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olloidal semiconductor nanocrystals

(NCs) have shown great potential in

applications as light-emitting and
solar-harvesting materials since their optical
properties can be tuned by size and shape
due to quantum-confinement effects.' > For
device applications, it is crucial that the
nanocrystalline materials are of high quality,
exhibiting narrow size and shape distribu-
tions, with a good colloidal stability, and a
high crystallinity. To date numerous synthetic
methodologies have been developed for
the production of high quality cadmium-
or lead-based NCs for biolabeling,* lasers,®
light-emitting diodes,® and solar cell
applications.”® However, cadmium- or
lead-based NCs have a doubtful future be-
cause of their high toxicity, and more re-
cently researchers have turned their atten-
tion to ternary nontoxic I—Il1—VI
compounds such as CulnS; and CulnSe,
NCS.10*15

Bulk CulnS; has a direct bandgap of

1.53 eV, which is well matched with the op-
timal spectral range for photovoltaic appli-
cations, resulting in CulnS, NCs having
great potential as solar harvesters for a
new generation of solution processed solar
cells.’~20 Recent reports have demon-
strated the potential of using CulnS; NCs in
solar cell devices with power conversion ef-
ficiencies approaching ~5%.'7""° In addi-
tion, CulnS, NCs exhibit size tunable emis-
sion in the red to near-infrared (NIR) region
(550—850 nm) for the NCs with diameters
comparable to the exciton Bohr radius
(~4.1 nm for CulnS,). Furthermore, nano-
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ABSTRACT (ulnS, nanocrystals are viewed as very good candidates for solar harvesting and light emitting
applications. Here we report an optimized noninjection method for the synthesis of monodisperse pyramidal
CulnS, nanocrystals with sizes ranging from 3 to 8 nm. This synthetic route is able to yield large amounts of high
quality nanoparticles, usually in the gram scale for one batch experiment. The structure and surface studies
showed that the resulting nanocrystals are pyramids of CulnS, tetragonal phase with well-defined facets, while
their surface is functionalized with dodecanethiol capping ligands. Spectroscopic and electrochemical
measurements revealed size-dependent optical and electrical properties of CulnS, nanocrystals, demonstrating
quantum confinement effects in these systems. The size-dependent optical bandgaps of CulnS, nanocrystals were
found to be consistent with the finite-depth well effective mass approximation (EMA) calculations, which provide
a convenient method to estimate the diameter of CulnS, pyramids. Additionally we have also determined some
important physical parameters, including bandgaps and energy levels, for this system, which are crucial for the

integration of CulnS, nanocrystals in potential device applications.

KEYWORDS: noninjection method - CulnS, nanocrystals - light emitters - solar
harvesters - quantum confinement effects - energy levels - cyclic voltammetry

materials with light emission in this wave-
length region are of importance in biolabel-
ing and light-emitting diodes.?*

It is highly desirable that synthetic meth-
ods which are aimed at producing high
quality nanomaterials for potential indus-
trial applications are scalable, reproducible,
environmentally friendly, and low cost,
while enabling the production of nano-
crystals in a high yield. Several synthetic
methodologies for the production of CulnS,
NCs at the multigram-scale have been ex-
plored, including the hot-injection
method,'>?'~% hydrothermal techniques,?*?’
chemical transformation route,?® and thermal
decomposition of suitable precursors.?®~3#
Since size, morphology, elemental stoichiom-
etry, and crystal symmetry are known to
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Figure 1. STEM images of CulnS, NCs with diameters of (a) 3.5 *+ 0.4, (b) 4.6 *+ 0.6, (c) 5.2 = 0.7, (d) 5.6 = 0.7, (e) 6.1 = 1.1,
and (f) 7.3 = 1.4 nm. These samples were prepared under identical synthetic conditions with varying reaction times of 20, 30,

45, 60, 90, and 120 min, respectively.

influence the properties of CulnS, NCs, it is of great in-
terest to further explore the synthetic routes to achieve
control and tunability of these vital parameters.

We recently developed a noninjection thermal de-
composition route for the synthesis of CulnS, NCs with
tunable absorption and emission spectra by heating in-
organic metal salt and an alkanethiol complex.3> A simi-
lar method has also been successfully employed by
Li et al. in the synthesis of luminescent CulnS,/ZnS
NCs.3® However, the resulting CulnS, NCs exhibited
poor crystallinity and a large size distribution. In the cur-
rent work, this synthetic method is further refined to
give high quality monodisperse CulnS, NCs in a high
yield. The as prepared CulnS; NCs have a pyramidal
morphology and their diameters (determined by
measuring the average edge lengths of pyramids, for a
schematic diagram see Supporting Information Figure
S1) can be easily tuned between ~3 and 8 nm by ad-
justing the reaction time. The chemical and physical
characteristics of CulnS, NCs were investigated, includ-
ing their size-dependent optical and electronic proper-
ties, which present some crucial parameters for the in-
tegration of these high quality materials in light
emitting and solar harvesting applications.

RESULTS AND DISCUSSIONS

Synthetic Strategy. It has been known that the key to
synthesizing monodisperse ternary NCs is to balance
the reactivity of the two cationic precursors by their
ligands, solvent matrix composition, and reaction tem-
perature. Our previous work employed three compo-
nents: indium acetate, copper acetate, and dodecaneth-
iol.3> CuAc, In(Ac)s, and dodecanethiol initially react to
form an intermediate complex. Upon heating, the com-
plex acts as the precursor and decomposes into CulnS,
particles, as the reaction time progresses. When the size
of formed CulnS; nanoparticles exceeds 3 nm, the
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nanoparticles are likely to aggregate and precipitate
from the solution upon continuous heating. This could
be attributed to the fast reaction between metal ions
with dodecanethiol, which consumes the monomers
quickly and results in the aggregation process. Taking
that into consideration, the reaction system was modi-
fied as to decrease the reaction rate. (1) We use Cul to
substitute for CuAc. According to the “hard—soft
acid—base model”, Cu™ is a soft acid and Ac™ is a hard
base, whereas iodide and thiols (R-SH) are soft bases,
where |~ > HSR when the softness character is com-
pared. Soft acid and soft base bind more tightly than
soft base and hard acid pairs.3” Therefore, the binding
between I~ with Cu* is stronger than R-SH, slowing
down the reactions between Cu* and the S source
(R-SH). (2) We also introduce oleic acid to decrease the
reaction between indium ions with R-SH. (3) The reac-
tion temperature was decreased to slow down the
reactions.

In our previous synthesis, we have observed that
the reaction system can produce some CulnS; NCs
with nonspherical shapes by adding oleic acid.>> Here,
we also considered the synthetic chemistry to improve
the uniformity of CulnS, NCs with nonspherical shapes.
Inherently, nonspherical particles such as cubes and tet-
rahedral pyramids have a higher surface energy than
spherical particles and require growth conditions char-
acterized by a higher chemical potential.3® In this CulnS,
system, the higher chemical potential was achieved by
increasing the concentration of reaction precursors.

Synthesis and Characterizations of CulnS, Pyramids. The re-
actions were systematically optimized, resulting in the
successful synthesis of monodisperse CulnS, pyramids.
The detail of material preparation can be seen in the Ex-
perimental Section. Figure 1 shows scanning transmis-
sion electron microscopy (STEM) images of NCs ob-
tained after various reaction times ranging from 20 to
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Figure 2. (a) XRD patterns of CulnS, NCs synthesized at different reaction times of 20, 30, 45, 60, 90, and 120 min. (b) A typical

EDX spectrum of CulnS; NCs.

120 min. It was found that the resulting NCs exhibit
pyramidal shapes. Their pyramidal shapes were further
revealed in high magnification STEM images (see Sup-
porting Information Figure S2). We determine their av-
erage diameters by measuring the average edge length
of these pyramids. Detailed analysis indicates that these
as-prepared NCs are nearly monodisperse, exhibiting
diameters of 3.5 = 0.4,4.6 = 0.6,5.2 = 0.7,5.6 = 0.7,
6.1 £ 1.1,and 7.3 = 1.4 nm for the samples synthesized
at reaction times of 20, 30, 45, 60, 90, and 120 min, re-
spectively. Compared to our previous report (2 to ~5
nm),* the size tunability of CulnS, NCs are greatly
extended.

The structural phases of the NCs were determined
through X-ray diffraction (XRD) characterizations. Fig-
ure 2 shows the XRD patterns of the CulnS; NCs ob-
tained at different reaction times. Although the differ-
ence between chalcopyrite phase and zincblende
phases is very small, the CulnS, NCs with zincblende
phase usually have a diffraction peak of (200).233' In our
work, the absent of this peak in the XRD patterns of
CulnS; NCs can be an indirect evidence for the chal-
copyrite phase. In addition, subsequent HRTEM results
implied a chalcopyrite phase. Therefore, the XRD pat-
terns were tentatively identified to reported chalcopy-
rite phase.® The first three diffraction peaks can be in-
dexed to the (112), (204)/(220), and (116)/(312)
reflections of the tetragonal crystal structure. In addi-
tion, XRD characterizations can also be used to deter-
mine the size evolution of NCs as a function of time by
applying the Scherrer equation:

D¢ = K\/B cos(6g) (M
where Dy is the effective diameter determined by XRD,
K is the Scherrer constant related to the shape of crys-

tallites. A is the X-ray wavelength, B is the full width at
half-maximum of the diffraction peak, and 6z is the half
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angle of the diffraction peak on the 26 scale. Since the
(112) plane of tetragonal phase equals to the (111)
plane in cubic phase, we choose the Scherrer constant
of 0.89 for tetrahedral crystallites perpendicular to the
(111) plane in this caculation.®®

The utility of the Scherrer equation for determina-
tion of the nanocrystal size in monodisperse systems
has been demonstrated in detail in previous
reports.*°~42 Since the broadening of Bragg reflections
is determined by the number of unit cells along col-
umns perpendicular to the diffraction planes, calcula-
tion of the particle size with the Scherrer equation usu-
ally leads to an effective diameter, D¢ which is usually
smaller than the geometric diameter (d) (see Support-
ing Information Figure S3). Here we use d = 3/,Dg, to
estimate the mean geometric diameter (dygp) of CulnS,
NCs from the (112) peaks (shown in Table 1), and we
find these values to be in very good agreement with
the results from STEM analysis. This shows that the
properly adapted Scherrer equation is suitable for the
determination of the size of the resulting pyramidal
CulnS; NGCs.

To obtain information about the chemical composi-
tion, energy dispersive X-ray (EDX) spectra and induc-
tively coupled plasma atomic emission (ICP-AES) meas-
urements were performed. A typical EDX spectrum is
shown in Figure 2b, which confirmed the existence of
Cu, In, and S elements in the as synthesized NCs. The el-
emental compositions of as prepared NCs were also de-
termined by EDX and ICP—AES measurements (see
Table 1). Temporal evolution of EDX measurements re-
vealed that the evolving NCs are copper-rich (Cu:ln
composition of 1.71:1) in the early stage of the reac-
tion. Then there is a continuous decrease of Cu with re-
action time, resulting in a more stoichiometric compo-
sition (Cu:ln composition of 1.03:1 and 0.94:1 for the
resulting NCs obtained at 90 and 120 min, respectively)
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TABLE 1. The Average Diameters and Elements Compositions of As-Prepared CulnS, NCs Determined by Corresponding

Measurements

samples $1(20 min) $2 (30 min) $3 (45 min) $4 (60 min) $5 (90 min) $6 (120 min)
{dyzpy (nm) 3.6 4.0 5.1 55 6.1 7.6
{dsew) (nm) 35 4.6 5.2 5.6 6.1 73
Cu/In/S from EDX 1.71:1:21 1.56:1:2.2 1.36:1:1.8 1.21:1:1.83 1.03:1:1.9 0.92:1:1.91
Cu/In from ICP—AES 241 2.0:1 1.8:1 1.8:1 1711 1.15:1

in the final stage. These results demonstrate that the
Cu/In ratio in resulting CulnS; NCs shows a size-
dependence. It is possible that the higher binding abil-
ity and reactivity of copper with dodecanethiol compa-
rable to indium results in Cu-rich NCs during the initial
growth stage, which is later recovered by reactivity of
excess indium.

We further revealed the crystalline nature of the
NCs by using high-resolution transmission electron
microscopy (HRTEM) experiments (see Figure 3). The
crystal quality was evidenced by the continuous lattice
fringes and very clear crystal facets. On the basis of the
HRTEM analysis, the observed lattice fringes with a dis-
tance of 0.320 nm can be identified to the (111) plane of
the zincblende phase or the (112) plane of the chal-
copyrite phase. If the CulnS, pyramids are of zincblende
phase, then the four facets should be (111) face,**4
which is not consistent with the observation of the lat-
tice fringes with a distance of 0.320 nm. Therefore, the
CulnS, pyramids are of the chalcopyrite phase and the
lattice fringes with a distance of 0.320 and 0.195 nm
correspond to the (112) and (220) planes of the CulnS,
chalcopyrite phase.'® These results are similar to the ob-
servations in CulnSe, pyramids by Korgel et al.** The for-
mation of pyramidal shapes can also be explained by
using the “surface-facet polarity models”. The CulnS,
chalcopyrite structure is derived from the II—VI zinc-
blende structure by substituting group | and group IlI
Cu and In atoms for the group Il atoms. The (112) plane
of the CulnS, tetragonal phase, equivalent to the (111)
plane of the zinc-blende phase, is a polar surface, which

is likely an anion- or cation-terminated surface. These
polar surfaces have a higher surface energy and are very
reactive. The fast growth along the [112] direction nor-
mally results in the diminishing of the (112) plane, leav-
ing nonpolar surfaces such as (114) planes.

Surface Properties. Because of their small dimensions,
NCs have an inherently large surface to volume ratio,
and it has been shown in a number of systems and po-
tential applications that surface properties play a cru-
cial role.”* As such, it is important to investigate the
functionalization of the surface, determining the extent
of surface coverage and the nature of the capping
ligands, that tend to associate with surface atoms and
surface defects. In this CulnS, system, we have intro-
duced two surfactants in the synthetic method, allow-
ing for the possibilities of dodecanethiol coverage, oleic
acid coverage, or a presence of both ligands (dode-
canethiol + oleic acid) on the surface of CulnS, nano-
crystals. Figure 4a shows the Fourier transform infrared
spectra (FTIR) spectra of resulting NCs in comparison
with pure ligands (also see Supporting Information Fig-
ure S4). The absence of the (=0 vibration mode
around 1550—1700 cm ™' indicates that the final nano-
crystalline CulnS; product contains no oleic acid on the
NC surface.

Optical Properties. It has been known that the optical
properties of ternary NCs depend on their size, shape,
composition, and surface states.?'3> The UV—vis ab-
sorption spectra of the as-prepared CulnS, NCs have
been measured at room temperature and are shown
in Figure 5a. For all samples, a broad absorption band

Figure 3. (a) HRTEM images of CulnS, NCs with an average diameter of 5.2 nm; (b, c) two representative HRTEM images of a
single CulnS; NGC; (d, e) schematic diagrams corresponding to CulnS, pyramids in b and c, respectively.
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Figure 4. (a) FTIR spectrum of as synthesized CulnS, NCs in
comparison to spectra of oleic acid and dodecanethiol.
is observed together with an absorption tail at longer
wavelengths. As the NCs become larger, the absorption
edge gradually shifts toward longer wavelengths. Simi-
lar to previous observations, no sharp absorption peak
was observed for any of the samples.?'3> The absorption
coefficient of semiconductor materials is related to the
density of excited states that are generated through the
absorption of photons with corresponding energy. For
semiconductors with direct bandgaps, it is possible to
estimate the lowest excited states by the following em-
pirical formula:*’

o, = \(hv — E) 2

where « is the absorption coefficient, v is the light fre-
quency, h is Planck’s constant (hv is the energy of a
photon with frequency v), and E, is the optical band
gap energy.

Since the Culn$S; nanocrystals did not possess exci-
tonic peaks, we adapted eq 2 by plotting o2 versus hv,

TABLE 2. Comparison of the Bangaps of CulnS, NCs
Determined by Absorption Spectra and Cyclic
Voltammetry Measurements®

average sizes 35nm 52nm 5.6nm 6.1nm 7.3 nm
£, (determined by CV) (eV) 2.04 1.88 1.80 1.78 1.70
£, (determined by absorption) (eV) 1.945 1.798 1757 1719  1.668
Ey (binding energy) (meV) ~95 ~82 ~43 ~61 ~32

“The binding energies of CulnS; NCs with different sizes were calculated by follow-
ing the equation £, = £; — E,. Note: the exciton binding energy has at least an er-
ror bar of ~25 meV from the cyclic voltammetry measurements.

which forms a straight line and allows us to measure
the optical bandgaps of CulnS, NCs of various sizes (see
Supporting Information Figure S5). Since the CulnS,
NCs are nearly monodisperse, it is acceptable to
measure their direct bandgap by extrapolating a
straight line to the a = 0 axis in the plots of o? versus
hv. In this way, the lowest excited states, thus the opti-
cal bandgaps of CulnS, NCs were determined. The re-
sults are listed in Table 2.

The photoluminescence (PL) spectra of CulnS, pyra-
mids were also measured (see Supporting Information
Figure S6). Similar to previous reports, the CulnS, NCs
have a very broad PL emission.?’** It was observed that
the PL emission gradually shifted to the longer wave-
length in the range of NIR region (700 to ~900 nm) with
the diameter increasing. Two-dimensional photolumi-
nescence excitation (2D PLE) spectroscopy, obtained by
measuring PL spectra over a range of excitation ener-
gies, contains information of PLE and PL spectra.*® Fig-
ure 5b shows a typical 2D PLE spectrum of CulnS, pyra-
mids. An obvious gap between excitation and emission
due to the Stokes shift was observed. Compared to ab-
sorption spectra, the feature illustrating the optical
band in PLE spectra is more easily identified. By draw-
ing a vertical PLE line in the emission peak and inclined
size distribution emission line along the PLE peak, we

(a)

Absorption (a.u.)
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800

600
Wavelength (nm)

500

Figure 5. (a) Absorption spectra of CulnS, NCs with different average size of 3.5, 4.6, 5.3, 5.6, 6.1 and 7.3 nm; (b) 2D PLE spectra
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of CulnS, NCs with average diameter of 3.5 nm. The PL intensity was represented by colors.
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Figure 6. PL decay of CulnS, samples: (a) CulnS, nanoparticles with average diameters of 2.6 nm prepared by using previ-
ous method,*® (b and c) CulnS, pyramids with average diameters of 4.6 and 3.5 nm.

find that the y-value of the intercept corresponds to
the energy of the band edge exciton states, which pro-
vides the parameter of optical bandgap energies.

PL dynamics contains information about radiative
and nonradiative relaxation processes. Recent research
from our group has established how time-resolved PL
can be used as a quantitative tool for the analysis of
photoexcitation dynamics in colloidal semiconductor
nanocrystals.*** Long time scale decay components in
the PL emission of NCs are often related to intrinsic de-
fects and surface defects.>* 3¢ The time-resolved PL of
a sample of NCs directly reflects the transient popula-
tion that is distributed in radiative core states and indi-
rectly indicate participation in the nonradiative relax-
ation process of surface-related trap states.

The time-resolved PL spectra of CulnS, NCs at their
emission peak are shown in Figure 6. The PL decays
are multiexponential, which likely indicates decayed PL
resulting from surface traps. Such nonexponential de-
cays are often quantified using an average PL lifetime,
which is the average time, after the excitation pulse, at
which an emitted photon is detected. The data was ana-
lyzed by least-squares iterative reconvolution of a
model multiexponential function with an experimental
instrument response function. The average lifetime was
then calculated using

2
X,
="
avg
X,
n

where 1/7, is the decay constant of component n in
the model multiexponential function.

It was found that the average PL lifetimes were re-
duced from ~300 ns for the CulnS, nanoparticles syn-
thesized by the previous method* to 140—160 ns for
the high quality CulnS, pyramids obtained in this work.
The decrease of average PL lifetime in CulnS, pyramids
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can be attributed to the reduction of surface-related
trap states.*>°! Because of the high crystallinity and the
faceted structure of these newly prepared CulnS; pyra-
mids whose surface is well protected by capping
ligands, it would be reasonable to conclude that the
density of nonradiative surface traps is lower in these
high quality CulnS, NCs.

Quantum Confinement Effects. The basic quantum con-
finement effects in NCs have been of great fundamen-
tal interest because it provides tunability of optical
properties.>? The quantum confinement effects in non-
spherical NCs are of particular interest for their potential
shape-tuning effects.>® On the basis of the investiga-
tion of bulk film, it was determined that the chemical
composition has limited influence on the optical band-
gaps of CulnS, materials.>#* The obvious blue shift in
absorption spectra should be related to quantum con-
finement effects. The size-dependent optical bandgap
is a direct way to demonstrate the quantum confine-
ment effects in NCs. For CulnS,; NCs we plot the size-
dependent optical bandgap determined from absorp-
tion and 2D PLE spectra in Figure 7. Models based on
the effective mass approximation (EMA) are often used
to describe the energy levels in semiconductor NCs.>®
Recently, Omata et al. have evaluated size dependent
bandgaps of = IlI—VI NCs by using the finite-depth-well
EMA calculation.”” On the basis of their calculations,
the optical bandgap of I-1lI—VI NCs can be described
by the following empirical relation:

xcotlx) =1 — (m_*) - (m_*)(b - xz) (4)
mq myJ\A

where Vo = (Egeap — Egbu)/2, X = (\/2mM*Erg?/%i)"2, Egeap
is the energy gap between the LUMO and the HOMO of
the capping surfactant, Egpi is the energy band gap of
the bulk semiconductor and ry is the radius of the nano-
particles. When the confinement potential is finite,
there is no analytical solution of the eigenvalue equa-
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tion and, hence, eq 4 is numerically solved by substitut-
ing m* = m*, for the electrons and m* = m*, for the
holes. Dodecanethiol is the organic capping ligand on
the CulnS; NC surface. Eyc.p of dodecanethiol has been
experimentally determined to be ~7 eV.*8 So, Egcap = 7
eV, m*s/mqy = 0.16, m*/my = 1.3, and Egpux = 1.53 eV
were used for the calculation, which is represented by
the black line in Figure 7. There is a very good corre-
spondence between experimental results and the finite
depth-well EMA predictions, indicating that the diam-
eter of CulnS; NCs can be estimated by comparison of
the optical bandgap with the finite-depth-well EMA cal-
culation results.

Electrochemical Properties. Considering the application
of NCs in electroluminescence and solar cell devices,
the bandgaps and energy levels are vital parameters
for devices design and material selections.5*° Cyclic vol-
tammetry (CV) has been proven to be an effective
method for the determination of bandgaps as well as
the energy levels of the highest occupied molecular or-
bital (HOMO) and the lowest unoccupied molecular or-
bital (LUMO) of conjugated polymers and organic mol-
ecules.®® This method has been successfully adapted to
measure the energy levels in semiconductor NCs,®' 6
although interpretation of these data by surface states
can be complicated. The oxidation process is related to
the injection of a hole into the HOMO level, and the re-
duction process is related to the injection of an elec-
tron into the LUMO level. The energy levels (HOMO and
LUMO) can be calculated from the onset oxidation po-
tential (E%) and onset reduction potential (E), respec-
tively, according to the following equations:

Evomo = —l, = —(E™ + 471) eV (5)

Eiomo = —E, = —(E** + 4.71) eV 6)

where the unit of the potentials is V vs Ag/Ag* (0.01
M) reference electrode.

CV curves of CulnS, NCs with different average sizes
deposited on a carbon electrode were measured and
the results are shown in Figure 8a (a typical CV curve of
a blank was shown in the Supporting Information Fig-
ure S7). According to the literature,* the bulk bandgap
of CulnS, is 1.53 eV and their HOMO and LUMO levels
are ca. —5.6 and —4.1 eV, respectively (these values cor-
respond to oxidation and reduction potentials of ca.
0.9 and —0.6 V). Distinct peaks with potential higher
than 0.9 V in the oxidation process or lower than —0.6
V in reduction processes are related to the injection of
holes to the HOMO levels or electrons to the LUMO lev-
els.?> The onset of oxidation and reduction peaks were
identified and labeled by dotted lines in Figure 8a. The
corresponding bandgap values and energy levels of
these samples were calculated (according to eqs 5 and
6) and shown in Table 2 and Figure 8b (see Supporting
Information Table S8). The CV results can also be used
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Figure 7. Size-dependent optical bandgaps of CulnS, NCs determined
from absorption (red stars) and 2D PLE spectra (green spheres) illus-
trating quantum confinement. The solid line represents the calcula-
tion result from finite depth-well EMA theory.>’

to estimate the size-dependent quantum confinement
in CulnS, NCs. Figure 8b shows the energy levels of
CulnS; NCs with different average size comparing them
to bulk values. The decrease of the energy of the HOMO
levels and the corresponding increase in energy of the
LUMO levels are in good agreement with the theoreti-
cal expectations.

CV measurements determined the values of lowest
conductive states and highest valence states, corre-
sponding to the electronic bandgap (E,). The spectro-
scopic measurements give the optical band (E,), which
corresponds to the value of the electronic bandgap (Eg)
minus the exciton binding energy (). Thus, the exci-
ton binding energy (E;,) can be defined as £, = £5 — E,.
We calculated the exciton binding energy by using our
CV and spectroscopic experimental results. The exciton
binding energy in CulnS, NCs is found to be in the
range of 100—30 meV and shows a decreasing trend
with increasing NC diameter, corresponding to the size-
dependence of the electron—hole Coulomb interac-
tion. This observation also provides evidence that
photoexcitation of CulnS, NCs generates excitons.

CONCLUSIONS

We have further developed the noninjection
method for the synthesis of monodisperse pyramidal
CulnS; NCs, whose size can be tuned from 3 to 8 nm.
STEM, XRD, and HRTEM characterizations show that fab-
ricated NCs are of high quality. EDS and ICP—AES show
that the resulting NCs are copper-rich for the smaller
dots and become stoichiometric for the larger ones.
This newly developed synthetic methodology is ideal
in a number of ways as it can be easily altered to yield
a high quality product on a gram scale, is highly repro-
ducible, and is based on green chemistry. The scalabil-
ity of the reaction is vital as the development of poten-
tial applications, where high quality CulnS, NCs could
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Figure 8. (a) Cyclic voltammograms of CulnS, nanocrystals with average diameters of 3.5, 5.2, 5.6, 6.1, and 7.3 nm; (b) the en-

be integrated as light emitters and solar harvesters,
would require the production of these nanomaterials
at a much larger scale. To investigate the potential of
the integratability of CulnS, NCs into electronic devices,
we have carefully studied the surface-, optical-, and
electrochemical properties of resulting NCs. The FTIR re-
sults have indicated that the surface of synthesized
CulnS; NCs is functionalized with dodecanethiol cap-
ping ligands. Size-dependent bandgaps and energy lev-
els were determined through spectroscopic and CV
measurements, illustrating the presence of quantum
confinement effects in this system. By comparing the
bandgaps determined by CV measurements and the

EXPERIMENTAL SECTION

Chemicals. Copper(l) iodide (Fluka, = 98%), copper(l) acetate
(Strem Chemicals, 99%), indium(lll) acetate (Aldrich, 99.999%),
n-dodecanethiol (Aldrich, =98%), oleic acid (OA, Aldrich, 90%),
and 1-octadecene (ODE, Aldrich, 90%) were used as purchased
and without further purification.

Synthesis of Pyramidal CulnS, NCs. In a typical synthesis Cul
(0.191 g, 1 mmol) and In(Ac); (0.292 g, T mmol) were mixed
with 1 mL of dodecanethiol in a 50 mL three-necked flask, which
was followed by the addition of 10 mL of ODE. The mixture was
then degassed at 120 °C. After 30 min, 1 mL of oleic acid was
added into the reaction flask, and the solution was continuously
degassed for another 30 min. After that, the solution was heated
to 200 °C under argon flow and kept for a fixed time (20, 30, 45,
60, 90, 120 min). During the reaction, aliquots were taken with a
syringe at different times to monitor the growth of CulnS, NCs
by recording UV—vis and PL spectra (7, 20, 30, 45, 60, 90, 120
min). Afterward, the reaction solution was cooled to room tem-
perature and precipitated by acetone. The flocculent precipitate
that formed was centrifuged, while the supernatant liquid was
decanted, and the isolated solid was dispersed in toluene or
chloroform. The above centrifugation and isolation procedure
was then repeated several times for purification of the prepared
CulnS; NCs. Finally, the products were redispersed in toluene or
chloroform or dried under vacuum for further analyses.

Gram-scale synthesis of the CulnS, NCs was performed by
heating a mixture of 1.91 g of Cul, 2.92 g of In(Ac);, 10 mL of
dodecanethiol, 10 mL of oleic acid, and 100 mL of ODE in a 500
mL three-necked flask at 200 °C for 2 h. The product yield was
80%—90% (~2.3 g of CulnS, NCs) (see Supporting Information
Figure S1).
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ergy levels of CulnS, nanocrystals with different average diameters determined by cyclic voltammetry.

optical bandgaps from the spectroscopic measure-
ments, the exciton binding energy of CulnS, pyramids
was resolved. This provides evidence that the light ab-
sorbed by CulnS, NCs mainly generates photoexcited
excitons. Vital parameters obtained through these ex-
perimental results can be very helpful in the design and
development of high performance CulnS, NC based
electronic devices. Future work will focus on the explo-
ration of these high quality NCs for light emitting and
solar harvesting applications. In addition, this method
can also be simply extended to Zn, (Culn);,S, and
CuGa,In;_,S, systems, which are also of interest for
light emitting and solar harvesting applications.

Characterizations. STEM images were acquired using a Hitachi
HD-2000 instrument equipment at 200 kV. EDX spectra was per-
formed on a Hitachi 5200 instrument equipment with an Ox-
ford Instruments Inca EDX system operated at 20 kV. HRTEM im-
ages were recorded using a JEOL-2100F instrument equipped
with a Gatan camera operated at 200 kV. XRD measurements
were carried out on a Siemens D5000 diffractometer using a
high-power Cu Ka source operating at 50 kV and 35 mA with a
Kevex solid-state detector. A step scan mode was used for data
collection with a step size of 0.028 and time of 2.0 s per step.
ICP—AES measurements were performed as follows. Purified
CulnS; NC samples were dried by gentle heating under argon,
and then the sample was digested by 0.5 mL of aqua regia. The
digested sample was transferred into a volumetric flask to make
a fixed volume aqueous solution for the ICP—AES measure-
ments. Absorption spectra and steady PL spectra were obtained
on a CARY 100 BIO UV —vis spectrophotometer and CARY Varian
fluorescence spectrometer, respectively. FTIR spectra in the re-
gion of 400—4000 cm~' were recorded on a BRUKER TENSOR 27
with 4 cm ™" resolution. Photoluminescence decays were meas-
ured by time-resolved single photon counting using an IBH Dat-
astation Hub system coupled to an IBH 5000 M monochroma-
tor and a R3809U-50 cooled MCP PMT detector. The samples
were excited at 450 nm using a Ti:sapphire Tsunami laser model
3950 ps with a GWU-23PL multiharmonic generator, both from
Spectra-Physics. Cyclic voltammograms (CVs) were recorded on
a Zahner IM6e electrochemical workstation, using glassy carbon
discs as the working electrode (~ 0.25 cm?), a Pt wire as the
counter-electrode, and Ag/Ag™ (Ag wires with 0.01 M AgNOs in
acetonitrile) as the reference electrode; 0.1 M tetrabutylammoni-
umhexafluorophosphate (TBAPF;) dissolved in acetonitrile was
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employed as the supporting electrolyte. All NC samples were pu-
rified and redissolved in chloroform. The working electrodes
were polished, cleaned, and dried before depositing the NC
samples. A drop of diluted NC solution was deposited onto the
surface of the working electrode to form a NC film. The scan rate
was set at 50 mV/s, and during all the experiments, the electro-
lyte solutions were thoroughly deoxygenated by bubbling high
purity nitrogen for 15 min. A nitrogen atmosphere was main-
tained over the solution.
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