of ligands during the
heating process (see the Supporting Information).

Table 3. Surface-Sensitive Composition Estimates of
CulnSe, Nanocrystal Films Measured by XPS Before and
After Annealing under N, at 600 °C for 30 min®”

surface-sensitive nanocrystal composition (normalized to Se)

Cu In Se
as-synthesized 0.98 1.62 2.00
600 °C 30 min anneal 0.52 1.97 2.00

“Composition is estimated assuming a flat, homogeneous sample by
dividing the integrated peak intensity by the corresponding relative
sensitivity factor.

The Raman spectra were also found to shift over time, as the
samples were exposed to the excitation laser, indicating that
the defects in the CulnSe, nanocrystals are sensitive to light.
As shown in Figure 4a, the relative intensity of the A; peak
decreases significantly relative to the defect-related peaks after
only seconds of exposure to the 1 mW, 488 nm, laser with an
approximately 1 ym diameter spot size. In contrast, the Raman
spectra in Figure 4b of nanocrystals annealed at 600 °C (under
N,) were completely stable under the excitation laser. Thermal

a Cu 2p b

c Sesd .-

d Cu2p

Intensity Normalized to Se 3d
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fse3d .
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Figure 3. X-ray photoelectron spectra of the CulnSe, nanocrystals synthesized at 240 °C (a—c) before and (d—f) after annealing under N, at 600
°C for 30 min. The spectra are taken on the (a, d) Cu 2p, (b, e) In 3d, and (¢, f) Se 3d spectral regions. The intensity of the Cu 2p and In 3d peaks
is normalized to the maximum intensity of the Se 3d peak at 54.3 eV of the same sample.
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Figure 4. Evolution of the Raman spectra of CulnSe, nanocrystals
synthesized at 240 °C during exposure to the Raman Laser (a) before
and (b) after annealing under N, at 600 °C for 30 min. A S s
acquisition time and a 10 s delay were used between acquisitions to
generate the time series.

annealing sharpens the A, feature, significantly reduces the
defect-related Raman peaks, and greatly improves the stability
of the Raman spectra under the excitation laser. Photoinduced
defect mobility appears to be much greater in the as-
synthesized nanocrystals than that in the nanocrystals after
thermal annealing at 600 °C. The simulations indicate that
illumination with the Raman excitation laser induces the
migration and accumulation of the defect pairs in the (100)
direction. The introduction of vacancies into CuS nanocrystals
by laser excitation has also been reported.*

Cu vacancies in related Cu,S and Cu,Se nanocrystals lead to
free carrier doping and resultant plasmonic optical responses at
NIR wavelengths.65’66 Cu vacancies are also present in
relatively high concentrations in the Cu-deficient CulnSe,
nanocrystals studied here, but because of charge-compensating
antisite defects, there are no plasmon resonances observed in
the optical absorbance spectra, as shown in Figure 5. The
largest nanocrystals, with 10.9 nm average diameter, exhibit an
absorption onset at 1250 nm, similar to the 1.01 eV band-to-
band optical transition known for bulk polycrystalline
CulnSe,.”**” The absorption onsets of the 5.2 and 3.4 nm
nanocrystals are blue-shifted due to quantum size effects, and
the smallest nanocrystals exhibit a broad exciton feature.®®

B CONCLUSIONS

Raman spectroscopy and ab initio lattice dynamics calculations
indicate that CulnSe, nanocrystals synthesized by arrested
precipitation with OLAm-capping ligands contain a significant
concentration of point defects, specifically copper vacancies
and charge-compensating Ing} antisite defects. This is
consistent with the absence of the (211) and (101) diffraction
peaks in the XRD data and stoichiometry that is Cu poor and
In rich. Lower synthesis temperatures led to significantly
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Figure S. Room-temperature UV—vis—NIR absorbance spectra of
OLAm-capped CulnSe, nanocrystals synthesized at 240, 210, and 180
°C dispersed in tetrachloroethylene (TCE). The average diameters of
the nanocrystals are 10.9 + 2.3, 5.2 + 1.2, and 3.4 + 0.8 nm,
respectively. Note the absence of an NIR plasmon peak. The spectra
are vertically offset for clarity. The inset shows the rescaled
absorbance spectra to highlight the size dependence of the absorption
onset.

higher defect concentrations. Defects in the CulnSe, nano-
crystals were also found to be very sensitive to exposure to the
excitation laser, leading to a rapid increase in the intensity of
the defect-related peaks, likely caused by the defect migration
and accumulation of pair defects in the [100] direction.
Annealing the nanocrystals at 600 °C significantly improved
the crystallinity and decreased the defect concentration. After
thermal annealing, the Raman spectra were largely unaffected
by the excitation laser. Cu vacancies readily form in CulnSe,
nanocrystals—similar to those in Cu,S or Cu,Se nanocryst-
als—however, charge-compensating antisite defects in CulnSe,
prevent the appearance of optical plasmon features. It appears
likely that this unique nature of the point defects in CulnSe,
nanocrystals is largely responsible for making the material
relatively robust for photovoltaic applications'* compared to
that of other types of semiconductor nanocrystals—similar to
that of bulk””** CulnSe,—even with the relatively low
synthesis temperatures and high concentrations of defects in
the material.
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