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Selective antimony reduction initiating the
nucleation and growth of InSb quantum dots+

Ryan W. Crisp, 22 Gianluca Grimaldi, @ Luca De Trizio,” Wiel H. Evers, (2 2¢
Nicholas Kirkwood, 2 Sachin Kinge,® Liberato Manna, "<
Laurens D. A. Siebbeles &2 and Arjan J. Houtepen*®

Indium antimonide (InSb) quantum dots (QDs) have unique and interesting photophysical properties, but
widespread experimentation with InSb QDs is lacking due to the difficulty in synthesizing this material.
The key experimental challenge in fabricating InSb QDs is preparing a suitable Sb-precursor in the correct
oxidation state that reacts with the In-precursor in a controllable manner. Here, we review and discuss the
synthetic strategies for making colloidal InSb QDs and present a new reaction scheme yielding small
(~1 nm diameter) InSb QDs. This was accomplished by employing Sb(NMe,)s as the antimony precursor
and by screening different reducing agents that can selectively reduce it to stibine in situ. The released
SbHs, subsequently, reacts with In carboxylate to form small InSb clusters. The absorption features are
moderately tunable (from 400 nm to 660 nm) by the amount and rate of reductant addition as well as the
temperature of injection and subsequent annealing. Optical properties were probed with transient

rsc.li/nanoscale

Introduction

Colloidal quantum dots (QDs) are size-tunable optoelectronic
materials, with potential for use as light emitters, photo-
detectors, and solar cells.”” However, the presence of toxic
elements in commonly used QD materials, e.g. CdE (E = S, Se
or Te) and PbE, limits their application, and prompts the
development of less-toxic QD materials retaining favorable
optical properties.® Indium-based III-V materials are promis-
ing candidates. For instance, InP QDs have tunable emission
wavelengths and high photoluminescence quantum yield
(PLQY) throughout the visible portion of the spectrum which
could replace CdSe QDs in many applications.>> Promising
results with InAs QDs have recently shown emission in the
near-infrared (NIR) with photoluminescence linewidths of
100-200 nm and modest PLQY of 5-20% for core/shell struc-
tures.*” Continuing down the pnictogen column of the peri-
odic table, InSb is a narrow bandgap semiconductor material
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absorption spectroscopy and show complex time and spectral dependencies.

offering favorable optoelectronic properties. Due to a large
exciton Bohr radius of 54 nm, InSb QDs are in the strong con-
finement regime throughout the typical size range (2-20 nm)
achieved in colloidal QD syntheses.*® This property should allow
facile control over the material bandgap via a small variation in
QD size. The electron effective mass of bulk InSb is 0.0155m,
and the hole effective mass is 0.41m,, resulting in the highest
electron mobility (78 000 cm* V™" s7') for bulk semiconductors,
thereby making InSb QDs an interesting candidate to replace
lead chalcogenide QDs for infrared photodetector applications
and solar cells.*** In particular, InSb QDs are promising for
carrier multiplication (CM), a process in which a single absorbed
photon generates multiple electron-hole pairs.***

Colloidal syntheses of InSb QDs have been previously
demonstrated, but controlling the QD size over large ranges
remains challenging and exhibits many barriers to widespread
use among research groups. One particular challenge lies in
finding a suitable Sb precursor for the colloidal synthesis of
InSb QDs. Here, we present a novel synthesis approach to form
InSb QDs by making use of tris(dimethylamino) antimony (Sb
(NMe,);) that is reacted in situ with n-butyllithium. We associate
the intermediate species formed to stibine gas (SbH;), based on
similar reactions in the literature.”®"® The stibine gas sub-
sequently reacts with indium-oleate to form InSb QDs. We
demonstrate various ways to control the InSb QD size and use
transient absorption spectroscopy to probe their optical pro-
perties. Before presenting the details of our synthetic approach
we first discuss the existing InSb QD syntheses in literature.

This journal is © The Royal Society of Chemistry 2018
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A difficulty in the synthesis of III-V QDs lies in finding suit-
able pnictide precursors. Commonly available pnictide
precursors often react too quickly so there is no separation
between the nucleation and growth regimes, thereby forming a
polydisperse product.”®*! For instance, in the first report of
InSb QDs by Evans et al.,** no size control was presented and
the absorption spectra of the NCs lacked clear excitonic fea-
tures. Such InSb QDs were prepared by reacting tris(trimethyl-
silyl)antimony [Sb(TMS);] and In-stearate, where the tris(tri-
methylsilyl)antimony [Sb(TMS);] was prepared by reducing
elemental Sb (with Na;Sb as an intermediary before silylation
with chlorotrimethylsilane). TMS-based precursors are widely
used,>* > especially for the III-V QD systems;*"***” unfortu-
nately, Sb(TMS); has issues with long-term stability and is
pyrophoric (similar to P(TMS);). Therefore, alternative precur-
sors are desired to facilitate the synthesis of high-quality InSb
QDs.

A complication in the search for other, more suitable, pnic-
tide precursors is that pnictogens often take on positive oxi-
dation states and hence do not as easily react with positive
metal ions to form II-V or II-V compounds; a trend evidenced
by the reductive environment often utilized in III-V or II-V
syntheses.®'®?%29 An example is the reaction between In-
oleate and tris(dimethylamino) pnictides, where after heteroly-
tic cleavage of the pnictide-nitrogen bond the electrons tend
to stay on the nitrogen, leaving the pnictide in the +3 oxidation
State.16’21’30

Recent work Hens et al. explores how aminophosphine and
aminoarsine precursors require a reducing agent to form the
corresponding InP or InAs QDs.®*' In the synthesis of InP
QDs, the aminophosphine acts as both a reductant and
oxidant where a portion of the reagent is reduced from P** to
P~? species by oxidizing another portion to P™ (i.e. 4P*" 5
3P°" + P*7).>! The same strategy fails for the aminoarsine pre-
cursor presumably because the +5 oxidation state of As is less
favorable hindering its oxidation from the +3 state; however,
the addition of 3 equivalents of aminophosphine reduces
the As to form InAs QDs with minimal residual P content.®
Instead of using an aminophosphine as the As reductant,
Talapin et al., in a similar reaction scheme, explored the use of
diisobutylaluminum hydride for the preparation of InAs QDs
by in situ production of arsine species.**

In order to circumvent such issues also applicable to Sb,
many different approaches have been proposed, for example
Liu et al® wused tris(bis(trimethylsilylJamino)antimony
[((TMS),N);Sb], InCl; in oleylamine, and LiEt;BH that “acti-
vates” (i.e. reduces) both the Sb and In precursors to highly
reactive In” and Sb(® species which, in turn, form InSb QDs.
This reaction scheme produces InSb QDs with the sharpest
excitonic optical features reported and were more fully charac-
terized in follow-up studies by Chang et al.® and Wang et al.>*
However, there are complications with this synthetic approach.
Size-selective precipitation was used to get a range of sizes
with exciton peaks that spanned the NIR spectrum from
~1300 nm to ~1800 nm and it was necessary to remove
unwanted side-products - ie. (opto)electronically active

This journal is © The Royal Society of Chemistry 2018
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species - of the reaction which could potentially include metal-
lic In.

In a different approach, Maurice et al.’> used SbH; (stibine
- a highly toxic gas in which the Sb already has the correct
formal charge state (—3)) which is reacted with In-myristate to
form InSb QDs with a size-dispersion around 13%. Despite a
narrower size-dispersion than Liu et al. (~15%), the nanocrys-
tals made with this method showed featureless absorption
spectra and have limited size control. The difficulty of having a
temporally narrow burst of gaseous stibine perhaps limits the
ability to tune the nucleation and growth regimes.

Yarema et al*® wused tris(dimethylamino)antimony
[Sb(NMe,);] and indium  tris(bis(trimethylsilyl)Jamide)
[In(N(TMS3),);]- The precursors thermally decompose to form
InSb in the presence of an alkylamine or alkylphosphine,
which perhaps plays a role in the heterolytic cleavage of the
amino-antimony bond.'® The reaction mechanism involves for-
mation of In® and Sb® that further react to yield InSb.
Interestingly, different crystal structures (either zinc blende or
wurtzite) can be attained using this reaction scheme by chan-
ging the starting precursor ratios. However, size-control
leading to pronounced exciton peaks at shorter wavelengths
than ~1250-1500 nm remains challenging.

Using the same antimony precursor, Sb(NMe,); and InCls,
Tamang et al.*” found that LiEt;BH or n-butyl lithium could be
used as reductants to form In®> and Sb® species which, as
suggested by Liu et al.,* readily form InSb QDs. However, the
absorption spectrum of the resulting nanocrystals is feature-
less and size control is lacking.

It is desirable to minimize the potential by-products (for
instance In'”; present in non-colloidal syntheses as well**?%)
that could adversely affect the resulting product. In the syn-
thetic approach we propose here, we combined the method-
ologies presented above but employed an In precursor that is
chemically inert to the reducing agent used to “activate” the
Sb precursor. In this way, the chemistry involved in the reac-
tion is simplified and the chance to produce unwanted side-
products is low wunlike other reported approaches.
Furthermore, we present initial evidence for growing the seeds
via the addition of precursors with controlled reactivity.

Experimental

Indium acetate (99.99%), tris(dimethylamino) antimony
(Sb(NMe,)s, 99.99%), 1-octadecene (ODE, 90%), oleic acid (OA,
90%), n-butylithium (BuLi, 1.6 M in hexanes), methyl acetate
(anhydrous, 99.5%), hexane (anhydrous, 95%), lithium tri-
ethylborohydride (Superhydride, 1 M in TFH), were purchased
from Sigma Aldrich and used as received. Sodium borohydride
(NaBH,4, 99%) was purchased from Thermo Fischer and used
as received.

General procedure for synthesis of InSb QDs

The synthesis of InSb is carried out using standard Schlenk
line techniques. In a typical synthesis, 3 mmol of indium

Nanoscale, 2018, 10, 11110-11116 | 11111
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acetate, 9 mmol of oleic acid and 10 mL of ODE are degassed
under vacuum in a three-neck flask at 110 °C for 20 minutes,
flushed with nitrogen three times and then reacted at 170 °C
to form indium oleate (In(OA);). The resulting acetic acid is
removed under vacuum at 110 °C for 1 hour. In the mean-
while, in a nitrogen-filled glovebox, 3 mmol of Sb(NMe,); is
mixed with 2 mL ODE and loaded into a syringe. Separately,
3 mmol of Buli is loaded into a syringe with the needle tip
stuck into a rubber septum to prevent a reaction with air
as it is brought out of the glovebox. Under flowing nitrogen,
the ODE/In-OA mixture is heated to 160-170 °C and the Sb-
precursor solution is injected followed, quickly, by the BuLi.
Unless otherwise specified, after the injection, the temperature
is increased to 180-190 °C for 3 minutes and, eventually, the
reaction is quenched with a water bath. As 160 °C is above the
boiling point of hexane and BulLi, the reaction boils and pro-
duces vapor so it is recommended to use a condenser column
and have the needle tip of the BuLi immersed into the solution
when injecting. The color of the clear solution is yellow
immediately after the BuLi injection and turns orange, red,
then brown over several seconds as InSb forms. The reaction
product is brought into a glove box and purified by adding
10 mL of hexane and sufficient methyl acetate until the solu-
tion turns turbid, typically ~30 mL. It is then centrifuged at
4000 rpm for 5 minutes and the resultant pellet of InSb QDs is
redispersed in hexane. The same conditions were used for the
other reductants (as described in the results) except sodium
borohydride (NaBH,) does not dissolve in ODE but makes a
slurry that can still be injected.

Transmission electron microscopy analysis

(HR-TEM) images were obtained from a JEOL-JEM 3200 FSC
microscope operating at 300 kV. Energy dispersive X-ray (EDX)
analysis was performed on a JEOL-JEM1400 plus microscope
operating at 120 kV. InSb QDs were deposited on a copper
TEM grid covered with a 3 nm thick carbon supporting layer.

X-ray diffraction measurements

(XRD) were performed on a PANalytical Empyrean X-ray diffr-
actometer equipped with a 1.8 kW Cu Ka ceramic X-ray tube,
PIXcel3D 2 x 2 area detector and operating at 45 kV and
40 mA. Specimens for the XRD measurements were prepared
in a glovebox by dropping a concentrated NCs solution onto a
quartz zero-diffraction single crystal substrate. The diffraction
patterns were collected at ambient conditions using a parallel
beam geometry and symmetric reflection mode.

Transient absorption spectroscopy

Pump-probe transient absorption (TA) measurements are per-
formed using a Yb:KGW oscillator (Light Conversion, Pharos
SP) to output 180 fs pulses with a 1028 nm wavelength, at a
5 kHz frequency. The pump beam is obtained by sending the
fundamental beam through an Optical Parametric Amplifier
(OPA) equipped with a second harmonic module (Light
Conversion, Orpheus), performing non-linear frequency
mixing and producing an output beam. A small fraction of the

11112 | Nanoscale, 2018, 10, 1111011116
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fundamental beam power is used to produce a broadband
probe spectrum (450-1600 nm), by supercontinuum gene-
ration in a sapphire crystal. The pump beam is transmitted
through a mechanical chopper operating at 2.5 kHz, allowing
one every two pump pulses to be transmitted. Pump and probe
beam overlap at the sample position with a small relative
angle (~8°), with a relative time delay controlled by an auto-
mated delay-stage. After transmission through the sample, the
pump beam is dumped while the probe is collected at a detec-
tor (Ultrafast Systems, Helios). The differential absorbance is
obtained via AA = In(I,n/Iog), where I is the light incident on
the detector with either pump-on or pump-off. TA data are cor-
rected for probe-chirp via a polynomial correction to the coher-
ent artifact. Pump photon fluence was estimated by measuring
with a thermopile sensor (Coherent, PS19Q) the pump beam
transmission through a pinhole of 1 mm radius.

Results and discussion

In principle, the best way to synthesize InSb QDs would be the
in situ production of Sb*~ species which could readily react
with In®" ions. This challenge can be overcome using a redu-
cing agent which can selectively reduce the Sb precursor to
Sb®~ while keeping In oxidized in the +3 state. Employing
Sb(NMe,); as the Sb precursor, in which Sb has a formal oxi-
dation state of +3, we have explored various reducing agents to
activate the nucleation of InSb QDs. We first try using NaBH,
which leads to the formation of Sb° particles indicating that it
does not have a strong enough reduction potential; i.e. the
Sb*" precursor is reduced to Sb® and not to Sb*~ (see Fig. 1,
black curve). On the other extreme, superhydride (Li[C,H5];BH -
a powerful reductant) forms Sb°, InSb, and In° particles when

Reductant used:
* Superhydride

= Buli
- NaBH,
Bulk reference:

I InSb

Indium
& Antimony

Intensity (a.u.)

20 30 40 50 60 70
20 (deg)

Fig. 1 XRD diffraction patterns of the synthetic product using three
different reductants of varying strength. The bulk reflections of InSb
(ICSD #640424), In (ICSD #109033) and Sb (ICSD #64696) are reported
by means of brown, orange and green bars, respectively. The sharp
peaks marked with asterisks in the InSb pattern match well to In(OH)s
(JCPDS card 85-1338).

This journal is © The Royal Society of Chemistry 2018
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employed in the synthesis (see Fig. 1, light grey curve). BuLi
appears to have intermediate reducing power as it does not
react with In(OA); but does react with Sb(NMe,);. Control
experiments indicate no visible reaction between the Sb
(NMe,); and the In(OA); (in the absence of BuLi) unless
heated to ~270 °C where a gray solution forms. Furthermore,
injecting BuLi without the Sb(NMe,); yields no visible reac-
tion. Injecting Sb(NMe,); and BuLi into hot ODE (without In
(OA);) yields an orange solution and black precipitate of Sb°,
as evidenced by XRD (see ESI Fig S1}) and observed by
Tamang et al.®’

Fig. 1 shows the XRD patterns of the materials produced by
using the three reductants described. We find that only using
BulLi results in the selective production of InSb nanoparticles.
The proposed reaction mechanism is that BuLi undergoes a
B-hydride elimination reaction with the Sb(NMe,); to produce
stibine in situ which is known to react with In(OA); to yield
InSb,*>”*® as given in the following reactions:

Sb(NMez)g + 3C4H9L1 — SbH3 + 3L1NM62 + 3C4Hg

In(OA), + SbH; — InSb + 3H-OA

Quickly injecting 3 molar equivalents of BuLi results in
small particles shown in the TEM image in Fig. 2, that we
identify as small InSb nanocrystals with an approximate dia-
meter of ~1 nm and energy-dispersive X-ray spectroscopy
(EDX) indicates both In and Sb present in the nanocrystals
(see ESI Fig. S27). The optical features of the resulting particles
are shown in Fig. 2b. The absorption spectrum exhibits a clear
shoulder around 650 nm, in line with the very small size of the
QDs. Analyzing the QDs with XRD indicates a wurtzite crystal
structure (see ESI Fig. S31). Inductively coupled plasma mass
spectrometry (ICP-MS) indicates an atomic ratio of 1.8:1 for
In:Sb and only minimal residual Li (34:1 In:Li) for the
sample shown in Fig. 2a, which supports the reaction mecha-
nism proposed. We conclude that the overall reaction is suc-
cessful to produce InSb QDs, but only of very small sizes. It
appears that the nucleation rate of InSb QDs under these con-

EDX Elemental
Analysis
In/Sb=1.2/1

Absorbance

400 600 800
Wavelength (nm)

]

500 1000 1500 2000 2500
Wavelength (nm)

Fig. 2 (A) TEM image of small InSb QDs obtained by a fast injection of
3 molar equivalents of BuLi to Sb-precursor and (B) their absorption
spectrum. An exciton feature is visible at 650 nm. The inset shows the
results after 7 rounds of size-selective precipitation (see Fig. S7+) with
clear features at 650 nm and 510 nm.

This journal is © The Royal Society of Chemistry 2018
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ditions is very high and after nucleation no, or very little,
monomer is left for subsequent growth.

Attempts to control the size by adjusting the temperature
resulted in featureless absorption spectra, common to InSb
QDs (see ESI Fig. S47), therefore, different methods for tuning
the size are employed. Instead of one fast injection of 3 molar
equivalents BuLi (as shown in Fig. 2), the BuLi was added in
small amounts over the course of ~5 minutes to grow the QDs
slowly as shown in Fig. 3a. This systematically leads to QDs
with absorption features that shift from ~350 nm to ~450 nm,
hence of even smaller sizes than obtained by the rapid injec-
tion of BuLi described above. Mass spectrometry of the result-
ing material shows an In/Sb ratio of 1.8 and only minimal Li
incorporation which further supports the reaction mechanism
proposed. No further redshift is observed upon increasing the
amount of BuLi further than 9 mmol (i.e. a 3 molar equivalent
BuLi: Sb(NMe,);, see ESI Fig. S51). Our XRD analysis revealed
that the InSb NCs obtained with this procedure have a zinc-
blend structure (see Fig. 1) with extra peaks that match well to
In(OH);, This unwanted secondary product potentially formed
as the very small QDs are very prone to react with humid air or
can arise from the oleate ligands.*>*' Furthermore, Yarema
et al.*® observed polymorphism in the crystal structure of InSb
QDs by changing the relative ratios of In:Sb. Here changing
the amount of injected BuLi also yields different crystal struc-
tures of the resulting InSb QDs.

A second method to grow the particles larger is to induce
Ostwald ripening by heating the QDs in solution. Heating the
growth solution above 205 °C leads to uncontrolled growth and
side reactions that cause a grey precipitate to form, thereby lim-
iting the range in which the size can be tuned with this

A) B) 0.4
06 = Heat-up temperature
s 3 (time between aliquots)
2 ‘ —— 160°C - initial
0.5 2 \ 170°C (36:00)
g 0.3F \“ —— 175°C (1:15)
£ ‘ — 180°C (1:27)
804 8 —— 180°C (2:00)
s | = — 190°C (2:20)
£ £ — 200°C (2:30)
S0.3H go0.2f o
Qo e}
< <
0.2
01
0.1
0 1 |\|'7"1"'|‘ P B R
300 400 500 600 700 800 300 400 500 600

Wavelength (nm) Wavelength (nm)

Fig. 3 Size tuning methods: (A) absorption spectra of aliquots taken as
a function of added BulLi at 5 minutes intervals. The red-shift of the peak
and absorption indicates larger InSb QD size. Mass spectrometry of the
resulting material shows an In/Sb ratio of 1.8 and only minimal Li incor-
poration which further supports the reaction mechanism proposed. (B)
Absorption spectra of InSb QDs heated to the temperature indicated
with quantitative aliquots at the times given after the reaction mixture
has reached temperature; for instance, the aliquot taken at 180 °C was
removed from the mixture 1 minute and 27 seconds after the aliquot
taken at 175 °C.
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method. To avoid this, we isolated the QDs (made with 1 molar
equivalent injection of BuLi) from their growth solution by floc-
culation and centrifugation, and then re-suspended them in
ODE. Fig. 3b shows the absorption spectra of aliquots taken
while heating these purified QDs to 200 °C. A gradual redshift
of the QD absorption spectra is visible, indicating increasing
QD size. In a separate experiment, the QDs were heated to
280 °C over the course of 10 minutes, but growth did not con-
tinue to shift the exciton peak to the red past 660 nm (Fig. S67).

Finally, we attempted to grow the small InSb seed particles
larger via multiple additions of extra precursors. Addition of
In(OA); and Sb(NMe,); without BuLi though does not lead to
further growth, as expected. Therefore we decided to use a
seeded growth approach by adding In(N(TMS;),); and
Sb(NMe,);, which are known to react without the need of a
reductant,’® to a solution of preformed InSb NCs (at a temp-
erature lower than where nucleation is expected, i.e. ~130 °C).
The addition of these precursors resulted in further growth of
the small InSb seeds but significantly increased the width of
the first exciton peak nm as shown in Fig. S6.

The spectral features in Fig. 2 and 3 are relatively broad, as
is commonly observed for InSb NCs. To probe whether the
broad peaks are a result of size polydispersity or an inherent
property of the QDs we performed size-selective precipitation
by adding a small amount of methyl acetate, centrifuging, col-
lecting the precipitate, then addition of more methyl acetate to
the supernatant and repetition the process. The inset to
Fig. 2b shows the resulting absorption spectrum after
7 rounds of such size selective precipitation. While the feature
in the spectrum at ~520 nm and ~660 nm become clearer,
they still remain quite broad. This suggest that much of the
broadening of the spectral features is not caused by size poly-
dispersity but, for instance, by crystal defects.

Furthermore, the QDs exhibit low photoluminescence (PL)
intensity for the smaller sizes and no measureable PL for the
larger sizes (Fig. S$8t).>>*°%7 To get a better idea of the
bandgap and exciton lifetime in these materials we, therefore,
performed ultrafast transient absorption spectroscopy on the
sample made by ripening/solvent annealing at 280 °C (shown
in Fig. S6%) as it has the sharpest exciton peaks. Fig. 4a shows
a 2D transient absorption image of the resulting change in
absorption as a function of time and probe wavelength. Clear
negative differential absorbance (bleach) features are observed
at 520 nm and 660 nm, the same wavelengths where shoulders
are visible in the absorption spectrum (see inset of Fig. 2B).*?
The multiple peaks are in line with the expected band struc-
ture for InSb, in which the valence band is split into a light
hole, heavy hole, and spin-orbit split-off bands. We conclude
that the lower energy bleach feature at 660 nm (or 1.8 eV)
corresponds to the bandgap of the quantum dots. The higher
energy transition potentially originates from the spin-orbit
split-off band (as the energy difference is the same order of
magnitude as in bulk (~0.8 eV)).*® Alternatively, this transition
could be due to a different point in the band structure (for
instance, the L-point of the Brillouin zone) as suggested by the
work from Sills et al.®

11114 | Nanoscale, 2018, 10, 11110-11116

View Article Online

Nanoscale
A) f
1ns -
0.5
> 100 ps F
3 0
©
:E:. 10 ps [~ 2
S -0.5
& 20psp
108 -1.0x10°
0.0 -r
1.0 iy 1 1 1 1
500 600 700 800 900
Wavelength (nm)
B)
0.0
-0.5
5 — 225.3fs
692.0 fs
1.0 1.5 ps
- 2.4 ps
—T.2 ps
.1.5)(10’3 wlll | 1 1 1 1
500 600 700 800 900
Probe wavelength (nm)
)
TA signal (658.2 nm)
5 = 400 nm
T w500 nm
8 600 nm
= = 700 Nnm
£
-
]
z
0.0
1 " 1 " 1 1 1
0.0 1.0 2.0psi0ps 1ns
Pump delay

Fig. 4 (A) 2D transient absorption image showing the change in
absorption (color coding) as a function of wavelength and time for InSb
nanocrystals excited at 400 nm. (B) Spectral cuts at various times given
in the legend showing the relative magnitudes of the bleach features at
660 nm and 520 nm. There is also photoinduced absorption developing
at later times that obscures much of the bleach. (C) The time evolution
of the bleach feature at probed at 660 nm at different excitation wave-
lengths, as indicated in the legend.

Fig. 4B shows spectral cuts at various delay times, while
Fig. 4C shows transients of the bleach feature at 660 nm,
obtained for different excitation wavelengths. It is clear that
the lifetime of photoinduced charges is very short. After 7 ps
the bleach features have disappeared and only a broad photo-
induced absorption (PA) feature remains. Such a PA feature is
often seen in QD samples with a low PL quantum yield (QY)
and is often attributed to trapped charges.** The decay kinetics
of the two bleach features are identical and excitation at a
wavelength longer than 520 nm still results in a bleach of both
features illustrating that they represent different optical transi-
ents involving the same species (Fig. S97). This is expected for
the transitions of various valence band states to a single con-
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duction band state. We conclude that the decay of the absorp-
tion transients is caused by fast electron trapping. This is in
line with the absence of PL and could indicate poor surface
passivation, or potentially crystal defects in the QDs. Work is
continuing on the origins of the short exciton lifetime, which
is also observed for the particles made by Chang, Liu et al.’

In an attempt to improve the surface passivation (of the
QDs shown in Fig. 3a) with a wide-bandgap material, a ZnTe
shell growth procedure was carried out by adding zinc palmi-
tate to the as-synthesized InSb cores, heating to 150 °C, and
then dropwise addition of trioctylphosphine tellurium
(TOP-Te). We chose ZnTe because Zn has been shown to
increase the PLQY of InP and ZnTe is the most closely lattice-
matched out of the Zn chalcogenides for which shell growth
procedures are well-documented.***® This treatment resulted
in weak PL but worsened the absorption features as shown in
Fig. S10.1 One further complication is that at this QD size the
PL observed is close in wavelength to the PL of neat In(OA);
and could potentially be related to ligand emission and not
core QD particle emission.

It is still an open question why there are no exciton peaks
in the absorption features of many III-V QDs. One possibility
is that these materials contain many crystal defects obscuring
the excitonic features due to shifts in the energy levels of
optical transitions. A recent study on GaAs QDs shows that
annealing QDs in molten salts can improve crystallinity, result-
ing in QDs exhibiting an exciton peak.?” A similar effect could
be present in InSb QDs synthesis, in which the low reaction
temperatures might lead to vacancies and amorphous regions
not detected in the TEM analysis.

Another open question is, why it is so difficult to control
the size of InSb QDs with methods that are common for the
synthesis of II-VI and IV-VI semiconductor QDs, such as chan-
ging the reaction temperature, inducing Ostwald ripening or
using multiple injections of precursors.

Often the traditional synthesis methods for II-VI and IV-VI
semiconductor QDs are based on the classical nucleation and
growth theory originally developed by LaMer.*® This theory
depends on the equilibrium between monomers in solution or
incorporated into a crystal. In the present case it appears as no
such equilibrium exists perhaps because the back reaction
where monomers re-dissolve is prevented. This would be the
case if the Gibbs free energy of the solids state is much more
negative than of the monomers in solution and would lead to
a hit-and-stick process where, as soon as the monomers diffuse
together, they react. If no equilibrium is established during the
synthesis, it will be entirely kinetically driven and the concepts
of nucleation and growth that are commonly used for II-VI and
IV-VI QD synthesis do not apply.

Conclusions

We have investigated various reducing agents to be used in the
synthesis of InSb QDs. We find n-butyl lithium to be the most
suitable as it is able to selectively produce Sb*~ species
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without reducing the In precursor. More specifically BuLi
leads to the in situ formation of stibine gas from tris(dimethyl-
amino) antimony which can readily react with In** species to
form small InSb QDs.

By controlling the injection conditions of the BuLi we make
very small InSb clusters. Some limited size control is achieved
with heating up or the addition of additional precursors that
react without the need for an activating step. The crystal phase
of the resulting material also changes based on the injection
amount of BuLi, an effect also observed by Yarema et al.>® The
exciton lifetime, however, remains quite short, similar to the
measurements of Chang et al.® Interestingly, in TA measure-
ments, multiple bleach signals are present that could be
related to different transitions in the band structure and war-
rants further exploration. Treating the QDs with Zn-stearate
and TOP-Te in a shell growth procedure leads to improved PL.
While control over the size and optical properties of the InSb
QDs is still limited they could potentially serve as seed par-
ticles for the growth of larger InSb QDs similar to the work
done on CdSe and InP.***°
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