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Overcoming the Short-Wave Infrared Barrier in the
Photoluminescence of Amino-As-Based InAs Quantum Dots

Satyaprakash Panda, Dongxu Zhu, Luca Goldoni, Aswin Asaithambi, Rosaria Brescia,
Gabriele Saleh, Luca De Trizio,* and Liberato Manna*

The synthesis of amino-As-based InAs quantum dots (QDs) with narrow
excitonic absorption features and efficient photoluminescence (PL) beyond
1000 nm remains a considerable challenge. A key limitation lies in the use of
conventional reducing agents, which typically release low-boiling byproducts.
These volatile species cause temperature fluctuations, leading to unstable
reaction conditions that are detrimental in seeded growth strategies. In this
work, we demonstrate that trioctylamine-alane (TOA-AIH;), a reducing agent
with a high boiling point, enables the one-pot synthesis of InAs QDs with
narrow excitonic absorption peaks extending up to 935 nm. Upon ZnSe shell
growth, these QDs exhibit high PL quantum yields (QYs) of 75% and 60% at
905 and 1000 nm, respectively, which are record values for amino-As-based
InAs@ZnSe systems. Moreover, TOA-AIH; is applied in a seeded growth
approach to prepare larger InAs QDs, achieving narrow excitonic absorption
up to 1350 nm. After ZnSe shelling, these samples exhibit PLQYs of 46%,
38%, 32%, and 23% at 1160, 1250, 1335, and 1430 nm, respectively.
Importantly, TOA-AIH, is compatible with ZnCl,, a necessary additive for
reaching high PLQYs. These advancements establish a robust and scalable
synthetic route to highly luminescent InAs QDs, paving the way for their
integration into next-generation infrared optoelectronic applications.

1. Introduction

Future consumer markets for infrared (IR) products will re-
quire inexpensive and efficient IR-active materials. IR appli-
cations of interest include photovoltaics, light-emitting diodes
(LEDs), lasers, security/anti-counterfeiting technologies, optical

communication, biological imaging, night
and fog vision.""1!l IR colloidal quantum
dots (QDs) are ideal candidates to address
this challenge, as they can be fabricated
using cost-effective wet chemical methods
and can be easily integrated using tech-
niques such as inkjet printing onto com-
plementary  metal-oxide-semiconductor
(CMOS)  technologies.l'*6%-13]  Indeed,
IR QDs have been already imple-
mented in prototype IR devices includ-
ing lasers, sensors, and LEDs.[1468-15]

In this context, the best device perfor-
mance so far has been achieved with IR
QDs based on Pb- and Hg-chalcogenides,
whose synthesis strategies are currently
well established.['**] However, the intrin-
sic toxicity of these materials makes them
unsuitable candidates for the IR consumer
market and is driving research toward less
toxic alternatives.2*2! The most promising
IR QD compounds compliant with the Re-
striction of Hazardous Substances (RoHS)
directivel??] include Ag- and Cu-based I-
III-VI semiconductors (namely AglnSe,,
CulnSe,, and CulnS,), InSb, and InAs
QDs.[27] InAs QDs, thanks to their tunable optical bandgap,
which can be adjusted from x540 to ~1700 nm by quantum
confinement, are among the most promising candidates for IR
applications.[81415.28-39]

Two main colloidal routes are currently employed to synthesize
InAs QDs: one is based on tris-trimethylsilyl arsine (TMS-As) and
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the other on tris-dimethylamino arsine (amino-As).323740-481 The
former, developed in the late nineties, is the most advanced of the
two and has been optimized to prepare InAs QDs with a narrow
excitonic absorption peak (indicative of a narrow size distribu-
tion), which can be tuned up to 1600 nm. However, this wave-
length can only be achieved through a laborious seeded growth
approach, and the emission properties/photoluminescence (PL)
efficiency of these systems have not yet been investigated.[*834]
Due to the high cost, toxicity, and pyrophoricity of the TMS-As
precursor, the use of amino-As, a much cheaper and less reactive
As precursor, has gained popularity in recent years.[37:3943-4]

To implement amino-As-based InAs NCs in optoelectronic
devices, their optical properties require further optimization,
not only in terms of their absorption peak position and
linewidth, 3334450 but also in their PL quantum yield (QY),
especially at wavelengths beyond 1000 nm.[>>*>°1l Indeed, the
synthesis of emissive large amino-As-based InAs QDs, capa-
ble of efficient PL at wavelengths beyond 1000 nm, remains
a significant challenge. Indeed, while PLQYs as high as 70%
have been reported for amino-As-based InAs QDs with emis-
sion at ~950 nm,3%#8] no emission or only poor PL effi-
ciencies have been reported for longer wavelengths. For in-
stance, Kim et al. synthesized amino-As-based InAs QDs with
absorption extending to 1700 nm via the combined use of di-
isobutylaluminum hydride (DIBAL-H) as the reducing agent and
lithium bis(trimethylsilyl)amide as an additive, but no PL was
reported.3®] Leemans et al. developed a synthesis strategy based
on amino-P as the reducing agent, which delivers amino-As-
based In(As,P) QDs with absorption peak tunable up to 1600 nm;
however, no PL efficiency data were reported.l*”] More recently,
Skorotetcky et al. devised a continuous injection strategy rely-
ing on 1,1,3,3,5,5-hexamethyltrisiloxane (HMTS) as the reduc-
ing agent, through which they synthesized amino-As-based InAs
QDs with absorption tunable up to 1550 nm, but the PL proper-
ties were not discussed.[*’]

These considerations motivated our current work, in which the
primary focus was to achieve amino-As-based InAs QDs emitters
with tunable and efficient emission beyond 1000 nm. To reach
this goal, we devised a synthesis strategy to InAs@ZnSe QDs
with PL extending up to 1400 nm and PLQYs as high as 60%
at 1000 nm, 46% at 1160 nm, 38% at 1250 nm, 32% at 1335 nm
and 23% at 1430 nm. This was achieved by modifying our re-
cently published synthesis approach for InAs QDs, which uses
ZnCl, as a crucial additive.?**648] The novelty of the present
work lies in the introduction of a new reducing agent, triocty-
lamine alane (TOA-AlHj;), which we synthesized as a replace-
ment for dimethylethylamine alane (DMEA-AIH;). DMEA-AIH,
is currently regarded as the most effective reducing agent when
paired with amino-As to achieve optimal control over the size
distribution of InAs QDs.[*-*8] However, the maximum achiev-
able size for InAs QDs is limited to ~3 nm, corresponding to
a PL peaked at most at 950-970 nm.[39454648] The synthesis of
larger InAs QDs with DMEA-AIH,, via either one-pot procedures
or seeded growth approaches, is impeded by the following draw-
backs:

1) DMEA-AIH; is commercially available only dissolved in low-
boiling solvents, such as toluene, hence, when injected into
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a hot mixture (typically at 240-280 °C), it can cause a boiling
burst;

2) upon cleavage of the AI-N bond, which occurs at 130 °C,1>?
DMEA is released into the reaction mixture, also causing vig-
orous boiling.

The low boiling points of both the amine (DMEA) and the sol-
vent (toluene) lead to significant temperature fluctuations during
the reaction, making it difficult to control the reaction progress
and, importantly, produce a considerable amount of vapors in the
reaction flask, posing safety risks. We would like to emphasize
here that the other reported reducing agents, if used to prepare
large amino-As-based InAs QDs, should also suffer from anal-
ogous issues: i) DIBAL-H is typically commercially available in
solvents such as toluene, hexane, or THF; ii) amino-P and HMTS
have boiling points that are much lower (150 and 128 °C, respec-
tively) than the temperatures required for InAs QD synthesis (i.e.,
240-280 °C).

As demonstrated in this work, these issues can be effectively
addressed using TOA-AIH, as the reducing agent. This com-
pound features a reduction kinetics toward As** species sim-
ilar to that of DMEA-AIH,, as they are both aminoalanes: i)
the cleavage of the N—AI bond occurs at similar temperature
ranges (130-150 °C);>?] ii) the actual reducing agent is AlH,,
which is released upon cleavage of the N—Al bond. However,
unlike DMEA-AIH,, TOA-AIH, does not cause any temperature
fluctuations or vapor formation during the InAs QDs synthesis,
since it readily dissolves in high-boiling non-coordinating sol-
vents, such as octadecene (ODE) or squalane and releases TOA
(which has a boiling point of %365 °C at 1 atm) upon cleavage
of the AI-N bond. We first demonstrated that TOA-AIH; can
be successfully employed in the one-pot hot-injection synthesis
of amino-As-based InAs QDs, delivering QDs with a very nar-
row absorption peak (half-width at half-maximum, HWHM, as
low as 85 meV, which is among the lowest values reported for
amino-As based systems)**#-5 and tunable up to 935 nm.
Upon growth of a ZnSe shell on top of these QDs, we obtained
InAs@ZnSe core@shell QDs with a PLQY as high as 75%,
with emission at 900 nm, comparable to state-of-the-art values,
and 60% for systems with PL peaking at 1000 nm, a record
value.

Leveraging on the efficiency of our new reducing agent, we
then devised a seeded-growth approach to further enlarge the
InAs QDs. Our experiments indicated that the optimal proce-
dure to achieve this goal involves the injection of InCl, into the
crude InAs QD reaction solution, followed by the simultaneous
co-injection of TOA-AIH, and amino-As at 240 °C. This approach
enabled the preparation of InAs QDs with absorption tunable up
to 1340 nm. ZnSe shelling of these QDs resulted in InAs@ZnSe
core@shell structures with PLQY values as high as 46% (PL at
1160 nm), 38% (PL at 1250 nm), 32% (PL at 1335 nm), and
23% (PL at 1430 nm) which are record values with the amino-
As route. It is worth highlighting that such high PL efficiencies
were observed only when ZnCl, was employed in the synthe-
sis of InAs QDs. Indeed, when this additive was omitted from
the very beginning of the reaction, the resulting InAs@ZnSe
systems exhibited either no PL emission or very low PLQY
values.
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2. Synthesis of TOA-AIH, and its Use in the
One-Pot Synthesis of Amino-As-Based InAs and
InAs@ZnSe QDs

We synthesized TOA-AIH, by dropwise addition of TOA into a
mixture of AlCl, and LiAlH, in pentane, followed by filtration
and removal of pentane (see Equation 1 and the Experimental
Section for details).

AlCL + 3LiAIH, ) + 4TOA — 4 (TOA — AlHj ;) + 3LiCl,, (1)

The use of over stoichiometric amounts of AICl, and LiAlH,
led to the transformation of TOA into the TOA-AlIH, adduct:
the 'H NMR spectrum of the product displayed peaks corre-
sponding to TOA, shifted downfield to 2.60 ppm compared to
pure TOA (2.47 ppm), due to the formation of a Lewis adduct be-
tween the nitrogen atom of TOA and the AlH, moiety (Figures
S1 and S2, Supporting Information). Moreover, the product fea-
tured a broad peak at 4.39 ppm ascribable to the AIH, unit, con-
sistent with similar compounds (Figures S1 and S2, Supporting
Information).>?] The purity of the TOA-AIH, product was as-
sessed via NMR analysis which returned a value of 91.7% (Figure
S3, Supporting Information), and the reaction yield was calcu-
lated to be 84.9%. The TOA-AIH; reducing agent, compared to
the more traditional reducing agents employed for the amino-
As InAs QDs synthesis, including DMEA-AIH;, DIBAL-H and
HMTS, offers two main advantages: 1) the TOA released upon
cleavage of the N—Al bond is a high-boiling compound (~365 °C
at 1 atm) unlike other commonly used reducing agents, which
thermally decompose into low-boiling species; 2) TOA-AlH, can
be dispersed/mixed with a high-boiling non-coordinating sol-
vent, whereas commonly used reducing agents are commercially
available in low-boiling solvents. ODE was selected as a suitable
high-boiling non-coordinating solvent to dilute TOA-AIH; for
two main reasons: i) to reduce TOA-AIH, high viscosity, thereby
enabling smooth and consistent injection during the QD synthe-
sis; ii) ODE is non-reactive toward TOA-AIH;. This avoids un-
wanted side reactions that could degrade the precursor or alter
its reducing power.

The new reducing agent was then employed in place of DMEA-
AlH; in our established amino-As-based InAs QD one-pot syn-
thesis protocol, which utilizes ZnCl, as an additive (see the Exper-
imental Section for additional details).[***®) In detail, we focused
on adjusting the one-pot reaction conditions to achieve the largest
possible QD size while maintaining a narrow size distribution.
This was performed by fixing the amount of InCl; (0.2 mmol),
ZnCl, (2 mmol), and amino-As (0.2 mmol) while systematically
varying the reaction parameters, including the injection and reac-
tion temperatures, as well as the relative amounts of TOA-AIH;,
Olam, non-coordinating solvent (i.e., ODE) and the reaction time.

Our experiments indicated that: i) the amount of TOA-AIH,
should be equal to 0.8 mmol (4 equivalents with respect to As**),
as lower amounts (i.e 0.6 mmol) produced QDs with broader size
distribution (best ~#125meV), while higher amounts led to the for-
mation of small InAs QDs with the presence of metallic In impu-
rities (observed when using 1.0 and 1.5 mmol of TOA-AIH;, see
Section S4.1 and Figure S4, Supporting Information); ii) the in-
jection and reaction temperatures should be maintained within
the 240-280 °C range to promote QDs nucleation/growth, which
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occurs only when the injection temperature is at least 240 °C, and
to prevent QD aggregation, which tends to occur at higher reac-
tion temperatures (i.e., 300 °C, see the Section S4.2 and Figure
S5, Supporting Information).

By employing 0.8 mmol of TOA-AIH, and setting the injec-
tion and reaction temperatures to 240 and 280 °C, respectively,
the most significant effects on QD growth were observed when
varying the relative amounts of ODE and Olam. Specifically, re-
ducing the Olam amount from 5 to 2.5 mL while increasing the
ODE volume from 0 to 7.5 mL resulted in InAs QDs with ex-
citonic absorption peak tunable from roughly 750 to 1025 nm
(Figure 1a) with HWHM values ranging from 100 meV up to
more than 150meV (Figure 1b). This is in agreement with pre-
vious findings, which indicated that an optimal balance between
the amount of Olam and the precursors concentration, the latter
controlled by the volume of ODE, is one of the critical parame-
ters to achieve larger InAs QDs, potentially with a narrow size
distribution 37471

By working with 5 mL of both Olam and ODE and a re-
action time of 40 min (green curves in Figure 1a,b), we pre-
pared InAs QDs (sample name InAs825) with a size of ~2.9 nm
(Figure S6a, Supporting Information) and an excitonic absorp-
tion peak at 825 nm with HWHM of 100 meV (Figure 1c and
Table 1), similar to those obtained with DMEA-AIH, in our pre-
vious work (i.e., HWHM of 115 meV at 827 nm).[*¢*8] 1t ig im-
portant to note that the HWHM values of the aliquots reported
in Figure 1b were systematically larger than those of samples ob-
tained under the same synthesis conditions and subjected to two
cleaning steps (reported Table 1) similarly to what reported by
Leemans et al.l’”* Working with 3.3 mL of Olam and 6.7 mL
of ODE (red curves in Figure 1a,b), it was possible to maxi-
mize the absorption peak position (935 nm) while maintaining
a lower HWHM (~85 meV, sample name InAs935, which is
among the smallest values reported for amino-As based InAs
QDs),[#4:4547.4850] with a reaction time of ~60 min (Figure 1d).
Notably, the HWHM of InAs935 QDs was narrower than that
of InAs QDs we previously obtained using DMEA-AIH, (>100
meV at the same wavelength).[*¥l The XRD patterns of both
InAs825 and InAs935 QD samples were compatible with the cu-
bic zinc-blende InAs phase (ICSD number 98-002-4518) with no
presence of undesired secondary phases (Figure S6f, Supporting
Information).

In order to boost the PL emission of both InAs QD samples,
they were overcoated with a ZnSe shell by following an optimized
in situ procedure previously developed by our group.[*! Such pro-
cedure consists in the addition of a 5.0 mL of a 0.8 M solution of
ZnCl, in Olam (with a final Zn/In precursors ratio of 30:1) and
7.5 mL of a 1.0 M solution of Se in trioctylphosphine (TOP-Se,
with a final Se/In precursors ratio of 37.5:1) to the crude InAs re-
action solution at 300 °C for a time span of 180 min (see the exper-
imental part for details). We anticipate here that this shelling pro-
cedure was employed for all the InAs@ZnSe systems discussed
in this work.

The resulting InAs825@ZnSe (Figure S6b, Supporting Infor-
mation) and InAs935@ZnSe (Figure 1f), core@shell QDs had
a size of 9.0 + 0.8 nm and 9.9 + 0.7 nm, respectively, with a
shell thickness of 7 and 6 monolayers (MLs), respectively (Table 1;
Figure S6e, Table S2, Supporting Information), and featured a
cubic zinc-blende crystal structure without any secondary phases
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Figure 1. a) Variation of the excitonic peak position and b) the corresponding HWHM as a function of the reaction time when employing different Olam
and ODE volumes (in mL) and working with 0.8 mmol of TOA-AlH; and setting the injection and reaction temperatures to 240 and 280 °C, respectively.
Absorption and PL spectra of c) InAs825 and d) InAs935 QDs and the corresponding core@shell structures. Bright field (BF)-transmission electron

microscopy (TEM) micrographs of ) InAs935 and f) InAs935@ZnSe QDs.

(Figure S6f, Supporting Information). The shell thickness was
estimated from the QDs size, measured by TEM (see Figure 1le,f;
Figure S6a,b, Supporting Information), combined with elemen-
tal analysis performed by inductively coupled plasma-optical
emission spectroscopy (ICP-OES; Table S1, Supporting Informa-
tion) and a structural model consisting of a tetrahedral InAs core
of the desired size surrounded by a shell of variable thickness
(Table S2, Supporting Information). It is worth highlighting here
that, upon ZnSe shell growth, the In/As elemental ratio increased
from =1.15 to ~1.8 (Tables S1 and S2, Supporting Information)

indicating the formation of an In-Zn-Se “interlayer”, as already
observed in our previous works. This interlayer is believed to
reduce the strain between the InAs core and the ZnSe shell.[46:48]
Remarkably, the InAs825@ZnSe QDs featured a PL peaked at
905 nm with PLQY as high as 75% (with a full width at half max-
imum, FWHM, of 190 meV, Figure 1c and Table 1), which com-
pares favorably to the record efficiency reported for this kind of
QDs (x70% PLQY at 900 nm with a FWHM 220 meV and made
with DMEA-AIH;).l*] InAs935@ZnSe QDs exhibited emission
at 1000 nm (FWHM of 185 meV) and a PLQY of 60%, a record

Table 1. Size, excitonic peak position, and corresponding HWHM of InAs825 and InAs935 QD samples. Size, number of ZnSe monolayers (MLs), and

optical properties of the corresponding InAs@ZnSe core@shell QDs.

InAs InAs@ZnSe Core@shell

Size [nm] Excitonic HWHM Size [nm] ZnSe PL Peak PLQY FWHM Avg. Lifetime
peak [nm] [meV] MLs [nm] [%] [meV] [ns]

29+03 825 100 9.0+0.8 7 905 75 190 55

3.7+04 935 85 9.9+0.7 6 1000 60 185 55

Adv. Optical Mater. 2025, 01512 e01512 (4 of 10)
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Figure 2. Schematic representation of the seeded growth procedures tested in the present work: a) simultaneous continuous injection of all the reactants;
b) continuous co-injection of two different reactant solutions; c) addition of two reactants followed by continuous injection of the third; d) addition of

InCl; followed by continuous co-injection of amino-As and TOA-AIH;.

value for amino-As-based InAs QDs at this wavelength (Figure 1d
and Table 1).

Overall, these results demonstrate the effectiveness of TOA-
AlH; in the one-pot synthesis of amino-As based InAs QDs.
Moreover, it is worth highlighting that in this set of experiments
the injection of the TOA-AIH, solution into the hot precursors
mixture resulted in a more stable reaction environment com-
pared to that achieved with DMEA-AIH;: i) the reaction temper-
ature dropped by only ~5 °C, significantly less than the 2040 °C
drop observed under analogous reaction conditions with DMEA-
AlHj; ii) no boiling burst occurred, unlike with DMEA-AIH; (see
Movie S1, Supporting Information).

3. Enlarging InAs QDs through Seeded Growth
Approaches

As shown in the previous section, the variation of the one-pot syn-
thesis parameters did not enable the growth of InAs QDs with
excitonic absorption peaks above 1000 nm while maintaining at
the same time narrow excitonic absorption features. Therefore,
to obtain larger QDs with control over their size distribution,
we employed a different strategy, consisting in a seeded growth
approach. In practice, we introduced additional In and As pre-
cursors into the crude InAs QD reaction mixture after they had
reached a size of 3.7 nm (i.e., corresponding to an excitonic ab-
sorption peak position at £935 nm) (Figure 2). To this aim, we
tested different operative methods, all discussed in detail in the
Supporting Information (see Section S6 and Figures S7-S9, Sup-
porting Information) and schematically depicted in Figure 2a—c.
Most of these routes had issues, such as: i) the homonucleation
of new InAs QDs; ii) the uncontrolled growth of the “seed” InAs
QDs; iii) QD precipitation; iv) precursor solutions that were diffi-
cult to inject. The only successful strategy consisted in the direct
addition of the required amount of InCl, to the “seed” InAs QD
crude reaction mixture, followed by continuous co-injection of
the TOA-AIH; and amino-As solutions (Figure 2d).

Adv. Optical Mater. 2025, €01512 e01512 (5 of 10)

This successful strategy was then optimized by systematically
varying the injection temperature (corresponding to the reaction
temperature in this approach), and injection rates of both amino-
As and TOA-AlH; solutions. The main results of this study were:
i) the TOA-AIH, injection rate had to be twice that of amino-
As in order to avoid the aggregation/precipitation of the QDs
(Figure S10, Supporting Information); ii) an amino-As injection
rate equal or slower than 0.005 mmol min~! (corresponding to a
TOA-AIH; rate of <0.01 mmol min~! as per point i)) was es-
sential to grow InAs QDs while minimizing the size distribu-
tion broadening (Figure S11, Supporting Information); iii) injec-
tion temperatures higher than 240 °C or lower than 220 °C re-
sulted in the precipitation of the QDs (Figure S12, Supporting
Information).

Under the best reaction conditions (i.e., an injection temper-
ature of 240 °C and amino-As and TOA-AIH, injection rates of
0.005 and 0.01 mmol min~!, respectively) it was possible to grow
InAs QDs with sizes ranging from 4.6 to 6.3 nm (Figure 3a—d,
Table 2; Figures S13a—d and S14a-d, Supporting Information).
Correspondingly, the excitonic absorption peaks could be tuned
from 1090 to 1340 nm (the samples were named accordingly
InAs1090, InAs1170, InAs1250, and InAs1340) with HWHM val-
ues in the 92-99meV range (Figure 3i-1 and Table 2), with no
need to perform a size selection. Such HWHM values are com-
parable to the best values reported so far for amino-As-based InAs
QDs, namely ~#95meV at 1380 nm and 90meV at 1420 nm.[*>%

This was achieved by sequentially increasing the amounts of
precursors used in the seeded growth approach from 2 to 7 equiv-
alents, relative to those used in the initial one-pot synthesis of
InAs QDs (see the Experimental Section for details). The XRD
patterns of these samples indicated the absence of secondary
phases, such as metallic In or In- or As-oxides, and the presence
of the expected cubic zinc-blende InAs phase only (Figure S15a,
Supporting Information).

The InAs QDs obtained via the seeded growth approach were
subsequently overcoated with a ZnSe shell. BF-TEM analysis
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Figure 3. BF-TEM micrographs of a) InAs1090, b) InAs1170, c) InAs1250, and d) InAs1340 QDs, and e—h) the corresponding InAs@ZnSe core@shell
structures. i-I) Absorption spectra (dotted lines) of the InAs QD samples, along with those of the corresponding core@shell structures (black lines)
and their PL spectra (various shades of red in panels i-I).

confirmed the effective growth of the ZnSe shell, with the fi-
nal InAs@ZnSe core@shell QDs having a ZnSe shell thick-
ness of 6-8 MLs. (Figure 3e-h, Table 2; Figure S16a—d, Sup-
porting Information). Additionally, XRD analyses confirmed the
crystalline structure of the InAs@ZnSe core-shell QDs, which
closely matched the ZnSe phase (ICSD 98-007-7092), with weak
diffraction features from InAs, more intense in case of larger core
sizes, and no presence of undesired secondary phases (Figure

S15b, Supporting Information). Interestingly, the In/As elemen-
tal ratio was observed to increase upon the growth of the ZnSe
shell (Tables S1 and S2, Supporting Information), suggesting the
formation of an In-Zn-Se “interlayer” also in these larger QD sys-
tems.

InAs@ZnSe QDs featured PLQYs as high as 46% (1160 nm),
38% (1250 nm), 32% (1335 nm), and 23% (1430 nm), which are
record values for these systems, achieved by optimizing the ZnSe

Table 2. Size, excitonic peak position, and HWHM of InAs QDs obtained via seeded growth. Size, number of ZnSe monolayers, and optical properties

of the resulting InAs@ZnSe core@shell QDs.

InAs InAs@ZnSe Core@shell

Size [nm] Abs. peak [nm] HWHM [meV] Size [nm] ZnSe MLs PL peak [nm] PLQY [%] FWHM [meV] PL lifetime [ns]
46+04 1090 99 10.2+09 6 1160 46 191 67
52+0.5 1170 97 11.8 +£0.9 6 1250 38 177 78
57+05 1250 98 121+ 1.0 6-7 1335 32 158 86
6.3+0.7 1340 92 125+ 1.1 8 1430 23 154 95
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MD=+5.6%

Figure 4. a) Average background subtraction-filtered HRTEM image of an
INAs@ZnSe QD of the InAs1250@ZnSe sample and b) the correspond-
ing mean dilation (MD) map computed by the PPA method, with the core
region enclosed in the cyan circle. The MD reported in the panel is the
average mean dilation within the core area compared to the shell. ¢,d)
Fast Fourier transformations of areas enclosed in the (cyan) core and (yel-
low) shell areas of a), both matching with [111] direction of zinc-blende
structures.

shell growth time for each core size (Figure 3i-1, Table 2; Figure
S17b, Supporting Information). The average PL lifetime (Table 2;
Figure S17c, Supporting Information) was observed to increase
with increasing InAs core size, an effect that can be attributed
to reduced carrier confinement in larger InAs QDs, leading to
reduced radiative rates.[>->)

High resolution (HR) TEM analyses of InAs@ZnSe QDs, cho-
sen from the InAs1250@ZnSe sample, indicated that the major-
ity of such core@shell structures are monocrystalline, most of
them featuring a slightly truncated tetrahedral shape and com-
posed of an InAs core surrounded by an epitaxial ZnSe shell
(Figure 4). Tetrahedral QDs, as the one in Figure 4a, lie with
one of the truncated triangular facets on the support carbon film
parallel to the [111] direction of the common zinc-blende struc-
ture (Figure 4c,d). Strain analysis performed via peak pair anal-
ysis (PPA, see the Experimental Section for details) on the QD
in Figure 4 revealed that the zinc-blende structure in the shell
is characterized by lattice parameters 5.6% smaller than those of
the core region (Figure 4b), a bit lower than what expected from
the bulk values of the two different materials. PPA analysis per-
formed on different QDs indicated that some InAs@ZnSe QDs
feature a decentered InAs core (Figure S18, Supporting Informa-
tion), which can be explained by a partially anisotropic ZnSe shell
growth in these core@shell structures.

We would like to emphasize that amino-As-based InAs@ZnSe
core@shell structures with efficient emission above 1000 nm
have not been reported to date. This highlights the efficacy of
our new reducing agent, TOA-AIH;, which was crucial to achieve
these results. Indeed, reducing agents dispersed in low-boiling-
point solvents or those with a low boiling point themselves, such
as DMEA-AIH;, were observed to cause excessive boiling of the
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Figure 5. a) Absorption curve (black line) of InAs QDs synthesized with-
out ZnCl, via the one-pot procedure, along with the PL spectrum (dark red
line) of the corresponding QDs after ZnSe shelling. b) Absorption spec-
trum of InAs QDs synthesized without ZnCl, via seeded growth approach
using three equivalents of added precursors (black line), together with the
PL spectrum (red line) of the resulting InAs@ZnSe QDs. The absorption
spectra of InAs935 and InAs1170 QD samples are also included in panels
a) and b), respectively (gray dotted lines).

reaction mixture under analogous conditions, leading to unstable
reaction conditions (see Movie S4, Supporting Information).

4. Role of ZnCl,

All the reaction schemes illustrated so far included the use of
ZnCl, in the synthesis of InAs QDs. This additive was employed
in the one-pot synthesis of InAs QDs (with a Zn/In precursors
ratio of 10/1) and remained in the crude reaction solution in the
whole seeded-growth procedure. Under the optimized reaction
conditions described above, the absence of ZnCl, (details in Sec-
tion S10, Supporting Information) led to two main differences:

i) the formation of larger InAs QDs. For example, at the
end of the one-pot synthesis, InAs QDs with an absorp-
tion peak at 1020 nm were obtained (named InAs1020-
noZn), compared to 935 nm when ZnCl, was used (i.e.,
sample InAs935, Figures 5a and 1d). Similarly, after employ-
ing three equivalents of precursors in the seeded growth ap-
proach, the InAs QDs exhibited an excitonic peak at 1300 nm
(named InAs1300-noZn), whereas those synthesized with
ZnCl, showed a peak at 1170 nm (i.e., sample InAs1170,
Figures 5b and 3j).

ii) Upon ZnSe shelling, InAs QDs synthesized without
ZnCl, had either very low PLQY values (10% with PL at
1100 nm, sample InAs1020-noZn@ZnSe, Figure 5a; Table
S4, Supporting Information) or no PL emission (sample
InAs1300-noZn@ZnSe, Figure 5b; see also Table S5, Sup-
porting Information).

These results not only further reinforce our previous findings,
which identified ZnCl, as an indispensable additive to prepare
InAs@ZnSe QDs with high PLQY, but also highlight a key ad-
vantage of our new reducing agent. In fact, alternative synthesis
methods that employ different reducing agents, such as amino-
PB71 or HMTS,!*! are incompatible for the preparation of InAs
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QDs in the presence of ZnCl,. Specifically, in the case of amino-
P, ZnCl, was observed to induce QD aggregation, while the syn-
thesis using HMTS delivered InAs QDs with anisotropic shapes
(e.g., tetrapods); for these reasons, the additive was excluded from
the synthesis in both studies.

5. Conclusion

We have reported an amino-As-based synthesis of InAs@ZnSe
QDs that can emit up to 1400 nm with high PL efficiency. This
result was achieved using TOA-AlH, as a reducing agent, which
was synthesized in our lab and employed not only for the synthe-
sis of InAs QDs through a hot-injection procedure, but also for
their subsequent growth in situ via a seeded-growth approach.
TOA-AIH; can be dispersed in high-boiling-point solvents and
has a high boiling point itself, enabling precise control over re-
action conditions even during continuous addition in the seeded
growth. This is in stark contrast to traditional reducing agents
used in the amino-As route, which have a low boiling point and
are dispersed in low-boiling-point solvents (e.g., DMEA-AIH,,
DIBAL-H, etc.). Moreover, TOA-AlH, is compatible with the
ZnCl, additive in the InAs QDs reaction environment, a condi-
tion found to be essential to synthesize InAs@ZnSe core@shell
QDs with efficient PL.

As for the seeded growth approach, we found that InCl,,
amino-As, and TOA-AIH; must be added to the crude reaction
solution containing “seed” InAs QDs in a specific order to pre-
vent precipitation or uncontrolled growth. Specifically, the opti-
mal strategy for growing InAs QDs was to first add InCl;, fol-
lowed by the continuous co-injection of amino-As and TOA-AIH,
at different rates. In conclusion, this work further highlights the
potential of amino-As-based InAs QDs for the development of
future IR-based technologies.

6. Experimental Section

Chemicals:  Indium(lll) chloride (InCl;, 99.999%, Sigma—Aldrich),
zinc(ll) chloride (ZnCl,, 99.999%, Sigma-Aldrich), lithium aluminum
hydride (LiAlH,, 95%, Sigma—-Aldrich), aluminum(lll) chloride (AICl;,
99.999%, Sigma—Aldrich), tris(dimethylamino)arsine (amino-As, 99%,
Strem), alane N,N-dimethylethylamine complex solution (DMEA-
AlH;, 0.5 m solution in toluene, Sigma—Aldrich), oleylamine (Olam,
98%, Sigma—-Aldrich), 1-octadecene (ODE, 90%, Sigma-Aldrich), se-
lenium powder (Se, 99.99%, Strem), tri-n-octylphosphine (TOP, 97%,
Strem), trioctylamine (TOA, 98%, Sigma-Aldrich), toluene (anhydrous,
99.8%, Sigma-Aldrich), pentane (anhydrous, 99%, Sigma-Aldrich),
tetrachloroethylene (TCE, anhydrous, 99%, Sigma—Aldrich), ethanol
(anhydrous, 99.8%, Sigma—Aldrich). All the chemicals were used without
further purification. Olam, TOA, and ODE were degassed at 120 °C under
vacuum for 1.5 h before use.

Synthesis of the TOA-AIH; Adduct: In a 250 mL flat-bottom Florence
flask, 3.7 g (28.3 mmol) of AICl3, 3.6 g (94.9 mmol) of LiAlH,, and 100 mL
of pentane were added. 40.6 mL (93 mmol) of TOA was then added drop-
wise to the reaction mixture to prevent a sudden rise in temperature. The
flask was sealed to minimize solvent evaporation and stirred overnight.
Upon completion of the reaction, the mixture was filtered using Whatman
filter paper to remove unreacted residues. The filtrate was then degassed
under vacuum to remove pentane, yielding pure TOA-AlH;. The reducing
agent was stored under an inert atmosphere in a glovebox at low temper-
atures (—20 °C) for subsequent use. Prior to injection into the reaction
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mixture, TOA-AIH; was mixed with a high-boiling solvent such as ODE to
ensure compatibility with high-temperature reaction conditions.

Preparation of InCl3-Olam (0.2 m) Precursor:  0.88 g (4 mmol) of InCl,
and 20 mL of Olam were taken in a three-neck flask. The mixture was de-
gassed at 120 °C for 30 min, then heated up to 250 °C for an additional
30 min until the solution became clear. Afterward, the solution was cooled
down to room temperature and stored under inert atmosphere for use in
subsequent synthesis.

Preparation of Amino-As Precursor Solution: Inside a N, filled glovebox,
0.2 mmol of amino-As was dissolved in 0.5 mL of degassed Olam (that
is 0.4 M) in a vial at 60 °C for 5 min, until no further bubbles were ob-
served. The amino-As solutions in Olam employed for the seeded growth
approaches were prepared with the same procedure with the only differ-
ence being the molarity that was set to 0.1 m.

Preparation of 0.8 M ZnCl,-Olam Precursor: In a N, filled glovebox,
8 mmol of ZnCl, was dissolved in 10 mL of OLAM in a 20 mL glass vial
by heating the mixture up to 250 °C under constant stirring for 30 min.
ZnCl,-Olam solidifies at room temperature, therefore the solution must
be heated up to 100 °C before use.

Preparation of 1.0 m TOP-Se Precursor: In a N, filled glovebox,
20 mmol of Se powder was mixed with 20 mL of TOP in a 40 mL glass
vial and heated at 120 °C under stirring for 30 min. The resulting solution
was cooled down to room temperature.

One-Pot Hot-Injection Synthesis of InAs@ ZnSe core@shell QDs Emitting
at 905 or 1000nm:  In a typical synthesis, 0.2 mmol of InCl; and 2 mmol
of ZnCl, were weighed into a 50 mL three-neck round-bottom flask. Vary-
ing amounts of Olam (5, 3.3, or 2.5 mL) and ODE (0, 5, 6.7, or 7.5 mL)
were added to the flask. InAs825 was synthesized using 5 mL of Olam and
5 mL of ODE, while InAs935 was synthesized using 3.3 mL of Olam and
6.7 mL of ODE. The mixture was degassed at room temperature for 15 min,
followed by degassing at 120 °C for 1 h under vacuum. The temperature
was then raised to 240 °C under a nitrogen atmosphere, and the As pre-
cursor was injected at this temperature. Upon injection, the reaction tem-
perature momentarily dropped by ~5 °C and recovered to 240 °C within
~20 s. Subsequently, 0.8 mmol of TOA-AIH; dissolved in 5 mL of ODE
was swiftly injected into the reaction mixture at 240 °C, and the tempera-
ture was increased to 280 °C at a rate of ~5 °C min~'. The reaction was
allowed to proceed for 60 min before quenching by removing the heating
mantle and cooling the mixture to 90 °C.

For the ZnSe shell growth, 5.0 mL of 0.8 M ZnCl,-OLAM and 7.5 mL
of 0.1 M TOP-Se solutions were injected into the crude reaction mixture
at 90 °C, followed by heating to 300 °C under an inert atmosphere. After
120 min, the reaction was quenched by removing the heating mantle, fol-
lowed by the addition of 5 mL of toluene. The mixture was centrifuged at
4000 rpm to remove aggregates and agglomerates. The resulting super-
natant was collected, and the QDs were precipitated by adding ethanol,
followed by centrifugation at 3000 rpm. The QDs underwent two additional
washing steps before being dispersed in TCE for further characterization.
All washing steps were performed inside a nitrogen-filled glovebox.

Synthesis of InAs@ ZnSe core @shell QDs via the Seeded Growth Approach:
InAs QDs were synthesized following the procedure employed to produce
InAs935 QDs. After 60 min, upon completion of InAs QDs synthesis, the
reaction temperature was lowered to 240 °C. At this stage, 2, 3,5, or 7 mL
of 0.2 M InCl;-Olam solution was injected into the crude reaction mix-
ture in order to grow InAs QDs larger (details in table below). Immedi-
ately afterward, 4, 6, 10, and 14 mL of 0.1 M amino-As solution along with
equal volumes of 0.2 M TOA-AIH; solution, were loaded into two syringes
(20 mm in diameter) and connected to two syringe pumps for continuous
injection (details in Table 3).

The continuous injection of the two precursors was performed at 240 °C
with a rate of 0.05 mL min~" (which is 0.005 and 0.01 mmol min~" with
respect to amino-As and TOA-AlH;, respectively). After both precursors
were completely injected, the heating mantle was removed, and the re-
action mixture was cooled down to room temperature using compressed
air. The samples were washed by addition of 10 mL of toluene followed
by centrifugation at 4000 rpm to remove undesired byproducts and ag-
gregates. The supernatant was collected and washed via the addition of
ethanol followed by centrifugation at 4000 rpm. The purified InAs QDs
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Table 3. Injection amounts (in mmol) of additional precursors (InCl;, amino-As, and TOA-AIH;) and continuous injection durations used in the seeded
growth of InAs935 QDs to obtain larger QDs with red-shifted excitonic absorption features.

Excitonic peak Equivalents of Amount of In Amount of As Amount of Cont. Inj.

position [nm] precursors added precursor precursor TOA-AIH; duration [min]
[mmol] [mmol] [mmol]

1090 2 0.4 0.4 0.8 80

1170 3 0.6 0.6 12 120

1250 5 1.0 1.0 2.0 200

1340 7 1.4 1.4 2.8 280

were dispersed in 10 mL of Olam and transferred to a 50 mL three-neck
flask under an inert atmosphere. The mixture was degassed at room tem-
perature for 30 min to remove residual toluene or ethanol. Subsequently,
the temperature was raised to 90 °C under N, atmosphere. At this stage,
7.5 mL of 0.8 M of ZnCl,-Olam and 6.0 mL of 1.0 m TOP-Se solutions
were injected into the reaction mixture and the corresponding mixture was
heated up to 300 °C under N, atmosphere. After 120 min, the reaction was
quenched by removing the heating mantle. 5 mL of toluene was added to
the reaction mixture, and the solution was centrifuged at 4000 rpm to re-
move any unreacted impurities. The supernatant was further washed twice
with toluene and ethanol, followed by centrifugation at 3000 rpm. The pu-
rified INAs@ZnSe QDs were dispersed in TCE and stored under an inert
atmosphere for further characterization.

X-Ray Diffraction (XRD): XRD patterns were acquired using a PAN-
alytical Empyrean X-ray diffractometer equipped with a 1.8 kW Cu Ka
ceramic X-ray tube and a PIXcel3D 2 x 2 area detector, operating at
45 kV and 40 mA. Specimens for XRD measurements were prepared
by depositing a concentrated QD solution onto a silicon zero-diffraction
single-crystal substrate. The diffraction patterns were recorded under am-
bient conditions using a parallel beam geometry in symmetric reflection
mode. XRD data analysis was performed using HighScore 4.1 software
(PANalytical).

Transmission Electron Microscopy (TEM): Diluted QDs solutions were
drop-cast onto copper TEM grids with an ultrathin carbon film. Overview
BF-TEM images were acquired on a JEOL JEM-1400Plus microscope with
a thermionic gun (LaBg) operated at an acceleration voltage of 120 kV.
HRTEM images were acquired by an image-Cs-corrected JEM-2200FS, op-
erated at 200 kV, using a direct-electron-detection camera (Gatan K2 Sum-
mit) at a comparatively low dose rate (~30 e~ (s+A2)~") s0 as to minimize
carbon contamination. The images presented here were extracted from
original (280 nm)? frames, obtained by cross-correlated sum of 40 frames,
each obtained with 0.3 s exposure. The HRTEM images shown here were
Fourier-filtered, using an average background subtraction filter (ABSF),[36]
to minimize the contribution to the contrast from the amorphous compo-
nent. The peak pair analysis (PPA)[>”] method was used to compute the
mean dilation map from the HRTEM image of individual core-shell parti-
cles, with the aim of identifying the position of the InAs core by mapping
the lattice parameters within the core@shell QDs.

Optical Characterization: The absorption spectra were recorded using
a Varian Cary 5000 UV-vis—NIR spectrophotometer. The samples were
prepared by diluting the QDs solution in 3 mL of TCE in 1 cm path
length quartz cuvettes, sealed with airtight screw caps, inside a N, filled
glovebox. Aliquots were taken directly from the reaction mixture using a
glass syringe, diluted with toluene, and their absorption was measured
under ambient conditions. Steady-state and time-resolved PL measure-
ments were conducted using an Edinburgh Instruments FLS900 fluo-
rescence spectrometer. Steady-state PL excitation was performed with a
xenon lamp and a monochromator, while time-resolved PL was measured
using a time-correlated single-photon counting (TCSPC) unit coupled with
an Edinburgh Instruments EPL-510 pulsed laser diode (4., = 508.2 nm,
pulse width = 177.0 ps). PLQY measurements were carried out using the
same spectrometer equipped with an integrating sphere, with excitation
at 700 nm from the Xe lamp output. All QD solutions were diluted to an
optical density of ~0.1 at the excitation wavelength.
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