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Synthesis of NIR/SWIR Absorbing InSb Nanocrystals Using
Indium(I) Halide and Aminostibine Precursors

Yongju Kwon, Oleksandra Yeromina, Mariarosa Cavallo, Mathieu G. Silly, Debora Pierucci,
Emmanuel Lhuillier, Dmitry Aldakov, Bérangère Hyot, and Peter Reiss*

Colloidal InSb quantum dots (QDs) are a potential alternative to
toxic Pb- and Hg-chalcogenide QDs for covering the technologically important
near-infrared/shortwave infrared (NIR/SWIR) spectral range. However,
appropriate Sb precursors are scarce and obtaining narrow size distributions is
challenging. Tris(dimethylamido)antimony (Sb(NMe2)3) is an appealing choice
due to its commercial availability and non-pyrophoric character but implies the
reduction of antimony from the +3 to the required –3 state. In reported works,
strong reducing agents such as lithium triethylborohydride are used, which
lead to the fast co-reduction of both Sb3+ and In3+. The downsides of this
approach are reproducibility issues and the risk of forming metal nanoparticles
due to the different reduction kinetics of Sb3+ and In3+. Here, indium(I)
halides are explored as simultaneous indium source and mild reducing agent
for the antimony precursor. The wavelength of the excitonic absorption peak
of the phase-pure InSb QDs obtained with this approach can be tuned from
630 to 1890 nm, which corresponds to a size range of ≈2–7 nm. The synthesis
can also be conducted in a heat-up manner, which facilitates the scale-up
and paves the way for the use of InSb QDs in applications such as NIR/SWIR
photodetectors, cameras, biological imaging, and telecommunications.

1. Introduction

Narrow bandgap colloidal quantum dots (QDs) offer exceptional
promises for low-cost infrared active applications combining
many advantages such as tunable absorption and fluorescence
emission spectra, high molar extinction coefficients, high pho-
toluminescence (PL) quantum yield, high stability, cost-efficient
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and scalable synthesis, and solution
processability.[1] One of the advantages of
using infrared radiation stems from re-
duced Rayleigh scattering of light in the air
at longer wavelengths, induced for example
by dust or fog. By consequence, short
wavelength infrared (SWIR: 1–2.5 μm)
cameras can “see” through haze better
than visible-range cameras.[2] Also, the
use of near-infrared (NIR: 0.7–1 μm) light
enables much larger penetration depths in
biological tissues to perform deep-tissue
imaging. In the NIR-I (650–900 nm) and
NIR-II/SWIR (1000–1700 nm) windows,
tissues have low scattering, absorption,
and autofluorescence background.[3] Other
useful applications of colloidal IR QDs have
been explored in photovoltaics, infrared
light-emitting diodes (LEDs), telecommuni-
cation, solar concentrators, thermoelectric
devices, and optical sensing.[4] Most of the
reported NIR and/or SWIR active QDs are
based on materials containing toxic heavy
metals, such as PbS and HgTe QDs.[2a,5]

A(III)-B(V) semiconductors containing one group-13 and one
group-15 element of the periodic table are highly promising Pb-
and Hg-free alternative materials.

Colloidal indium antimonide (InSb) QDs have been consid-
ered a low-toxic alternative to Pb or Hg chalcogenide QDs in the
NIR/SWIR spectral regions. Bulk InSb possesses a narrow di-
rect bandgap (0.17 eV at 300 K), high static dielectric constant
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(𝜖 = 17), the highest room temperature electron mobility (7.7 ×
104 cm2 V−1 s−1), lowest thermal conductivity (0.18 W cm−1K−1),
and smallest exciton binding energy (0.5 meV) of all com-
mon semiconductors.[6] This latter feature, lost in many other
“greener” alternatives to toxic heavy metal-based QDs, is of par-
ticular interest for photodetection as electrons and holes almost
behave like free charges. Also, due to the large exciton Bohr ra-
dius of InSb (≈60 nm),[7] the bandgap energy of InSb QDs can
be tuned in a broad range throughout the NIR and SWIR spec-
trum through size control, as a consequence of quantum confine-
ment. Given the inherent advantages of colloidal synthesis meth-
ods (which are generally economic and scalable), this approach
enables the use of colloidal InSb QDs as building blocks in
low-cost, solution-processed optoelectronic devices, such as field-
effect transistors, photodetectors, thermoelectric devices, LEDs,
and solar cells.

Despite these promises, only very few chemical synthesis
methods for colloidal InSb QDs have been reported, which is
mainly due to the limited choice of suitable pnictogen precursors.
In 2008, the formation of colloidal InSb QDs was reported using
indium stearate and tris(trimethylsilyl)antimony ((TMS)3Sb) as
precursors.[8] The (TMS)3Sb precursor is an analog of (TMS)3As
and (TMS)3P which have been commonly used for syntheses of
InAs or InP QDs. These tris(trimethylsilyl)pnictogenide chem-
icals are highly reactive to form III-V semiconductor QDs but
they are also highly pyrophoric, air- and moisture-sensitive,
and of limited commercial availability. Also, the high reac-
tivity of (TMS)3Sb makes it hard to control the nucleation
and growth processes of InSb QDs and leads to a broad size
distribution.[8] Therefore, the obtained absorption spectrum is
featureless, i.e., no excitonic peak is visible. In situ formed
SbH3 has been tried as an alternative precursor for the syn-
thesis of InSb QDs.[9] However, the synthesized InSb QDs
showed once again a featureless absorption spectrum and no
size tuning was possible. In the quest for safer and easier
use of group V precursors giving access to high-quality InSb
QDs, tris(di(trimethylsilyl))amide stibine (Sb[N(SiMe3)2]3),[10]

antimony chloride (SbCl3)[11] or tris(dimethylamido)antimony
(Sb(NMe2)3)[12] have been explored more recently. Unlike the
(TMS)3Sb or SbH3 precursors that exhibit –3 oxidation state
for Sb, antimony in Sb[N(SiMe3)2]3, SbCl3 and Sb(NMe2)3
is in its +3 oxidation state, making the precursors more
stable. On the other hand, additional reducing agents are
required in these reactions such as lithium triethylboro-
hydride (LiEt3BH),[10,11,12b,d,13] lithium di(trimethylsilyl)amide
(Li[N(SiMe3)2]),[12b] n-butyllithium (n-BuLi),[12b,c] or alane N,N-
dimethylethylamine (DMEDA).[14] Their use leads to the co-
reduction of the antimony and indium precursors and the for-
mation of Sb(0) and In(0) species which rapidly form InSb
nuclei.[12b,13c] However, the use of highly reactive reducing agents
negatively impacts reproducibility, bears the risk of generating
metallic side-products, and makes it challenging to control nu-
cleation and growth in the InSb QDs synthesis. As a result, the
InSb QDs formed using these pathways generally show broad
excitonic absorption features and post-synthetic size fractiona-
tion is required, e.g., using size-selective precipitation.[10,12,13]

Therefore, it is highly desirable to explore other ways of re-
ducing aminostibine precursors in the synthesis of InSb QDs,
giving direct access to narrow size distributions and enabling

the tuning of their absorption spectra in a wide NIR/SWIR
range.

In this study, we report a novel synthesis method for colloidal
NIR/SWIR-active InSb QDs using In(I)X (X = Cl, Br, I) and
Sb(NMe2)3 precursors without the addition of a strong reducing
agent. In this reaction scheme, In(I)X plays the dual role of in-
dium source and mild reducing agent for the antimony precur-
sor being itself oxidized to the required In(III) state. In(I) halides
have been recently proposed in the synthesis of InP and InAs
QDs using amino-pnictogen group V precursors,[15,16] however,
the reaction behavior differs markedly from the case of InSb.
Here, InSb QDs with well-defined excitonic absorption peaks are
synthesized at a comparably low temperature of 230 °C using
In(I)Br or In(I)I in combination with Sb(NMe2)3. In contrast,
In(I)Cl leads to broad absorption features indicative of a much
larger size distribution. The wavelength of the excitonic absorp-
tion peak of the InSb QDs could be tuned in an unprecedent-
edly large range from 630 to 1890 nm by adjusting the reaction
parameters such as the halide type, reaction temperature, and
time. The minimum excitonic peak linewidth of the as-prepared
QDs is 200 meV (full width at half maximum, FWHM), while
the PL peak width is 150 meV demonstrating narrow size dis-
tribution without any size-selective purification. From a mecha-
nistic point of view, NMR studies demonstrate that the premix-
ing step of the In and Sb precursors likely induces the formation
of In–Sb intermediates prior to QD nucleation at high tempera-
ture. This step is of crucial importance for obtaining high-quality,
phase-pure nanocrystals without any metallic (In0, Sb0) or oxide
(In2O3) side-products after purification. Finally, we show that the
proposed synthesis method can be used also in a heat-up man-
ner, i.e., without precursor injection into the hot solvent, which
facilitates its scale-up to larger quantities.

2. Results and Discussion

2.1. Synthesis of InSb QDs and Wavelength Tuning of the
Absorption Properties

A standard synthesis following the procedure developed here
consists of two steps. First, In(I)X and Sb(NMe2)3 are premixed
in oleylamine (OAm) and reacted at 50 °C for 1 h. In terms of
size distribution, the best precursor molar ratio between In(I)X
and Sb(NMe2)3 turned out to be 6:1 for In(I)Cl or In(I)Br and
3:1 for In(I)I; the effect of this ratio will be discussed in more
details later. The color of the premixed InSb precursor solution
turns brown immediately when the temperature reaches 50 °C
and no more solid residue is visible with In(I)I. The obtained
solution is quickly injected into 1-octadecene (ODE) solvent at
230 °C containing trio-n-octylphosphine (TOP, 4 eq. based on
Sb(NMe2)3). Details of the experimental procedure and control
experiments can be found in the Methods section. UV-vis-NIR
absorption spectra were recorded for different reaction times and
varying the indium halide precursor (Figure 1). Figure 1a shows
the absorption spectra of InSb QDs synthesized from In(I)Cl
and Sb(NMe2)3. A broad absorption feature with an FHWM of
537 meV appeared at 1094 nm after 10 min, which redshifted
to 1280 nm after 60 min. The peak energies and FWHM were
determined using Gaussian fitting (cf. Figure S1, Supporting
Information).

Adv. Funct. Mater. 2024, 2403912 2403912 (2 of 13) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202403912 by C
ea G

renoble, W
iley O

nline L
ibrary on [10/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 1. Indium halide dependence of the absorption properties. UV–vis-NIR absorption spectra of aliquots taken over time during the synthesis of
InSb QDs from a) In(I)Cl, b) In(I)Br, and c) In(I)I reacted with Sb(NMe2)3 at 230 °C in ODE. The In:Sb precursor ratio is 6:1 for In(I)Cl and In(I)Br, 3:1
for In(I)I. d) Evolution of the excitonic absorption peak position (full symbols) and its linewidth (FWHM, hollow symbols) as a function of the reaction
time for the 3 indium precursors.

Compared to In(I)Cl, the In(I)Br and In(I)I precursors resulted
in better-defined excitonic absorption features (Figure 1b,c).
When In(I)Br was reacted with Sb(NMe2)3 at 230 °C, the absorp-
tion peak shifted from 910 to 1352 nm as the reaction proceeded
from 3 to 90 min (cf. Figure 1b; Table S1, Supporting Informa-
tion). During the first 60 min, the FWHM decreased from 333
to 261 meV showing size-focusing and indicating a diffusion-
controlled growth mode. However, for longer times (90 min),
only a weak shoulder is visible in the absorption spectrum char-
acteristic of the broadening of the size distribution. It is induced
by the decrease of the monomer concentration which becomes
too low to maintain homogeneous particle growth from solu-
tion and leads to a ripening-type growth regime. In(I)I resulted
in shorter wavelengths compared to In(I)Br covering a range of
780 to 933 nm (Figure 1c). This behavior can be attributed to
the difference in reactivity of the In(I)X precursors. The bond

dissociation energies for In–Cl, In–Br, and In–I are 439, 418,
and 331 kJ mol−1, respectively. The weaker In(I)–I bond is eas-
ier to dissociate, favoring the formation of a larger number of
nuclei and resulting in smaller final QD sizes. Furthermore, the
halides are involved in the surface passivation of the InSb QDs as
confirmed by elemental analysis (vide infra). Due to the higher
steric demand of the larger iodide ions compared to bromide, the
surface-reaction and hence growth rates are reduced resulting in
smaller particle sizes. In our recent study, we observed a sim-
ilar behavior by varying the halide type of In(I)X precursors in
the case of InP QDs.[16] In(I)Cl resulted in larger-sized, tetrahe-
dral InP QDs with edge lengths >10 nm, while In(I)I precursor
yielded much smaller sized InP QDs of ≈5 nm. In the present
InSb synthesis, In(I)Cl does not follow the same tendency: it re-
sults in QDs with a similar excitonic absorption peak position
as with the In(I)Br precursor (cf. Figure 1a,b). However, due to
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the very broad linewidth of the absorption feature, it can be con-
cluded that the In(I)Cl precursor is less suitable for the synthe-
sis of InSb QDs of narrow size distribution using the present
method. When the premixed InSb precursor solution was pre-
pared using In(I)Cl and Sb(NMe2)3 in OAm, we observed a sig-
nificant amount of In(0) metal precipitated at 50 °C after 1 h un-
like the cases of In(I)Br and In(I)I (Figure S2, Supporting Infor-
mation) indicating that In(I)Cl preferentially forms In(0) via the
disproportionation reaction between In(I) and In(0)/In(III)[15]

and/or the reduction of In(I) by OAm. For this reason, in the
following, we will focus on the use of In(I)Br and In(I)I rather
than In(I)Cl. As mentioned above, using these precursors, the
absorption peak position could be tuned from 780 to 1352 nm at
230 °C. To shift the absorption onset further to the larger wave-
length SWIR range, higher reaction temperatures of 260 and 280
°C were explored with In(I)Br; for comparison, the reactions were
also performed with In(I)I (Figure 2). Using In(I)Br, at 260 °C the
absorption peaks could be controlled from 1140 to 1760 nm with
a FWHM of 230–280 meV (Figure 2a). Raising the reaction tem-
perature further to 280 °C, the growth finishes quickly in 10 min
resulting in a wavelength of 1732 nm for the final sample with
a comparably narrow FWHM of 200 meV (Figure 2b); for longer
reaction times at this temperature precipitation occurred.

Increasing the reaction temperature induced faster growth ki-
netics and resulted in a red-shift of the absorption peaks of the
InSb QDs (Figure 2c) for both In(I)Br and In(I)I. While the wave-
length could be tuned from 780 to 933 nm at 230 °C for In(I)I
(Figure 1c), a range of 865–1160 nm (FWHM: 230–436 meV was
achieved at 260 °C (Figure 2d). At 280 °C, a further red-shift oc-
curred to 890 – 1250 nm, albeit with a broadening of the spec-
tral features (FWHM 348–441 meV) (Figure 2e,f). As expected
from the results at 230 °C (Figure 1), In(I)Br led in compari-
son with In(I)I to longer wavelengths of the excitonic absorp-
tion peak. 260 °C turned out to be the ideal temperature in that
case, yielding the largest wavelength tunability (≈1100–1760 nm)
while keeping a comparably narrow FWHM (cf. Figure 2a-c).
Table S1 (Supporting Information) gives an overview of the influ-
ence of the reaction time, temperature, and type of indium halide
on the excitonic peak position and linewidth.

Switching from the hot-injection method to the heat-up
method corresponds to a significant simplification of the syn-
thesis process, generally improving its reproducibility and
scalability.[17] Here, we compare the results obtained with both
methods using In(I)Br and In(I)I precursors (Figure 3). In the
heat-up process, the premixed InSb precursor solution is injected
into ODE solvent with TOP at room temperature and the re-
sulting mixture is then heated to 230 °C with a rate of 20–30
°C min−1. Compared with the hot-injection method, this heat-up
synthesis resulted in a wider range of wavelength tunability of
the excitonic absorption peaks. For the In(I)Br precursor, it could
be varied from 730 to 1480 nm using the heat-up synthesis with a
target temperature of 230 °C (Figure 3a), while the hot-injection
synthesis resulted in a range of 910–1315 nm (Figure 1b). In the
case of In(I)I, the values are 630–940 nm for the heat-up syn-
thesis (Figure 3b) and 780–915 nm for hot-injection (Figure 1c).
Considering the linewidth, the peaks get narrower in the early
stage of the heat-up reaction, with a minimum just when the re-
action temperature of 230 °C is reached, during the subsequent
growth they broaden due to ripening (Figure 3c). On the contrary,

in the hot-injection approach, as discussed before a narrowing of
the peaks is observed up to 60 min (Figure 3d), while broaden-
ing occurs for longer reaction times (Figure 1d). Summarizing
the results of both types of reactions, the excitonic absorption
peaks of InSb QDs could be tuned from in a broad range of 630 to
1760 nm by adjusting the reaction parameters such as the halide
precursor types (In(I)Br or In(I)I), reaction temperature, and re-
action times. The wavelength range can be further extended from
1765 to 1880 nm by a secondary precursor addition using a solu-
tion containing In(I)Br and Sb(NMe2)3 (Figure S3a,b, Supporting
Information). The obtained InSb QDs have weak photolumines-
cence (PL) intensity (PLQY < 1%). As a representative example,
the PL spectrum of a sample obtained at 230 °C with In(I)Br PL
is given in Figure 2h. The PL peak has an FWHM of 150 meV
at 1315 nm indicating a narrow size distribution and exhibits
a Stokes shift of 170 meV. The PL spectrum of another sample
emitting ≈1500 nm is given in Figure S3c (Supporting Informa-
tion). To increase the PLQY, the surface passivation via the growth
of shell(s) of appropriate wider bandgap materials would an ob-
vious option. In the case of InSb, InP appears as an appealing
candidate to act as an intermediate shell between the InSb core
and Zn-chalcogenide outer shells due to the type I band align-
ment and absence of toxic elements.

2.2. Structural Analyses of the InSb QDs

Transmission electron microscopy (TEM) analyses were per-
formed to determine the size and size distribution of the QDs.
The smallest InSb nanocrystals obtained with the In(I)I precur-
sor in the hot-injection synthesis exhibiting an excitonic absorp-
tion peak at 780 nm have an average diameter of 2.0±0.35 nm
(Figure S4, Supporting Information). Overall, the size of the InSb
QDs could be tuned from ≈2 to 7 nm (Figure 4) by varying the re-
action conditions. Size distributions of ≈15% were obtained for
the as-synthesized QDs, i.e., without any size fractionation pro-
cedure such as size-selective precipitation.

The composition of the QDs was analyzed using EDS. For
a representative sample obtained with In(I)Br showing an exci-
tonic absorption peak at 1314 nm (mean size 3.9 nm), the com-
position was found as 1.15:1 (In:Sb). This ratio indicates the pres-
ence of an indium-rich surface (Table S2, Supporting Informa-
tion). At the same time, the atomic ratio of In to Br is 1:0.37
demonstrating that Br– ligands play an important role in the sur-
face passivation, compensating for the charge neutrality of the
InSb QDs. When using the In(I)I precursor, the In-to-halide ra-
tio is lower (1:0.14) due to the larger steric demand of iodide ions.
Co-passivation with halides has also been observed in other III-V
QDs prepared from InCl3 and aminopnictogen precursors.[18]

Analysis of the obtained InSb QDs has been further conducted
using energy-tunable high-resolution X-ray photoemission spec-
troscopy (XPS). Using synchrotron radiation, we are able to tune
the incident photon energy and the associated escape depth of
the emitted photoelectrons. Laboratory experiments are generally
conducted with a high energy source operated at 1253 eV (Mg
source) or 1486 eV (Al source), which corresponds to an escape
depth of a few nm. Therefore, in the case of small nanocrystals,
using these energies can actually correspond to bulk analysis.
Here, using lower incident photon energy, we can obtain more

Adv. Funct. Mater. 2024, 2403912 2403912 (4 of 13) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 2. Temperature dependence of the absorption properties. UV-vis-NIR absorption spectra of aliquots taken over time during the syntheses of
InSb QDs from In(I)Br and Sb(NMe2)3 at a) 260 °C and b) 280 °C. c) Evolution of the 1st excitonic absorption peak position (full symbols) and its
linewidth (FWHM, hollow symbols). The same series of samples have been acquired with In(I)I and Sb(NMe2)3 at d) 260 °C and e) 280 °C; f) depicts
the corresponding excitonic peak positions (full symbols) and linewidth (hollow symbols). g) Overview of the achievable wavelength tunability of the
absorption spectra using the different reaction parameters discussed. From left to right the samples were prepared using the following conditions:
(1) InI, 230 °C, 3 min; (2) InI, 230 °C, 30 min; (3) InI, 260 °C, 10 min; (4) InI, 260 °C, 30 min; (5) InBr, 230 °C, 3 min; (6) InBr, 230 °C, 30 min; (7) InBr,
230 °C, 60 min; (8) InBr, 260 °C, 10 min; (9) InBr, 260 °C, 30 min; (10) InBr, 260 °C, 60 min. h) Absorption and photoluminescence spectra of InSb QDs
obtained by reaction of In(I)Br and Sb(NMe2)3 at 230 °C for 60 min.

Adv. Funct. Mater. 2024, 2403912 2403912 (5 of 13) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Heat-up synthesis of InSb QDs. UV-vis-NIR absorption spectra of aliquots taken over time during the syntheses of InSb QDs from a) In(I)Br
and b) In(I)I and Sb(NMe2)3. Evolution of the excitonic absorption peak position (full symbols) and its linewidth (FWHM, hollow symbols) of InSb QDs
obtained with c) the heat-up and d) the hot-injection method (230 °C).

surface-sensitive conditions and genuinely unveil the nature of
the QD surface. A survey XPS spectrum is shown in Figure 5a.
In addition to features arising from In and Sb, we also notice
the presence of states associated with carbon and nitrogen that
we can directly associate with the capping oleylamine ligands.
Bromide is also detected, which comes from the used indium

precursor (In(I)Br), and co-passivates the surface as discussed
above. Despite rigorous air-free preparation and minimized post-
synthetic exposure of the samples to air (i.e., the time to introduce
the sample in the photoemission load-lock chamber), there is ev-
idence of oxidation with a peak at 532.1 eV associated with the O
1s state. This energy range also overlaps with that from the Sb 3d

Figure 4. TEM analyses. TEM images and size histograms of InSb QDs obtained a, b) with In(I)I after 10 min, c, d) after 60 min at 230 °C; e, f) with
In(I)Br after 60 min at 230 °C, and g, h) with In(I)Br after 30 min at 280 °C.
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Figure 5. XPS analyses. Photoemission characterization of InSb nanocrystals with 0.9 eV band gap (InBr, 230 °C, 60 min). a) Survey spectrum acquired
at 700 eV photon energy. b) Valence band spectrum acquired a 150 eV photon energy. Inset is a reconstructed energy diagram assuming a 0.9 eV band
gap and neglecting any Coulombic term. c) O 1s and Sb 3s state acquired using 700 eV (surface sensitive conditions) and 1100 eV (bulk sensitive
conditions) photon energies. d)/(e) In 3d state photoemission spectrum acquired at 700 eV/1100 eV.

state; however, we cannot detect the latter at low photon energy,
suggesting that the surface is, in accordance with the EDS results,
Sb-deficient (cf. Figure 5c). Further indications of the structure
are obtained by observing the In 3d state that includes two con-
tributions, one at 444.8 eV characteristic of In bound to Sb, and
a second one at a higher binding energy of 445.2 eV, associated
with In oxide due to the higher electronegativity of oxygen com-
pared to Sb.[12b,19] The relative weight of these two contributions
dramatically changes with the incident photon energy. The ox-
ide contribution is stronger at low energy (i.e., surface sensitive
condition), strongly reduced as the photon energy increases, and
might be missed by the usual laboratory instrument. In the bulk,
indium is essentially fully coordinated by Sb. Concluding, the
QD exhibits a core/shell structure with an InSb core surrounded
by an indium oxide shell. Investigation of the valence band sig-
nal (Figure 5b) reveals a valence band localized 0.76 eV below
the Fermi level. Given the 0.9 eV band gap of these NC obtained
from absorption spectroscopy, and neglecting the exciton binding
energy given the large dielectric value of InSb (𝜖r ranging from

10 to 100 depending on confinement and doping) we can recon-
struct an effective electronic structure (inset of Figure 5b), which
corresponds to a Fermi level in the upper part of the band gap
suggesting an n-type behavior for this material. What remains to
be elucidated is whether this behavior is an intrinsic property of
InSb QDs or if the doped indium oxide shell (similarly to ITO)
tends to induce it.[20]

2.3. Further Factors Influencing the Size and Size Distribution

Among further parameters potentially affecting the size and size
distribution of InSb QDs, the precursor stoichiometry, i.e., the
In(I)X: Sb(NMe2)3 ratio, deserves special attention. In principle,
three equivalents of In(I)X are required because each In(I) ion
can transfer two electrons to reduce Sb from the +3 state in
aminostibine to the –3 state in InSb. However, higher ratios of
In(I)X, in particular 6 equivalents of In(I)Cl or In(I)Br, resulted
in narrower size distributions and higher chemical yields of the

Adv. Funct. Mater. 2024, 2403912 2403912 (7 of 13) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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reactions (Figure S5, Supporting Information). In contrast, with
In(I)I the best defined absorption spectra was obtained with an
In:Sb precursor ratio of 3:1. However, the use of these conditions
also led to the formation of a small fraction of In(0) nanoparticles
of ≈20 nm size as visible from TEM analyses (Figure S6, Support-
ing Information). As a consequence, the EDS data of InSb QDs
obtained from In(I)I shows an indium-rich composition (In: Sb
= 1.8) because of the presence of a mixture of InSb QDs and In(0)
nanoparticles (Table S2, Supporting Information), and the X-ray
diffractogram exhibits features of amorphous In(0) nanoparticles
(or their oxidation products) as visible in Figure S7c (Support-
ing Information). Lowering the In: Sb precursor stoichiometry
from 3:1 to 3:2 allowed preventing from In(0) formation leading
to phase-pure InSb QDs, albeit at the cost of the size distribu-
tion: their absorption spectra are featureless without any exci-
tonic peak (Figure S7a,b, Supporting Information).

Furthermore, the overall concentration of precursors has some
influence on the evolution of the size distribution. When dou-
bling the concentrations from 40 mm of In(I)I and 13 mm of
Sb(NMe2)3 to 80 mm and 26 mm, respectively, (Figure S8a,b, Sup-
porting Information), ripening at the end of the growth stage can
be reduced as visible from the decreased linewidth after 90 min,
while maintaining the same evolution of the absorption peak po-
sition (Figure S8c, Supporting Information).

Next, the influence of the solvent was studied, comparing
OAm and ODE in the suitable temperature range of 230–280 °C.
With OAm, higher and lower temperatures were also explored
using In(I)I: at 210 °C, only a ripening-type growth yielding very
broad absorption features was observed (Figure S9a, Supporting
Information), while the temperature range between 230 and 280
°C turned out most suitable to form InSb QDs of narrow size dis-
tribution, as for the case with ODE solvent (Figure S9b-d, Sup-
porting Information). At 320 °C, reaction products precipitate
right from the beginning, possibly due to fast reduction follow-
ing the formation of metallic side-products (Figure S9e, Support-
ing Information). It should be noted that OAm is ubiquitously
used as the solvent in the synthesis of InP and InAs QDs us-
ing aminopnictogen precursors, and also in the majority of re-
cent works on InSb QDs.[13] However, as mentioned above, with
ODE the linewidth gets narrower from 333 to 261 meV as the
reaction proceeded from 3 to 60 min (InBr, 230 °C), indicative
of size-focusing via a diffusion-controlled growth mode. On the
opposite, using OAm under the same conditions leads to a broad-
ening of the absorption peak from 301 to 416 meV, attributed to
ripening-type growth of the InSb QDs (Figure S10, Supporting
Information). Broader absorption peaks and increasing linewidth
over reaction time with OAm were also observed at higher
temperatures (280 °C) or when using In(I)I instead of In(I)Br
(Figure S11, Supporting Information). In addition, the use of
OAm generally gives rise to shorter wavelengths of the excitonic
peak than ODE. These differences can be attributed to the co-
ordinating character of OAm, which strongly modifies the re-
action kinetics. With OAm, there is only one set of parameters
(InI, 230 °C) yielding QDs of similar quality as with ODE; un-
der these conditions, the reaction kinetics, excitonic peak po-
sitions, and linewidths are quasi-identical to the ODE case (cf.
Figure S11e, Supporting Information). At higher temperatures
(280 °C), with OAm the particle shape evolves toward various bi-,
tri-, and tetrapods of homogeneous arm thickness and variable

arm length (Figure S11f, Supporting Information). Summariz-
ing, ODE appears as the better choice of solvent than OAm for
the synthesis of InSb QDs starting from In(I) halide and aminos-
tibine precursors.

Finally, the influence of trioctylphosphine (TOP) addition was
studied. TOP is not found in the final product according to our
EDS, XPS, and NMR data, however, it acts as an important reac-
tion additive modulating the reactivity of the indium precursor
and enabling narrow size distribution of the as-synthesized InSb
QDs (Figure S12, Supporting Information). In our optimized
conditions, we use 4 equivalents of TOP per Sb(NMe2)3 and in
the absence of TOP, the absorption peak gets much broader
(Figure S12a,b, Supporting Information). On the other hand,
adding more than 4 equivalents does not lead to further improve-
ment (Figure S12c, Supporting Information).

The minimum value of FWHM is obtained as 200 meV from
In(I)Br precursors (Figure 2b,c) and 165 meV from In(I)I in the
heat-up approach (Figure 3b,c) confirming the narrow size dis-
tribution obtained with this synthesis method in comparison
with reported ones. Most of the time the spectra are given after
performing size-selective precipitation to narrow down the size
distribution.[10,12d] Here, In(I)Br and In(I) act as mild reducing
agents for Sb(NMe2)3 making diffusion-controlled growth of the
InSb QDs possible from monomers in solution. When highly
reactive species such as superhydride are used as the reducing
agents, the fast kinetics leads to a rapid depletion of the monomer
reservoir, and the InSb QDs grow further by ripening and/or ag-
gregation, which leads to broader, sometimes even bimodal size
distributions.[12d] On the contrary, the use of the In(I) halides pro-
vides a robust and reproducible synthetic pathway, allowing for
facile size tuning of the InSb QDs by changing the reaction pa-
rameters such as the halide type, reaction temperature, or reac-
tion time. We found that the best parameters are to use of In(I)Br
and Sb(NMe2)3 in a 6:1 ratio, reacted at 260 °C with the presence
of 4 equivalents of TOP per Sb(NMe2)3 in ODE solvent. When
In(I)I is applied, the In:Sb ratio should be 3:1 and the tempera-
ture lower, e.g., 230 °C, to obtain InSb QDs of narrow size distri-
bution.

2.4. Effect of the In and Sb Precursors Premixing Stage

The redox chemistry involved in the aminostibine approach may
lead to the formation of side-products such as metallic In(0) and
Sb(0), eventually induced by OAm acting as a reducing agent for
the In(I)X and Sb(NMe2)3 precursors. This behavior can indeed
be seen when the precursors are heated individually in OAm,
i.e., without premixing, as confirmed by X-ray diffraction anal-
ysis. In(I)X precursors heated without the Sb precursor in OAm
at 50 °C for 1 h generate crystalline In(0) particles (Figure S13a,
Supporting Information). Sb(NMe2)3, in turn, is reduced by OAm
to Sb(0) (which then oxidizes to Sb2O3) at 230 °C, i.e., the reac-
tion temperature for the synthesis of the InSb QDs (Figure S13b,
Supporting Information). Already from these observations can
be concluded that the premixing of In(I)X and Sb(NMe2)3 be-
fore heating to the reaction temperature is a critical step to get
phase-pure InSb QDs. Figure 6 gives further confirmation of this
hypothesis by comparing two identical syntheses with and with-
out the premixing step. The product obtained with premixing

Adv. Funct. Mater. 2024, 2403912 2403912 (8 of 13) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202403912 by C
ea G

renoble, W
iley O

nline L
ibrary on [10/06/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 6. Influence of the In and Sb precursors premixing stage. a) Vis-NIR absorption spectra of the reaction products obtained with (black line) or
without (red line) premixing the precursors (In(I)Br and Sb(NMe2)3) for 1 h at 50 °C prior to their injection into a mixture of OAm and TOP at 230 °C
(reaction time: 10 min). XRD patterns of syntheses obtained b) with premixing, c) without premixing. The reference diffraction patterns of bulk InSb,
In2O3, and In(0) are also given for comparison. TEM images of the synthesis products obtained d) with premixing, e) without premixing.

exhibits an excitonic absorption peak near 1000 nm characteristic
for InSb QDs features and the XRD pattern corresponds to the
cubic zinc blende phase of InSb. A small contribution of In2O3
at around 30° (2 theta) is visible, which is attributed to surface ox-
idation occurring during the measurement (Figure 6a,b). Using
the Scherrer equation, a small crystallite size of 3.4 nm was cal-
culated, which is at the origin of the broad linewidths observed in
the diffractogram. To study the effect of the premixing step, in a
second experiment the Sb(NMe2)3 solution in OAm was directly
injected into an In(I)Br solution in OAm/TOP at 230 °C. The
obtained product exhibits a featureless absorption spectrum and
the XRD pattern revealed a mixture of InSb, metallic In(0), and
In2O3 (Figure 6a,c). The peaks corresponding to InSb display nar-
row linewidths corresponding to nanoparticles of ≈25 nm. Also,
In(0) formed as a side-product which then presumably oxidized
to In2O3 during the purification and/or the X-ray data acquisi-
tion. TEM images of the products demonstrate that with the pre-
mixing step, homogeneous InSb QDs are obtained with an av-
erage diameter of 3.3 nm (Figure 6d), in good accordance with
the crystallite size determined from XRD. Without premixing,
on the other hand, inhomogeneous and large-sized products are
observed which form extended aggregates (Figure 6e). These ag-
gregates may form during the melting of metallic In(0) nanopar-
ticles; the melting temperature of bulk indium is 230 °C.

Starting from In(III)Cl3, Busatto et al. recently reported a
similar trend with a premixing step of the In and Sb precur-
sors being mandatory to avoid the formation of metallic side

products.[12d] More precisely, In(III)Cl3 and Sb(NMe2)3 were
mixed with OAm and toluene at room temperature, and then
the obtained InSb precursor solution was injected into OAm at
high temperature (240 °C) after the addition of LiEt3BH. Sup-
ported by NMR studies, the formation of a pre-bond between
In(III) and Sb(III) was proposed to occur during the premixing
step.

To analyze the InSb precursor solution in our case, we selected
In(I)I due to the absence of any visible precipitate, while precur-
sor solutions involving In(I)Br and In(I)Cl contain a small frac-
tion of precipitated metallic indium. First of all, we optimized
the experimental conditions of the premixing step by varying the
reaction temperature, mixing time, and solvent (Figure S14, Sup-
porting Information). Premixing the precursors at 50 °C for 1 h
leads to InSb QDs with narrow size distribution (Figure S14a,
Supporting Information), while there is no excitonic absorption
feature if the premixing step is shortened to 10 min (Figure S14b,
Supporting Information). When performing the premixing step
at lower temperature (25 °C), dissolution of the precursors is still
possible when the mixing time is increased to 2h30. However, the
InSb QDs obtained from this mixture start to precipitate after a
growth time of ≈30 min at 230 °C. Moreover, their diffraction pat-
terns exhibit peaks characteristic of metallic Sb and In2O3 prod-
ucts (Figure S14c,d, Supporting Information), while no peaks cor-
responding to the InSb QDs are visible. This is a strong evidence
that 25 °C is too low to induce the formation of the precursor com-
plex presumably containing the preformed In–Sb bond, which is
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Figure 7. 1H-NMR analyses of the premixed InSb precursor solution containing In(I)I, Sb(NMe2)3, and DDA. 1H-NMR spectra of a) Sb(NMe2)3,
b) DDA, c) Sb(NMe2)3 with 3 eq. of DDA, d) In(I)I with 3 eq. of DDA, and e) 3 equiv. of In(I)I, 1 equiv. of Sb(NMe2)3 and 3 equiv. of DDA in toluene-d8,
heated to 50 °C for 1 h. The asterisk (*) indicates the toluene signal.

required for the formation of InSb QDs. Finally, the solvent for
the premixing step was changed from OAm to ODE, while keep-
ing at 3 eq. of OAm to achieve the transamination. We observed
that ODE dissolved the In(I)I precursor much slower as it does
not act as a Lewis base unlike OAm. By consequence, it took 4h30
at 50 °C to obtain a clear solution. However, once again precipita-
tion of the products after ≈20 min of growth at 230 °C was seen
(cf. Figure S14e, Supporting Information), in this case probably
induced by the insufficient amount of surface-capping OAm lig-
ands.

For further analysis, we first tried to isolate the precursor com-
plex obtained with the optimized conditions by precipitation. Pre-
mixing In(I)I and Sb(NMe2)3 (3:1) in OAm at 50 °C for 1 h, yields
a dark-brown solution that displays a featureless absorption spec-
trum in the Vis-NIR spectral range below 2000 nm (Figure S15a,
Supporting Information). Precipitation was induced by the addi-
tion of anhydrous methanol and acetone (1 vol.eq. of each) in-
side a glove box. EDS data showed that the precipitate is mostly
composed of In and that the Sb fraction is extremely low even
when considering the used 3:1 In:Sb ratio (Figure S15b, Support-
ing Information). XRD analysis revealed the amorphous charac-
ter of the product with broad signals in the region of the peaks
characteristic for the tetragonal In(0) and cubic In2O3 phases
(Figure S15c, Supporting Information). TEM and SEM im-
ages exhibited aggregated particles with an average diameter of
135 nm (Figure S15d, Supporting Information). We hypothesize
that the precipitation with the polar solvents induces the forma-
tion of In(0) particles, which partially oxidize during the sample
preparation for TEM and XRD. Therefore, this precipitation pro-
cedure is not appropriate to study the expected mixed In–Sb pre-
cursor complex.

To get more insight in the species present in the liquid
state after the premixing stage, 1H-NMR experiments were per-
formed (Figure 7). Instead of OAm, we used dodecylamine
(DDA) because of its higher purity, and we confirmed in pre-
liminary experiments that DDA does not alter the spectra of
the QDs, even though a slightly broader size distribution is ob-
tained (Figure S16a,b, Supporting Information). The 1H NMR
spectrum of Sb(NMe2)3 in toluene-d8 displays one peak, a sin-
glet at 2.78 ppm, which corresponds to the methyl protons of
–N(CH3)2 (Figure 7a). The spectrum of DDA, CH3(CH2)11NH2,
has four distinct peaks, a broad signal at 0.68 ppm from the
–NH group, a triplet at 0.97 ppm from the terminal methyl
group –CH3, a multiplet centered at 1.34 ppm from –CH2– of
the alkyl chain, and a triplet at 2.57 ppm related to –N(CH2)–
protons (Figure 7b). Once Sb(NMe2)3 is mixed with 3 equiva-
lents of DDA, two new peaks appeared, a singlet at 2.26 ppm
and a triplet at 3.73 ppm (Figure 7c). The singlet corresponds to
methyl protons of dimethylamine (DMA), (CH3)2NH, which is
formed during the transamination reaction between Sb(NMe2)3
and DDA leading to Sbx[(CH3)2N]3-y[CH3(CH2)11NH]y.

[12d] This
transamination reaction is well known for the aminopnictogen
precursors.[12d,15,16,21] Pure DMA has a singlet peak at 2.18 ppm in
deuterated toluene,[12d] while the peak attributed to DMA formed
in our sample is slightly deshielded to 2.26 ppm. The triplet at
3.75 ppm is assigned to –N(CH2)– from DDA bound to Sb. The
observed downfield shift compared to the signal of free DDA
(2.57 ppm) is due to the coordination to the metal site.[22] Mean-
while, a fraction of free DDA remained present, as a broad peak
at 2.57 ppm was observed. This indicates that less than 3 DDA
molecules interact with one Sb center (Figure 7c). Integrating
the peaks of free DDA (2.57 ppm), bound DDA (3.73 ppm), and
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total DDA (0.97 ppm) results in a molar ratio of 1.3:1:2.4, show-
ing the peak assignments are reliable and resulting in an aver-
age value of 1.3 DDA per Sb. Not reaching 3 DDA molecules per
Sb center can be expected in the present conditions due to the
insufficient excess of primary amine. In mechanistic studies on
InP QDs synthesis using aminophosphine precursors and In(I)
or In(III), for low oleylamine:aminophosphine ratios (e.g., <10),
oleylimido-bridged or heterocyclic species have been detected in
addition to the triply transaminated aminophosphine.[16,21a]

Next, we analyzed the 1H-NMR spectrum of the mixture of
In(I)I with 3 equivalents of DDA, yielding a dark-brown precipi-
tate probably caused by a limited solubility of In(I) salts in amines
at low temperatures. Moreover, because of the disproportiona-
tion equilibrium of the indium(I) precursor, In(I)I, In(III)I3, and
In(0) coexist in the In(I)I-DDA solution, and as In(0) has the
propensity to form nanoparticles (Figure 6e), which tend to pre-
cipitate with time, the solution becomes turbid (cf. Figure S16c,
Supporting Information). Consequently, three types of In-DDA
can be formed such as In(I)I(DDA)x, In(III)I3(DDA)y, and DDA
bound to In(0) particle surfaces. In the 1H-NMR spectrum of the
obtained suspension, a triplet at 2.64 ppm and a broad signal
at 2.54 ppm are observed (Figure 7d). The peak broadening of
the –N(CH2)– is attributed to the binding of DDA to the surface
of In(0) nanoparticles.[23] The triplet at 2.64 ppm is assigned to
–N(CH2)– bound to In(I)I(DDA)x and In(III)I3(DDA) (Figure 7c).
Finally, we analyzed the dark-brown solution obtained by mixing
3 eq. of In(I)I, 3 eq. of DDA, and 1 eq. of Sb(NMe2)3 for 1 h at
50 °C. In the 1H NMR spectrum, a singlet from DMA appears at
2.19 ppm showing that the transamination between Sb(NMe2)3
and DDA occurred (Figure 7d). The slightly shifted value and
broadened signal compared to Figure 7c (2.26 ppm) is possibly
due to DMA interacting with different indium species. Interest-
ingly, after only 10 min of premixing, the DMA peak appeared
as a singlet at 2.26 ppm indicating that coordination with metal
species did not happen at this stage. (Figure S17a, Supporting
Information). After 30 min, the dissolution of the In(I) precur-
sor became visible as the initial suspension becomes colored. A
broad signal at 2.18 ppm appeared, however, we can still observe
a sharp singlet at 2.15 ppm, likely corresponding to an interme-
diate complex (Figure S17b, Supporting Information). Only af-
ter an hour, the broad signal attributed to DMA interacting with
both In and Sb becomes uniform. Moreover, the triplet peak of
–N(CH2)– from DDA bound to Sb at 3.73 ppm completely disap-
peared, which indicates the interaction between Sb and In cen-
ters (Figure 7c). At the same time, the signal of –N(CH2)– ob-
served in the In(I)I-DDA mixture (Figure 7d) is slightly shifted to
2.62 ppm and broadened. We emphasize that when the premix-
ing step is performed at room temperature for 1 h, no changes
were observed in the 1H-NMR spectrum of the mixture.

Summarizing, the control experiments and preliminary NMR
results presented in this section point toward the existence of
an intermediate complex comprising a preformed In–Sb bond.
The required experimental conditions for its formation have been
determined by exploring the influence of relevant parameters
(solvent, mixing time, temperature). We found that the forma-
tion of this intermediate complex, whose precise identification
necessitates additional studies, is a prerequisite for obtaining
high-quality InSb QDs with well-defined absorption features and
hence narrow size distributions.

3. Conclusion

NIR/SWIR absorbing colloidal InSb QDs were synthesized us-
ing In(I)X (X: Cl, Br, or I) and Sb(NMe2)3 as precursors. In(I)X
acts as a mild reducing agent for Sb(NMe2)3 being itself oxidized
from In(I) to In(III) and serving simultaneously as the indium
source. The wavelengths of the excitonic absorption peaks of the
resulting InSb QDs could be tuned from 630 to 1880 nm by vary-
ing the halide type in the In(I)X precursor, In:Sb ratio, reaction
temperature, reaction time, and using for the largest sizes a sec-
ondary precursor injection. Concerning the nature of the indium
halide, In(I)Cl turned out not suitable to produce QDs with a
narrow size distribution unlike In(I)Br and In(I)I. In(I)Br gave
access to longer wavelengths (910–1890 nm) while In(I)I covers
630–1350 nm. The difference in the indium–halide bond dissoci-
ation energy and the involvement of the halides in the NC surface
passivation are at the origin of this behavior. The presented syn-
thesis method gives access to a broad size range of InSb QDs
tunable from ≈2 to 7 nm and a comparably narrow size distribu-
tion of the as-synthesized samples. The extreme oxophilicity of
InSb has become visible in variable-energy X-ray photoelectron
spectroscopy analyses. Despite the very short air exposure dur-
ing the transfer of the samples, a core/shell structure consisting
of a pure InSb core and a thin indium oxide shell was obtained.
Analysis of the valence band signal indicates that the obtained
InSb QDs exhibit an n-type character, which could be either in-
trinsic or induced by the oxide shell. The premixing step of the
In and Sb precursors at 50 °C for at least 1 h turned out manda-
tory for achieving narrow size distribution. Control reactions and
NMR analyses point to the conclusion that molecular species
(complexes or clusters) containing preformed In–Sb bonds are
generated during the preheating stage as reaction intermediates.
Only in this case, the excessive formation of metallic side prod-
ucts such as indium nanoparticles can be avoided and continu-
ous growth from solution be achieved. Summarizing, these re-
sults and in particular the broad wavelength tunability suggest
that RoHS-compliant InSb QDs are promising candidates for re-
placing toxic Pb- or Hg-chalcogenide QDs in applications relying
on absorption in the NIR/SWIR range.[13] We anticipate that InSb
QDs have also a high potential as NIR/SWIR emitters, provided
that appropriate core/shell structures can be prepared to passi-
vate effectively the surface and shield the highly oxygen-sensitive
surface of InSb from the environment. Protection against oxida-
tion could also be achieved through the passivation with appro-
priate inorganic surface ligands, as has been shown recently for
the case of InAs QDs.[24] These developments pave the way for
the use of InSb QDs in NIR/SWIR applications such as photode-
tectors and cameras, biological detection, telecommunications,
and QLEDs.[13b,c,25]

4. Experimental Section
Chemicals: Indium(I) chloride (In(I)Cl, 99.995%) and indium(I) bro-

mide (In(I)Br, 99.998%) were purchased from Alfa-Aesar. Indium(I) iodide
(In(I)I, 99999%), tris(dimethylamido)antimony (Sb(NMe2)3, 99.99%),
oleylamine (OAm, ≥98%), dodecylamine (DDA, ≥99.5%), toluene-d8
(99%), toluene (anhydrous), chloroform (anhydrous), methanol (anhy-
drous), acetone (anhydrous), and tetrachloroethylene (>99%, anhydrous)
were purchased from Aldrich. Tri-n-octylphosphine (TOP, 97%) was pur-
chased from STREM. All chemicals were used without further purification.
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Synthesis of InSb QDs using In(I)Cl or In(I)Br and Sb(NMe2)3 as Precur-
sors: First, 0.17 mmol of Sb(NMe2)3 was dispersed in 0.4 mL of degassed
OAm at 50 °C in a glove box. The Sb(NMe2)3 was added to 1.0 mmol of
In(I)Cl or In(I)Br in 1.6 mL of degassed OAm solution to prepare InSb
precursor solution which was stirred for 1 h at 50 °C in a glove box. In a
three-necked round-bottom flask (r.b.f), 4 mL of ODE (or OAm) was de-
gassed for l h at 120 °C, then heated to 230 °C under Ar atmosphere. After
that, 0.3 mL of TOP and 2 mL of InSb precursor solution were injected into
the ODE (or OAm) solvent at 230 °C and the reaction mixture was kept at
this temperature and stirred for 3–90 min. The crude material was then
purified using the standard procedure (see below).

Synthesis of InSb QDs using In(I)I and Sb(NMe2)3 as Precursors: The
same method as for In(I)Cl or In(I)Br precursors is applied, but using
0.5 mmol of In(I)I.

Heat-Up Synthesis of InSb QDs using In(I)Br and Sb(NMe2)3 as Precur-
sors: First, 0.17 mmol of Sb(NMe2)3 was dispersed in 0.4 mL of degassed
OAm at 50 °C in a glove box. The Sb(NMe2)3 was added to 1.0 mmol of
In(I)Br in 1.6 mL of degassed OAm solution to prepare InSb precursor so-
lution which was stirred for 1 h at 50 °C in a glove box. In a three-necked
r.b.f, 4 mL of ODE (or OAm) was degassed for l h at 120 °C, then cooled
down to room temperature under Ar atmosphere. After that, 0.3 mL of
TOP and 2 mL of InSb precursor solution were injected into the ODE (or
OAm) solvent at room temperature and the reaction mixture was heated
to 230 °C with a heating rate of 20–30 °C min−1 and stirred for 3–60 min.

Heat-Up Synthesis of InSb QDs using In(I)I and Sb(NMe2)3 as Precursors:
The same method as for In(I)Br precursors is applied, but using 0.5 mmol
of In(I)I.

Synthesis of Larger InSb QDs via Secondary Precursor Addition: First,
0.17 mmol of Sb(NMe2)3 was dispersed in 0.4 mL of degassed OAm at
50 °C in a glove box. The Sb(NMe2)3 was added to 1.0 mmol of In(I)Br in
1.6 mL of degassed OAm solution to make InSb precursor solution. The
stirring of the InSb precursor solution was performed for 1 h at 50 °C in
a glove box. In a three-necked r.b.f, 4 mL of ODE was degassed for l h at
120 °C, then heated to 260 °C under Ar atmosphere. After that, 0.3 mL
of TOP and 2 mL of InSb precursor solution were injected into the ODE
solvent at 260 °C and it was stirred for 60 min. For the second precursor
addition, the InSb precursor solution is made again using 0.25 mmol of
In(I)Br, and 0.04 mmol of Sb(NMe2)3 in 0.75 mL of OAm for 1 h at 50 °C.
The second precursor solution is injected by a syringe pump with 3 mL h−1

of the pumping rate into the InSb QDs solution at 260 °C for 15 min.
Synthesis of InSb QDs Without Premixing of In(I)Br and Sb(NMe2)3:

First, 0.17 mmol of Sb(NMe2)3 was dispersed in 0.4 mL of degassed OAm
at 50 °C in a glove box. In a three-necked round-bottom flask, 1.0 mmol
of In(I)Br, 0.3 mL of TOP, and 5.6 mL of degassed OAm were heated to
230 °C under an Ar atmosphere. After that, 0.4 mL of Sb(NMe2)3–OAm
solution was injected into the round-bottom flask containing In(I)Br and
it was stirred for 10 min.

Purification of InSb QDs: Inside a glove box, 0.5 mL of the crude sam-
ple was centrifuged at 10 000 rpm for 1 min and the greyish precipitate
was discarded. The supernatant was mixed with 0.5 mL of anhydrous chlo-
roform, 1.5 ml of anhydrous methanol, and 3 mL of anhydrous acetone.
After vortexing, this mixture was centrifuged at 8 000 rpm for 2 min. The
obtained black precipitate was redispersed in 0.5 mL of anhydrous tetra-
chloroethylene for the optical characterizations or in toluene for storage.
To eliminate excess organics, the described precipitation/redispersion cy-
cle is repeated.

Characterization: Absorption spectra were measured on a Jasco V-770
UV-vis-NIR spectrometer. The excitonic absorption peak was fitted with
a Gaussian function to determine its energy and line width. The emis-
sion spectra were obtained using Horiba Fluorolog 3 spectrophotometer
equipped with a Hamamatsu R5509 NIR photomultiplier tube. Powder X-
ray diffraction patterns were recorded using a Bruker powder diffractome-
ter equipped with a copper anode (𝜆K𝛼1 = 1.5406 Å, 𝜆K𝛼2 = 1.5444 Å)
and an X’celerator 1D detector. The elemental compositions were ana-
lyzed using a Zeiss Ultra 55+ scanning electron microscope equipped with
a Bruker QUANTAX energy-dispersive X-ray probe. Transmission electron
microscopy was performed by an FEI Tecnai F20 microscope operated at
200 kV. NMR spectra were recorded on a Bruker Avance spectrometer at

400.13 MHz for 1H, and equipped with a 5 mm z-gradient BBO Smart-
Probe. All measurements were performed at 298 K. The relaxed 1H spec-
tra (recycling time of 5 s) were integrated after baseline correction. The
chemical shifts for 1H in toluene-d8 are relative to tetramethylsilane. For
the samples in toluene-d8, the CH3 signal of residual solvent was set at
2.11 ppm in the 1H spectra.

X-Ray Photoemission Measurements (XPS): For photoemission spec-
troscopy, the Tempo beamline of synchrotron Soleil was used. Films of
nanocrystals were spin-casted onto a gold-coated Si substrate (the gold
layer was 80 nm thick). The pristine solution of InSb has been used and
drop-casted on the substrate within a glove box. The sample is kept under
nitrogen atmosphere before its introduction in the ultra-high vacuum pho-
toemission setup. Samples were introduced in the preparation chamber
and degassed until a vacuum below 10−9 mbar was reached. Then sam-
ples were introduced into the analysis chamber. The signal was acquired
by a MBS A-1 photoelectron analyzer. The acquisition was carried out at
constant pass energy (50 eV) within the detector. Photon energy of 150 eV
was used for the acquisition of the valence band while 700 and 1100 eV
photon energy was used for the analysis of the core levels The zero bind-
ing energy (BE) reference (i.e., the Fermi level) was taken at the leading
edge of a clean Au film. The acquired data were processed by subtracting
a Shirley/linear background and using Voigt curves for peak fitting.
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