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ABSTRACT: We report the colloidal synthesis of
monodisperse nanocrystals (NCs) of InSb, which is an
important member of III−V semiconductor family.
Colloidal InSb NC quantum dots showed well-resolved
excitonic transitions in the near-infrared spectral range,
with the optical band gaps tunable from ∼1.03 eV (1200
nm) to ∼0.71 eV (1750 nm) corresponding to 3.3 and 6.5
nm InSb NCs, respectively. We observed size-tunable band
edge photoluminescence that could be significantly
enhanced by growing InSb/CdSe or InSb/CdS core−
shell nanostructures. Films of InSb NCs capped with S2−

ions showed ambipolar charge transport.

In electronics and photovoltaics, III−V semiconductors
exhibit excellent physical properties that are broadly

utilized.1 In particular, indium antimonide (InSb) is used for
infrared detectors and ultrafast electronic circuits because of its
direct band gap (0.17 eV at 300 K)2 and very high carrier
mobility. This material has the highest room-temperature
electron mobility (∼78 000 cm2/(V s))2 among all known
semiconductors, except maybe recently discovered carbon-
based materials. An extremely small effective mass for electrons
(me* = 0.014mo, where mo is the free electron mass) and small
effective mass for holes (mh* = 0.25mo) result in the largest
known value for the Bohr exciton radius of ∼60 nm.3,4 Bulk
InSb also has the smallest exciton binding energy (0.5 meV)2

among all semiconductors. As a result, reducing the size of InSb
crystals down to sub-10 nm range should lead to very strong
quantum confinement, at least comparable to that in PbSe,
HgTe, and Cd3As2, which have Bohr exciton radii of ∼45, ∼40,
and ∼47 nm, respectively.4−6

InSb quantum wells, nanowires, and quantum dots have been
prepared by chemical vapor deposition and molecular beam
epitaxy (MBE) techniques.7,8 At the same time, the colloidal
synthesis of III−V nanocrystals (NCs) is rather delicate,9 and as
a result, the chemistry of III−V NCs is less developed
compared to other semiconductor NCs. Until now only InP
and InAs NCs have been synthesized in the form of
monodisperse and well-crystallized NCs, and their optical
properties and device applications have been extensively
explored.10−13 It was shown that InAs NCs can be doped
with Sb forming InAsxSb1−x (x > 0.85) particles.14 Numerous
attempts have been made to prepare colloidal NCs of other
important III−V materials, such as InSb, GaAs, and InN,
unfortunately with only modest success.15 For example,

previous work on the colloidal synthesis of InSb nanoparticles16

had not reported conclusive data on the formation of InSb
NCs, such as X-ray diffraction or high-resolution electron
microscopy. We report on the colloidal synthesis of InSb NCs
and present their size-dependent optical and electronic
properties.
We synthesized InSb NCs by reacting InCl3 and Sb[N(Si-

(Me)3)2]3 in oleylamine in the presence of lithium triethylbor-
ohydride (LiEt3BH), also known as superhydride. Sb[N(Si-
(Me)3)2]3 was prepared as described in the Supporting
Information (SI) and its purity was verified by 13C and H
NMR (Figure S1). In a typical synthesis, 5 mL of 2.0 M
LiEt3BH solution in dioctyl ether was loaded into a three-neck
flask filled with 12 mL of anhydrous degassed oleylamine at
room temperature, immediately followed by the injection of a
premixed solution containing 0.8 mmol of InCl3 and 0.8 mmol
of Sb[N(Si(Me)3)2]3 in 3.2 mL of n-trioctylphosphine and 0.5
mL of toluene. Upon addition, the reaction mixture turned
brown and then black. At this stage, the reaction temperature
was increased to 260 °C at the rate of about 3 °C/min. The
solution was annealed at 260 °C for 20 min and cooled down
to the room temperature. Five mL of oleic acid (OA) were
added to the crude solution to neutralize excessive super-
hydride and attach oleate ligands to the NC surface. Then,
crude solution was centrifuged to separate insoluble byproducts
from the NCs which remained in supernatant.
We found that the presence of LiEt3BH was crucial for the

formation of InSb NCs. In the absence of superhydride, InCl3,
and Sb[N(Si(Me)3)2]3 did not react below 200 °C. At higher
temperatures these precursors formed a black amorphous
precipitate. Control experiments showed that mixing LiEt3BH
with InCl3 in oleylamine resulted in the formation of metallic
indium and mixing LiEt3BH with Sb[N(Si(Me)3)2]3 generated
black amorphous product presumably containing antimony
clusters.17 We therefore propose that the role of superhydride is
to activate the indium and antimony precursors through the
formation of highly reactive In(0) and Sb(0) intermediates.
Further mechanistic studies will be necessary to test this
hypothesis and elucidate the microscopic reaction pathway.
Interestingly, traditional metalorganic chemical vapor deposi-
tion (MOCVD) synthesis of III−V semiconductors typically
requires the presence of H2 at high temperatures, indicating the
importance of a reductive environment for growing crystalline
III−V materials.18,19
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The average size of as-synthesized InSb NCs can be tuned by
changing the growth temperature and the amount of LiEt3BH.
Higher temperature and longer annealing times generally
yielded larger NCs. InSb NCs with sizes ranging from 4.5 to 7
nm were obtained after growth at temperatures between 240
and 260 °C for 20 min using a molar ratio of 1:12.5 InCl3 to
LiEt3BH, corresponding to a 2-fold excess with respect to the
quantity needed for complete reduction of indium and
antimony precursors. When the InCl3 to LiEt3BH molar ratio
was reduced to 1:6.25, 3.4−4.5 nm InSb NCs were obtained at
240 °C annealing temperature. InSb NCs prepared below 240
°C often showed poor crystallinity.
As-synthesized InSb NCs showed ∼15% size distribution

(Figure S2). To improve the size distribution of InSb NCs, we
applied size-selective precipitation using toluene and acetoni-
trile as the solvent and nonsolvent, respectively. A similar
approach was used for obtaining monodisperse InP and InAs
NCs.11,12 After size selection, the monodisperse InSb NCs were
isolated and redispersed in toluene, hexane, or tetrachloro-
ethylene (TCE).
Figure 1a,b shows typical TEM images of InSb NCs with the

average size of 4.2 and 6.3 nm, respectively. The high-resolution

images shown in Figure 1c demonstrate highly crystalline
nanoparticles. The powder X-ray diffraction patterns shown in
Figure 1d revealed cubic zinc blende crystal structure of InSb
NCs, identical to that of bulk InSb. The NC sizes calculated
from the width of diffraction peaks using Scherrer’s equation
were consistent with the NC size in TEM images, further
proving good crystallinity of the InSb NCs. When exposed to
air, small InSb NCs showed partial oxidation, and the formation
of indium and antimony oxides was observed in powder XRD
patterns (Figure S3). Elemental analysis of synthesized InSb

NCs by ICP-OES showed a small excess of antimony, with an
In:Sb molar ratio of about 1:1.13.
Colloidal solutions of InSb NCs showed size-dependent

absorption spectra with characteristic peaks in the near-infrared
corresponding to the optical transitions between the excitonic
states (Figure 2a). The spectral positions of the absorption

peaks depended strongly on the NC diameter, as expected for
quantum confined NCs. The optical band gap of InSb NCs,
measured as the energy of the lowest excitonic transition, could
be tuned from ∼1200 nm (1.03 eV) for 3.3 nm NCs to 1750
nm (0.71 eV) for 6.5 nm NCs (Figure 2b). Taking into account
small electron and hole effective masses, one might expect
larger confinement energy for this size range. For example,
simple parabolic band model21 predicts a 4.6 eV bandgap for 5
nm InSb NCs, which is in obvious disagreement with the
experimental data. Efros and Rosen (ER) calculated size
dependence for quantum state levels in InSb NCs using an
eight-band Pidgeon and Brown model which accounted for the
coupling between conduction and valence bands.20 We
compared predicted 1S3/2(h) − 1S1/2(e) transition energies
(calculated as the difference between electron and hole energies
reduced by the Coulombic term, 1.8e2/εR, where ε is the
dielectric constant and R is the NC radius) with experimental
data and found that ER calculations provided rather accurate
predictions for the NCs sizes above ∼5 nm (Figure 2b) but
overestimated the band gaps for smaller InSb NCs. There can
be various reasons why theoretical transition energies are
systematically higher than experimental ones, such as under-
estimated leakage of the wave functions into the surrounding
medium.22 Here we also want to point out the presence of
energetically closely spaced valleys in the conduction band of
InSb and some other III−V semiconductors. In bulk InSb, the
bottom of the L-valley is only 0.51 eV above the bottom of the
Γ-valley (Figure 2b, inset). Because the electron effective mass
in the Γ-valley (mΓ* = 0.014m0) is ∼18 times smaller than that

Figure 1. (a,b) TEM images of 4.2 and 6.3 nm InSb NCs. (c) High-
resolution TEM images of InSb NCs viewed along different zone axes.
(d) Powder X-ray diffraction patterns of InSb NCs with various sizes.
Sizes above each curve are derived from the Scherrer equation, applied
to the fwhm of the (111) reflection. The vertical lines on the bottom
are the corresponding positions and intensities of X-ray reflections for
bulk InSb.

Figure 2. (a) Absorption spectra of InSb NCs in TCE with sizes
between 3.3 and 6.5 nm. (b) Size-dependence of the optical band gap
measured for InSb NCs at room temperature compared to the
calculations by Efros and Rosen (ref 20). Inset shows the band
diagram of bulk InSb at 300K. HH and LH indicate the heavy and light
holes, respectively. (c) Typical absorption (black) and photo-
luminescence (red) spectra for size-selected InSb NCs in TCE.
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in the L-valley (mL* = 0.25m0), the electrons in the Γ-valley
should be more responsive to the quantum confinement than in
the L-valley. As a result, the energy difference between the
lowest quantum confined states in Γ- and L-valleys is expected
to decrease with decreasing NC size, and at a certain size, we
may expect even a transition from direct to indirect band
structure of InSb NCs. Conventional theoretical models
typically ignore the band structure beyond the Γ-valley which
can lead to qualitatively wrong descriptions of strongly
quantum confined III−V quantum dots. Only recently has
the possibility of direct-to-indirect transition been studied
theoretically for GaAs quantum dots.23

Our experimental data suggest that InSb NCs retain the
direct gap character of the bulk material, at least for sizes >3.6
nm. Figure 2c shows an example of the photoluminescence
(PL) spectrum of 3.8 nm InSb NCs. The observation of the
band-edge luminescence suggests that 3.8 nm InSb NCs
preserve their direct band gap electronic structure. The PL
efficiency was rather weak at room temperature (below 1%)
and significantly increased at low temperatures.
We noticed significant sample-to-sample variations in the PL

efficiency of InSb NCs, which is rather common for colloidal
NCs. Generally, the stability and PL efficiency of semi-
conductor NCs can be improved by growing a wide-gap shell
of another semiconductor.24 The zinc blende crystal structure
of InSb NCs makes them compatible with II−VI materials. On
the other hand, the large lattice constant (a = 6.479 Å) of InSb
should create a large interfacial strain with many II−VI and III−
V shells, with the exception of CdTe (a = 6.482 Å) that forms a
nearly strain-free interface with InSb. It was noticed in the MBE
studies that at elevated temperatures, InSb surface can react
with Te, forming In2Te3 and Sb.25 In MBE this problem can be
avoided by using excess Cd precursor.25 Our preliminary
studies revealed that a crystalline CdTe shell can be grown
around InSb NCs, resulting in some improvement of the PL
efficiency (Figure S4). However, it also resulted in a small blue
shift of the absorption peak (Figure S5),26 which suggested
either partial alloying or etching of InSb cores before or during
the growth of CdTe shell. A similar effect was observed when
we attempted to grow a ZnTe shell.26 So far the best results
have been achieved for CdSe and CdS as the shell materials. In
a typical preparation of InSb/CdS core−shell NCs, the InSb
cores were overcoated with CdS shells at 60 °C in oleylamine
using Cd(Me)2 and bis(trimethysilyl)sulfide as Cd and S
precursors, respectively.26 In both InSb/CdSe and InSb/CdS
cases we observed the formation of core−shell NCs, despite
∼6.6% and 10.0% lattice mismatch between InSb and CdSe or
CdS phases, respectively. Figures 3a, S6, and S7 show the TEM
images and X-ray diffraction patterns of corresponding InSb
cores and InSb/CdS core−shells. Upon the growth of CdS
shell, the NC shape evolved from near-spherical to partially
tetrahedrally faceted. An average increase in NC size by 0.6 nm
was consistent with the formation of about one monolayer
thick CdS shell. The formation of CdSe and CdS shells resulted
in the red shifts of the absorption maxima of InSb NCs (Figures
3b and S5), which can be explained by partial leakage of the
wave functions into the shell material. We also observed
significant improvement of the PL efficiency. For example,
InSb/CdS NCs shown in Figure 3a showed ∼200-fold increase
of the PL efficiency compared to original InSb cores (Figure
3c). The PL decay trace shown in Figure 3d could be fitted with
the fast component, presumably corresponding to some
nonradiative recombination channel, followed by a slow nearly

monoexponential component with ∼175 ns decay time that
likely corresponded to the radiative lifetime (Tr). The
component with similar lifetime (∼160 ns) was also observed
in the PL decay of bare InSb NCs (Figure S8). This lifetime is
much shorter than Tr of lead chalcogenide NCs27 which makes
InSb NCs potentially interesting material for near- and mid-IR
emission applications.
We also carried out preliminary studies of the surface

chemistry of InSb NCs and charge transport in the InSb NC
films. It is well-known that surface ligands with long
hydrocarbon chains, such as oleic acid or oleylamine, negatively
affect the electronic transport in NC-based devices.28 To
improve the conductivity of InSb NC solids, we replaced the
oleate ligands with S2− or Te2− ligands. For this purpose we
performed the phase transfer of organics-capped InSb NCs
from toluene into highly polar N-methyl formamide (NMF)
using K2S or K2Te.

29,30 No etching of the NC surface was
observed during the ligand exchange at the room temperature
(Figure S9). To study doping and transport in the films made
of InSb/S2−/K+ NCs, we followed standard NC FET
fabrication steps.26 Figure S10 shows the output and transfer
characteristics of InSb NC FETs made of S2−-capped 4.5 nm
InSb NCs. We observed the ambipolar charge transport with
electron and hole mobilities 1.5 × 10−4 and 6 × 10−4 cm2/(V
s), respectively. These preliminary data show that InSb NCs
electronically behave as a typical narrow gap semiconductor.
In conclusion, we reported the first colloidal synthesis of

monodisperse and well crystallized sub-10 nm InSb NCs. InSb
NCs showed size-dependent absorption and PL spectra as well
as other characteristic properties of direct gap semiconductor
NCs. The stability and PL efficiency of InSb NCs could be
significantly improved by growing core−shell InSb/CdSe and
InSb/CdS nanoheterostructures. InSb NCs can be used in field-
effect devices and show ambipolar charge transport. There is

Figure 3. (a) TEM image of InSb/CdS core−shells. (b) Absorption
spectra of InSb cores and InSb/CdS core−shells. (c) PL spectra of
InSb core and InSb/CdS core−shell NCs measured under identical
conditions. (d) Time-resolved PL decay for InSb/CdS core−shell NCs
excited with 40 ps pulses at 705 nm.
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more room for further optimization of InSb-based core−shell
nanostructures and devices. These new NCs can find important
applications, e.g., in near- or mid-IR emitters and detectors.
Another interesting feature of InSb is its low melting point
compared to other semiconductors (Tm = 527 °C). One can
think of using InSb NCs as soluble precursors for deposition of
InSb films, e.g., by spin coating the NC colloids followed by
rapid annealing at near-Tm temperatures.
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