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Introduction

Ligand-driven facet control of InAs-based
quantum dots for enhanced near- and shortwave
infrared emissiont

Hyunjin Cho,? Yujin Kim,® Whi Dong Kim,*€ Young-Shin Park,®
Ju Young Woo, (2 *¢¢f Hyung-Kyu Lim €2 *9 and Doh C. Lee (2 *2

InAs-based quantum dots (QDs) are promising heavy-metal-free semiconductors for infrared emission
technologies, offering tunable bandgaps via quantum confinement and excellent charge-carrier transport pro-
perties. Building on these advantages, we report the synthesis of QDs tailored for emission in the near-infrared
(NIR) and short-wave infrared (SWIR) regions, emphasizing the critical role of capping ligands in controlling
surface facet populations and nanocrystal morphology. Specifically, we demonstrate that the choice of ligand
plays a critical role in determining the morphology and surface characteristics of InAs QDs. Using dioctylamine
as a ligand results in InAs QDs with a spherical or tetrapod morphology, where nonpolar (110) facets are pre-
dominantly exposed on the surface. In contrast, oleic acid as a ligand promotes the formation of tetrahedral-
shaped QDs with polar (111) crystalline planes being more prominently exposed. Using a one-pot synthesis
approach, we successfully synthesized InAs/InZnP/ZnSe/ZnS core-multi-shell structures that effectively mini-
mize interfacial defects. QDs with dioctylamine-capped core exhibit significantly higher photoluminescence
quantum yield (PLQY) compared to those with oleic acid-capped cores. We achieved a PLQY of 39% at
1260 nm and 7.3% at 1420 nm with QDs using dioctylamine, representing efficiency values among the best
reported in both the NIR and SWIR regions. Transient absorption (TA) spectroscopy reveals that dioctylamine-
capped QDs exhibit reduced ground-state bleaching differences across excitation wavelengths compared to
oleic acid-capped QDs, indicating significantly reduced interfacial trap states. These findings highlight the
importance of ligand-driven facet control in the context of minimizing interfacial defect formation.

these, near-infrared (NIR, 750-1400 nm) and short-wave infra-
red (SWIR, 1400-3000 nm) regions are particularly important

Infrared (IR) light, which extends beyond the visible spectrum, due to their various applications in optical sensing, including
is broadly classified into specific wavelength regions. Among facial recognition, autonomous vehicle vision systems, bio-

imaging, and free-space optical communication.""® However,

current manufacturing processes are limited by high costs and
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ture epitaxial growth. Solution-based processes, particularly
those utilizing colloidal quantum dots (QDs), offer a promis-
ing alternative by enabling large-scale production at lower
temperatures with reduced costs”'*"” These QDs offer unique
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sion wavelengths, extending into the infrared range.
Specifically, semiconductors such as PbS, PbSe, and InAs can
be engineered into QDs with tailored optical properties target-
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InAs QDs represent a promising non-toxic alternative to Pb-
based materials, distinguished by their superior electronic pro-
perties including high electron mobility, low exciton binding
energy, and large exciton Bohr radius.'®>* These character-
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istics make them particularly suitable for infrared emission
applications. However, a significant challenge emerges as the
QD core size increases: the growth of QDs into less homo-
geneous size and shape and the formation of interfacial
defects at the core/shell interface leads to substantial decrease
in photoluminescence quantum yield (PLQY), a phenomenon
particularly pronounced in InAs-based QDs.*>>” While recent
studies have employed Cd-containing shells to address the
lattice mismatch issue to reduce interfacial strain, the inherent
toxicity of Cd-based materials presents persistent environ-
mental challenges.”

To address these challenges, this study introduces a novel
approach utilizing ligand-driven facet control during core
growth to mitigate interfacial defect formation and improve
emission efficiency of larger InAs QDs without relying on toxic
materials. This strategy highlights the fundamental role of
ligand adsorption in shaping QD morphology and facet
exposure, as changes in the facets can alter the distribution of
dangling bonds, which in turn affects the formation of inter-
facial defects. The exposure of specific facets can lead to the
creation of more reactive sites, increasing the likelihood of
defect formation and influencing the overall performance of
the QDs.?® The implementation of ligand-driven facet control
enables significant improvement in emission efficiency for
larger heavy-metal-free InAs-based QDs, particularly in the
infrared range, by effectively minimizing interfacial defects.
For the uniform growth of larger InAs, the continuous injec-
tion method was employed as it offers precise control over
monomer concentration compared to the hot injection
method, enabling the enhanced size control while maintain-
ing excellent particle size uniformity. Furthermore, we intro-
duce a one-pot synthesis method for InAs/InZnP/ZnSe/ZnS
core/multi-shell growth, which significantly improves PLQY in
both the NIR and SWIR regions. Our systematic investigation
reveals that the choice of ligand not only influences the mor-
phology of QDs but also fundamentally affects their optical
properties.>®* Furthermore, the exciton dynamics of InAs-
based QDs in the infrared region are investigated using transi-
ent absorption spectroscopy (TA) with an ultrafast femtose-
cond laser. This technique demonstrates how reduced inter-
facial defects through facet control contribute to the observed
improvements in PLQY.

The novelty of this research lies in our direct manipulation
of facet exposure through ligand adsorption, enabling precise
control over QD morphology and defect formation. In
addition, a one-pot synthesis method for core-shell passiva-
tion further extends these improvements of PLQY across both
NIR and SWIR regions. This research not only contributes to a
deeper understanding of exciton dynamics in infrared-emit-
ting QDs but also sets the foundation for developing high-
efficiency, heavy-metal-free QDs that can be scaled for a wide
range of infrared applications. By successfully addressing
defect reduction and achieving precise morphological control,
this study presents a promising approach for overcoming the
limitations of existing QD technologies, paving the way for
future advancements in infrared optoelectronics.
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Results and discussion
Synthesis and ligand-driven facet control of InAs QDs

In this study, we employed strategic ligand selection during
the continuous injection process to control both the mor-
phology and facet exposure of InAs QDs throughout their size
evolution. By optimizing initial reaction volume, injection rate,
and reaction temperature parameters, we successfully syn-
thesized uniform-size InAs QD cores spanning emission wave-
lengths from NIR to SWIR regions (Fig. S11). However, achiev-
ing uniform QD growth for SWIR emission beyond 1 pm wave-
length presents significant challenges. As the core size
increases, PLQY can be influenced by multiple factors. QDs
with smaller cores tend to exhibit high PLQY regardless of
shell thickness, which may be attributed not only to lower
defect density but also to the stronger quantum confinement
effect in smaller QDs. In contrast, larger cores may be more
affected by the increase in interfacial defects and strain effects
that can arise during shell formation. This relationship
between core size and PLQY has also been reported in previous
studies.”” This strain at the core-shell interface causes inter-
facial defects, explaining why achieving high PLQY for long-
wavelength emission in the infrared region using heavy-metal-
free InAs-based QDs has remained challenging, as evidenced
in Table $1.1%>%® For this reason, we focused on facet control
of QDs to address the critical issue of interfacial defects that
become increasingly pronounced with expanding QD
dimensions.

Ligand selection plays a pivotal role in controlling both the
growth rate and exposed facets of QDs.>**> When ligands
strongly adsorb onto the QDs, they not only restrict growth but
also determine predominant facets based on the adsorption
energies between ligands and individual facets, thereby con-
trolling facet-specific growth rates.”® In this study, palmitic
acid served as the primary ligand for the indium precursor
through complex formation with indium acetate, while diocty-
lamine or oleic acid functioned as ligands for the arsenic pre-
cursor, enabling controlled continuous injection of InAs nano-
clusters.>* Notably, a mixed ligand system was employed, with
dioctylamine or oleic acid used alongside palmitic acid. This
combination allowed for fine-tuning of both the growth rate
and the exposed facets of the QDs, as ligand interactions with
specific facets influenced their adsorption energies and facet-
specific growth rates. As shown in Fig. 1, a distinct difference
in the 1S peak was observed depending on the ligand used.
With dioctylamine, a 1S peak appeared at 1270 nm after
26 hours (Fig. 1a), whereas oleic acid facilitates more rapid
growth, producing a 1S peak at 1300 nm within just 12 hours
(Fig. 1b). This marked difference in growth rates stems from
distinct growth mechanisms induced by the respective ligands.
Furthermore, Fourier-transform infrared (FTIR) spectra
(Fig. S2t) confirmed successful differential ligand adsorption
on each InAs core surface, validating our ligand-specific
surface modification approach.

Fig. 2 shows UV-vis absorption spectra where a 1S peak at
1100 nm represents an intermediate growth stage of InAs QDs.

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5qi00142k

Open Access Article. Published on 25 March 2025. Downloaded on 12/6/2025 1:36:56 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

View Article Online

Research Article

Palmitic acid Diogtylamine
COOH = >~~~
‘\/\/\/\

1000 1200 1400

Wavelength (nm)

Palmitic acid Oleic acid

a 3

K

>t

O ~

c L

©

o . <}

g |

(2]

O L 1

< 400 600 800
b 5

K

>t

(&)

C -

©

Ko}

— -

o

(7]

o) 1 1

< 400 600 800

1
1200

1000 1400

Wavelength (nm)

Fig. 1 Absorption spectra over time for different ligands: (a) Absorption spectra of InAs QDs with dioctylamine as a ligand, with aliquots taken
between 0 and 26 hours. (b) Absorption spectra of InAs QDs with oleic acid as a ligand, with aliquots taken between 0 and 12 hours.

Oleic acid

Fig. 2 HRTEM and STEM images of NIR and SWIR QDs with different ligands: (a and b) NIR QDs (1S: 1100 nm) with dioctylamine; (c and d) NIR QDs
(1S: 1100 nm) with oleic acid; (e and f) SWIR QDs (1S: 1300 nm) with dioctylamine; (g and h) SWIR QDs (1S: 1300 nm) with oleic acid.

As is well known, the (110) facet is nonpolar, whereas the (111)
facet is polar (see Table S27 for details). QDs synthesized with
dioctylamine displayed a hybrid facet composition, combining
both (110) and (111) facets, resulting in predominantly spheri-
cal morphology (Fig. 2a and b). In contrast, QDs grown with
oleic acid preferentially formed polar (111) facets, adopting a
distinctive tetrahedral morphology (Fig. 2c and d). These mor-
phological differences became increasingly pronounced as QD
size increased into the SWIR region. For QDs exhibiting a 1S
peak at 1300 nm in the SWIR region, dioctylamine-mediated
synthesis produced tetrapod shape, characterized by arms
extending along the (111) facet direction while keeping nonpo-

This journal is © the Partner Organisations 2025

lar (110) facets exposed along their width (Fig. 2e and f).
Conversely, oleic acid-mediated growth resulted in more pro-
nounced tetrahedral shape with predominantly exposed polar
(111) facets (Fig. 2g and h). These structural and morphologi-
cal differences in InAs QDs, depending on the ligand used, are
further supported by X-ray diffraction (XRD) patterns (Fig. S31)
and fast fourier transform (FFT) analysis (Fig. S47).

The morphology and growth of InAs QDs varied signifi-
cantly depending on the type of ligand used (Fig. S57).
Carboxylic acid ligands, such as only palmitic acid, which has
weak adsorption, produced tetrapod structures when used
alone.”® However, combining palmitic acid and oleic acid in a

Inorg. Chem. Front., 2025, 12, 4019-4031 | 4021
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2:1 ratio resulted in tetrahedron-shaped QDs. Amine ligands
exhibited distinct growth characteristics based on their
binding strength (oleylamine > dioctylamine > trioctyla-
mine):*® oleylamine led to slow growth and spherical QDs,
dioctylamine facilitated fast and uniform tetrapod growth, and
trioctylamine, due to its weak binding, caused the formation
of amorphous QDs. Even in cases where amine is only partially
present, the core claim of this study—that the presence of
mixed ligands leads to the predominant exposure of different
surfaces—remains valid, as the influence of the ligands on
surface characteristics persists. These findings emphasize the
pivotal role of ligand selection in controlling the growth and
morphology of InAs QDs.

Growth mechanisms and facet exposure

This study comprehensively demonstrates that ligand selection
exerts decisive influence not only on facet exposure but also on
the overall growth mechanism of InAs QDs. Specifically, the
interaction between ligands and precursors significantly

Amine ligand

(111) (110) (111)
c " :
Dioctylamine
c
o
= SiMe DOA-In(PA),
o |
T —As— + In(PA); —> —As— + SiMe,PA
® + DOA slow I
c
o — et e e
o)
5 DOA--As(SiMe;),
g - In = ( le “)3AS —_— - |l!1 — + SiMe;PA
) ' 4 DoA slow !
<

Fig. 3

Carboxylic acid ligand

%?K saspuetice

View Article Online

Inorganic Chemistry Frontiers

modulate reaction kinetics, which, in turn determines both
morphological development and facet distribution of the QDs.
To establish a comprehensive understanding of the mechanis-
tic principles governing QD formation, we conducted two
complementary analyses: first, we performed density func-
tional theory (DFT) calculations to quantify surface energetics
of different facets, and second, we investigated the detailed
reaction pathways to elucidate how different ligands influence
the growth kinetics. Through this dual analytical approach, we
aimed to bridge the gap between theoretical predictions and
experimental observations in QD synthesis.

Fig. 3a and b presents DFT calculations of surface stabiliz-
ation energies for dioctylamine and oleic acid interactions
with the (110) and (111) facets of InAs QDs. For computational
efficiency, dioctylamine was modeled as diethylamine and
oleic acid as propionic acid in these DFT calculations. Amine
ligands provide similar stabilization effects on both facets
(-=0.54 and —0.70 eV for (110) and (111) facets, respectively).
However, considering the bare (110) facet is inherently more
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(a) Optimized DFT structures showing amine and carboxylic acid ligand binding configurations on InAs (111) and (110) facets. (b) Calculated

binding energies of amine and carboxylic acid ligands on different crystal facets. (c) Reaction mechanisms of InAs QDs formation through In-addition
and As-addition pathways depending on the ligands. DOA, OA and PA present dioctylamine, oleic acid, and palmitic acid, respectively.
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stable (Table S27), thereby dioctylamine-mediated growth pri-
marily proceeds on the (110) facet. The small energy difference
between (110) and (111) surfaces resulting from amine
binding can induce asymmetric arm development in tetra-
pods, predominantly exposing the stable (110) surface. In
contrast, oleic acid generates a substantial difference in
surface stabilization between facets, with DFT calculations
indicating that carboxylic acid provides over 1.2 eV greater
stabilization to the (111) facet compared to the (110) facet
facets (—3.09 eV and —1.85 for (111) and (110) facets, respect-
ively), as shown in Fig. 3a. This enhanced stabilization leads
to (111) facet predominance in QDs, resulting in tetrahedral
morphology. Considering the indium site density of approxi-
mately 1 atom per 15 A% on the cluster surface, a ligand
that provides at least 0.6 eV of additional binding energy —
calculated as the difference in surface energy divided by
the indium site density - promotes the formation of (111)
facet. This requirement is satisfied by oleic acid. These
DFT results are consistent with experimental observations,
where dioctylamine produces QDs with dominant (110)
facets, while oleic acid yields QDs with a predominant (111)
facets.

Based on these DFT findings, we conducted a detailed ana-
lysis of the distinct reaction pathways and kinetics associated
with dioctylamine and oleic acid. Fig. 3c illustrates how the
indium precursor, arsenic precursor, and the respective
ligands - dioctylamine and oleic acid - influence the mechan-
istic pathways in InAs QD synthesis.** In the [In-addition] step,
In(PA); directly reacts with —As(SiMe;),, on the cluster surface
to form In-As bonds while generating SiMe;PA through Lewis
acid-base coupling.** In the presence of dioctylamine, this
reaction proceeds slowly, primarily governed by the slow for-
mation rate of SiMe;PA. This slower reaction rate can be attrib-
uted to the interaction between bulky precursors and the
ligand-stabilized cluster surface, where dioctylamine primarily
provides a surface stabilization effect rather than directly parti-
cipating in the reaction. In contrast, oleic acid demonstrates a
dual-mechanism for enhancing the reaction. It exhibits the
capability to directly activate —As(SiMejy),, thereby facilitating
more efficient In-As bond formation compared to amine
ligands. In addition, oleic acid can undergo partial ligand
exchange with In(PA);, increasing the reactivity of the indium
precursor and providing an indirect pathway to accelerate the
reaction. Similarly, in the [As-addition] process, the influence
of different ligands on reaction pathways and kinetics
becomes evident. With dioctylamine, the reaction proceeds
slowly as As(SiMe;); couples with the PA ligand on the indium
atom of the cluster to form In-As bonds and promote cluster
growth, while dioctylamine maintains its role as a stabilizing
agent. However, when oleic acid is used, the reaction demon-
strates significantly enhanced kinetics due to direct activation,
where oleic acid readily pairs with As(SiMe;); precursor, acti-
vating the arsenic species in solution phase and enhancing its
reactivity. The key distinction lies in ability of oleic acid to
promote more rapid and efficient InAs QD formation through
direct activation of arsenic species both in QDs and solution,

This journal is © the Partner Organisations 2025
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whereas dioctylamine primarily serves as a stabilizer, resulting
in more retarded growth kinetics.

Through these analyses, we successfully synthesized InAs
cores with controlled facet expose by employing distinct
ligand-mediated growth mechanisms. These mechanisms led
to varying growth rates and specific facet exposures. As pre-
viously mentioned, InAs-based infrared emissive QDs typically
experience a decrease in emission efficiency as their size
increases. This decline is attributed to several factors, includ-
ing surface oxidation, interfacial defects and lattice strain
between the core and shell. The impact of interfacial defects
becomes more pronounced at larger sizes, and the growth of
cores with different facets introduces diverse defects. With this
in mind, we developed the strategy centralizing on facet
control and interfacial defects prior to shell passivation.

Core-shell structure design and passivation

The InAs/InP/ZnSe/ZnS QDs core/multi-shell structure has
gained attention as a promising alternative to heavy-metal
cadmium-based shells for minimizing lattice mismatch.>”™*?
Shell growth optimization requires minimizing lattice strain at
the core/shell interface through appropriate mid-shell selec-
tion and establishing adequate energy band offsets for
effective electron-hole pair confinement using an optimized
multi-shell structure. The lattice constant of In,Zn,P can be
tuned from 5.86 A for pure InP to 5.39 A by adjusting Zn con-
centration, helping reduce lattice mismatch with Zn-based
shells.*>** Following the approach represented in Fig. 4, we
developed a one-pot synthesis method for InAs/InZnP/ZnSe/
ZnS core-shell QDs. Given that III-V QDs have lower chemical
stability and greater susceptibility to surface oxidation com-
pared to II-VI QDs, we implemented a continuous shell layer-
ing technique. This method maintained an inert atmosphere
throughout the synthesis process to prevent oxidation. The
resulting structure comprises an InAs/InZnP/ZnSe/ZnS core/
multi-shell configuration with distinct ligand associations, as
shown in Fig. 4b.

The process was optimized by gradually increasing InZnP
content proportional to InAs nanoclusters. Successful InZnP
layering on InAs was confirmed by a red shift in the 1S peak,
as shown in Fig. S6.1 The extent of this shift correlates with
InZnP passivation quality, similar to shifts observed with ZnSe
shell addition, showing minimal difference from the Zn
shell.*> Emission efficiency QDs using dioctylamine improved
significantly, as detailed in Table S3.f PLQY measurements
revealed insufficient InZnP deposition limited the effectiveness
of subsequent ZnSe passivation. However, with proper mid-
shell InZnP passivation followed by additional ZnSe and ZnS
shells, PLQY increased to 40.9%. We applied this method
across different core sizes to determine optimal passivation
conditions (Fig. S7, S8 and S9%). The substantial lattice mis-
match between InAs and ZnSe induces numerous interfacial
traps when mid-shell deposition is inadequate, leading to
sharp decline in PLQY, underscoring the critical role of mid-
shell in minimizing interfacial defects for enhanced emission
efficiency.

Inorg. Chem. Front., 2025, 12, 4019-4031 | 4023
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To isolate the effects of facet control on core/shell inter-
facial defects and their impact on optical properties of InAs-
based QDs, we conducted all syntheses under inert atmo-
sphere via one-pot approach, minimizing exposure to oxygen
and moisture that could introduce surface defects. During the
synthesis, we analyzed aliquots at each stage—InAs core, InAs/
InZnP, and InAs/InZnP/ZnSe passivated QDs—after air
exposure. As shown in Fig. 5a, XRD analysis revealed indium
oxide peaks immediately upon air exposure for InAs and
InZnP samples, which disappeared after ZnSe passivation.
Further X-ray photoelectron spectroscopy (XPS) measurements
provided detailed analysis of oxide peak types and
intensities.”'® As shown in Fig. 5b, the In 3d XPS spectra
confirm the presence of InAs across all samples. Notably, the
pronounced In,O; peaks significantly diminished after ZnSe
growth (InAs/In(Zn)P/ZnSe), indicating effective passivation by
ZnSe. A similar trend is observed in the As 3d XPS spectra
(Fig. 5¢), where oxide presence was substantially reduced after
ZnSe passivation. These results demonstrate that our one-pot
approach, where InAs/InZnP/ZnSe core/shell/shell morphology
emerges from InAs in one reaction step, effectively prevents
oxidation despite the partial presence of P-related traps
(Fig. S107).

To remove these interfacial traps, we employed hydrofluoric
acid (HF) treatment, as fluoride ions effectively eliminate P
dangling bonds.**™*® XPS analysis confirmed reduced phos-
phine oxide content after HF treatment in Fig. S10.1 During

4024 | Inorg. Chem. Front, 2025, 12, 4019-4031

the one-pot synthesis of the InZnP shell, appropriately con-
trolled HF addition facilitated the effective removal of inter-
facial traps. This led to a reduction in non-radiative recombi-
nation (fast decay) and an increase in radiative recombination
(slow decay), as demonstrated in Fig. S12,T with corresponding
decay rates and ratios detailed in Table S4.1 Consequently, the
process resulted in enhanced PLQY, as shown in Table S5.F
This comprehensive surface property analysis highlights the
importance of shell passivation in enhancing emission
efficiency of III-V QDs, while enabling us to isolate the effects
of core facet control on optical properties by eliminating other
influencing factors.*’

Facet-dependent interfacial defects and optical properties

After mitigating oxidation effects, we explored how facet-
dependent interfacial defects influence QD emission efficiency
across NIR and SWIR regions.*® The NIR region spans wave-
lengths from 0.75 to 1.4 pm, while the SWIR region extends
from 1.4 to 3 pm. This study introduces a novel method to
eliminating core/shell interfacial defects in QDs emitting up to
the SWIR range, with a specific focus on addressing facet-
dependent interfacial defects. Dioctylamine-mediated growth
exposes nonpolar (110) facets, which are more stable and
maintain stoichiometric surfaces, resulting in fewer interfacial
traps. In contrast, oleic acid promotes polar (111) facets,
leading to the formation of cation-rich dangling bonds and
increased interfacial traps (Fig. $131).>749°°
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photoelectron spectroscopy (XPS) spectra showing the elemental composition of InAs-based QDs. XPS spectrum for (b) In 3d, (c) As 3d of InAs,

InAs/INnZnP, and InAs/InZnP/ZnSe QDs.

As shown in Fig. 6, we analyzed the optical properties of
HF-treated InAs/InZnP/ZnSe/ZnS core/multi-shell QDs being
grown for NIR and SWIR emission. Comparing optical pro-
perties of QDs synthesized with different ligands (dioctylamine
vs. oleic acid), we focused on NIR emission around 1250 nm
and SWIR emission above 1400 nm. PLQY measurements
showed consistently higher values for dioctylamine-mediated
QDs compared oleic acid-mediated QDs at equivalent wave-
lengths. Specifically, at Ap;, = 1260 nm, dioctylamine-mediated
QDs achieved 39% PLQY (Fig. 6a), surpassing the 29% PLQY
of oleic acid-mediated QDs (Fig. 6b). At Ap;, = 1420 nm, while
both types showed decreased PLQY, dioctylamine-mediated
QDs maintained 7.3% (Fig. 6¢), retaining 18.7% of their initial
value, whereas oleic acid-mediated QDs dropped more signifi-
cantly to 2.6% (Fig. 6d), preserving only 9% of their initial
PLQY. Although increasing QD size led to PLQY reduction due
to core-shell lattice strain and interfacial defects,>?*° the
reduction was notably less severe in dioctylamine-mediated
QDs compared to oleic acid-mediated QDs, particularly in the
SWIR region above 1400 nm. These results represent excellent
efficiency for heavy metal-free QDs in infrared emission wave-
lengths (NIR: 750-1400 nm and SWIR: 1400-3000 nm), as
summarized in Table S1.f While QD size increases typically
lead to performance degradation due to interfacial defects,>>*®
our facet control approach effectively mitigates these defects
and enhances emission efficiency. This ligand-mediated facet
control strategy improves emission efficiency even at longer
infrared wavelengths, while also maintaining consistent dis-
persibility and stable emission properties over time regardless
of the ligand used. Furthermore, achieving high emission
efficiency without heavy metals underscores this approach’s

This journal is © the Partner Organisations 2025

significance in developing environmentally friendly, high-
efficiency infrared emissive nanomaterials. Furthermore,
achieving high emission efficiency without heavy metals
underscores the significance of this approach in developing
environmentally friendly, high-efficiency infrared emissive
nanomaterials.

To understand the relationship between ligand effect QD
morphology, interfacial defects, and PLQY variations, we inves-
tigated the underlying exciton dynamics using transient
absorption (TA) spectroscopy.>’>'™>* Femtosecond pump-
probe TA spectroscopy measures rapid dynamic changes fol-
lowing ultrafast laser pulse absorption by QDs, enabling ana-
lysis of charge carrier behavior. This technique provides
important information about charge transfer, recombination,
and energy transfer within QDs. In InAs QDs, the band edge
exhibits two-fold degeneracy, though the hole states at this
edge are considered dark.>* Therefore, TA spectroscopy can be
employed to study the behavior of electrons, which are opti-
cally active.”*

It is known that the magnitude of normalized transient
bleach signal by absorption (—AA/A) in ground state bleaching
(GSB) increases near the band edge energy excitation, indicat-
ing reduced charge loss or higher carrier density at the band
edge;’™* at higher energy excitations, charge trapping
becomes a significant factor. We devised a method of separ-
ately exciting the core and shell of the QDs to analyze inter-
facial defects. The QDs were excited with an average exciton
number of approximately 0.1 per dot. The exciton number was
calculated by considering the different absorption cross-sec-
tions at each wavelength, which are proportional to the absorp-
tion. When the core is excited at 700 nm, the generated elec-
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Fig. 6 Optical properties of QDs emitting at approximately 1250 nm (NIR) and above 1400 nm (SWIR) using different ligands: NIR-emitting QDs
with (a) dioctylamine exhibited a PLQY of 39%, whereas (b) those with oleic acid showed a PLQY of 29%. In the SWIR region, (c) dioctylamine-based
QDs achieved a PLQY of 7.3%, while (d) oleic acid-based QDs achieved a PLQY of 2.6% above 1400 nm.

trons in the core decay back at the band edge (<N> ~ 0.1). In
contrast, when the shell is excited separately at an excitation
wavelength of 400 nm with the same exciton number, the elec-
trons excited in the shell rapidly transfer to the core and decay
together there. Consequently, the magnitude of —AA/A in GSB
should be nearly identical at different excitation wavelengths.
However, if interfacial traps are present, the electrons get
trapped at interfaces, reducing —AA/A at the band edge and
decreasing PLQY, particularly at higher energy excitation. We
observed a clear relationship between interfacial defects, PLQY
and —AA/A, confirming that both —AA/A and PLQY decrease
with increasing excitation energy. For example, treating the
QDs with HF to eliminate interfacial traps reduced the differ-
ences in PLQY and —AA/A across different excitation wave-

4026 | /Inorg. Chem. Front., 2025, 12, 4019-4031

lengths (Fig. S14}). Additionally, when the InAs core QDs were
excited at different wavelengths, the —AA4/A magnitude
remained nearly identical decay (>5 ps) (Fig. S157).

Fig. 7 shows the results of examining the interfacial states
of core/shell structured QDs with different facets through
charge behavior. The —AA/A at 400 nm was normalized relative
to the maximum —AA/A value at 700 nm. For QDs using diocty-
lamine (39% PLQY with nonpolar facets in core) showed a
small difference in —AA/A between 400 nm and 700 nm exci-
tations compared to QDs using oleic acid (29% PLQY with
polar facets in core), as shown in Fig. 7a and b. When using
dioctylamine, —AA/A decreased to 17% of the initial value,
whereas in the case of oleic acid, it decreased to 10%, as calcu-
lated by comparing the GSB signals at 700 nm and 400 nm

This journal is © the Partner Organisations 2025
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excitations. In addition, the TA spectroscopy results also
revealed that, upon analyzing the decay rates in GSB at
different wavelengths, the fast decay rate representing non-
radiative recombination was found to be faster in oleic acid-
mediated QDs compared to dioctylamine-mediated QDs, as
shown in Table S6.1 This indicates that a larger proportion of
charges excited in QDs are trapped in cases where there are
more interfacial traps. This confirms that the difference in
—AA/A values observed in the core/shell structure is due to
electron trapping and subsequent loss as the electrons transfer
from shell to core. As a result, as shown in Fig. 7c, dioctyla-
mine-mediated QDs exhibit more efficient electron transition
from shell to core at the band edge when the shell is separately
excited, compared to oleic acid-mediated QDs (Fig. 7d), result-
ing in enhanced optical properties. These findings highlight

This journal is © the Partner Organisations 2025

that the optical properties of QDs depend on core facets, with
exciton dynamics analysis validating this relationship. The
research underscores the importance of ligand-driven facet
control in enhancing QDs emission efficiency in NIR and
SWIR region.

Conclusions

In this study, we improved InAs QDs for enhanced infrared
emission through strategic synthesis condition optimization.
Using a continuous injection process combined with facet
control through different ligands (dioctylamine and oleic
acid), we achieved uniform size growth while minimizing inter-
facial defects. The two ligands demonstrated distinct influ-
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ences on QD growth: dioctylamine promoted slower growth
favoring nonpolar facets and yielding spherical or tetrapod
shapes, while oleic acid induced faster growth favoring polar
facets and resulting in tetrahedron shapes. Passivating InAs/
InZnP/ZnSe/ZnS QDs with a one-pot synthesis minimized oxi-
dation effect, yielding dioctylamine-based cores with 39%
PLQY, compared to 29% for oleic acid-based cores. This per-
formance advantage extended into the SWIR region above
1400 nm, where dioctylamine-based QDs achieved 7.3% PLQY,
an excellent value for heavy metal-free QDs, compared to 2.6%
for oleic acid-based QDs. TA spectroscopy confirmed that dioc-
tylamine-based QDs exhibited higher PLQY and smaller GSB
variations across different excitation wavelengths compared to
oleic acid-based QDs. The reduced GSB decay difference
between core-only and shell excitation in dioctylamine-based
QDs indicated fewer interfacial traps, while oleic acid-based
QDs showed larger differences, suggesting increased inter-
facial charge carrier trapping at the interface and reduced
overall emission efficiency. These findings underscore the
crucial role of ligand-driven facet control in enhancing QD
emission efficiency across both NIR and SWIR regions, advan-
cing capabilities beyond conventional QD applications.

Experimental section
Methods

Materials and chemicals. Indium acetate (99.99%, Sigma
Aldrich), tetrachloroethylene (TCE, anhydrous, >99%, Sigma
Aldrich), trioctylphosphine (TOP, 97%, Sigma Aldrich), diocty-
lamine (97%, Sigma Aldrich), palmitic acid (>99%, Sigma
Aldrich), stearic acid (95%, Sigma Aldrich), 1-octadecene (90%,
Sigma Aldrich), oleic acid (90%, Sigma Aldrich), tris(trimethyl-
silyl)Jamine (TMSi;As, JSI Silicon), tris(trimethylsilyl)phosphine
(TMSizP, 20% in TOP, Uniam), zinc acetate dihydrate (98%,
Sigma Aldrich), trioctylamine (98%, Sigma Aldrich), selenium
(powder, 99.99%, Sigma Aldrich).

Synthesis of InAs/InZnP/ZnSe/ZnS QDs

InAs seed. In a three necks flask, indium acetate (0.145 g),
palmitic acid (0.384 g), and octadecene (2.5 mL) were com-
bined and degassed under vacuum at 110 °C for 2 hours to
remove dissolved gases and moisture. The system was then
switched to an inert atmosphere and heated to 300 °C.
Separately, a solution was prepared inside a glove box by
mixing TMSi;As (0.07 g), dioctyl amine or oleic acid (0.18 g or
0.24 mL), and octadecene (0.5 mL). This solution was swiftly
injected into the reaction vessel at 300 °C.

InAs nanocluster. In a three-neck flask, indium acetate
(1.45 g), palmitic acid (3.84 g), and octadecene (25 mL) were
combined and degassed under vacuum at 110 °C for 2 hours
to remove dissolved gases and moisture. The system was then
switched to an inert atmosphere and cooled to 25 °C.
Separately, a solution was prepared inside a glove box by
mixing TMSi;As (0.7 g), dioctyl amine or oleic acid (1.8 g or
2.4 mL), and octadecene (5 mL). This solution was slowly
injected into the reaction flask at room temperature.
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InZnP nanocluster. In a suitable reaction vessel, indium
acetate (0.87 g), zinc acetate (0.2751 g), stearic acid (3.39 g),
and octadecene (20.1 mL) were combined and degassed under
vacuum at 110 °C for 2 hours to remove dissolved gases and
moisture. The system was then switched to an inert atmo-
sphere and allowed to cool to room temperature. Separately, a
solution was prepared inside a glove box by mixing 6 mL of
TMSi;P (10 wt% in TOP), dioctyl amine (1.44 g), and octade-
cene (3.99 mL). This solution was slowly injected into the reac-
tion vessel at room temperature.

Subsequently, the InAs seeds were used to form InAs QDs.
The reaction mixture was heated to 300 °C under an inert
atmosphere, and the previously prepared InAs nanocluster
solution was injected into the reaction vessel containing the
InAs seed solution at a rate of 1 mL h™" until the target wave-
length was achieved. Subsequently, InZnP nanocluster solution
was injected in the same way, optimized for each size: 20 mL
for NIR QDs and 25 mL for SWIR QDs. After the injection of
InZnP nanocluster, the temperature was reduced from 300 °C
to 150 °C. Then, 600 pL of 1 M HF dispersed in acetone was
added to the reaction mixture and left for 10 minutes.
Afterward, the temperature was raised back to 300 °C.
Following this, a 4 mL of 0.5 M zinc-oleate solution was
injected into the mixture, immediately followed by the injec-
tion of TOP-Se, 3.0 mL for NIR and 3.5 mL for SWIR, at a rate
of 3.0-3.5 mL h™".

Density functional theory calculation. Density functional
theory (DFT) calculations were performed using the Vienna A4b
initio Simulation Package (VASP).>® The Perdew-Burke-Ernzerhof
(PBE) functional was employed for the exchange-correlation
potential within the generalized gradient approximation (GGA).
The projector augmented wave (PAW) method was used to
describe the electron-ion interactions. A plane-wave basis set
with a kinetic energy cutoff of 400 eV was utilized. The Brillouin
zone was sampled using a Monkhorst-Pack k-point mesh of 3 x
3 x 1 for surface calculations. Geometry optimizations were per-
formed until the forces on all atoms were less than 0.02 eV A™".
A vacuum layer of at least 15 A was included in the surface slab
models to prevent interactions between periodic images.
Binding energies were calculated differently for amine and car-
boxylic acid ligands. For amines, the reference state was the infi-
nitely separated amine molecule from the surface. For carboxylic
acids, to obtain the binding energy of the ionic state, we placed
the carboxylic group’s proton on the opposite side of the surface
and calculated the energy required to remove the carboxylate
anion to the vacuum region.

Characterization

Surface characterization. The XRD measurements were per-
formed using an Ultima IV diffractometer (Rigaku, Japan). The
XPS measurements were performed using a Nexsa G2 spectro-
meter (Thermo Scientific, USA). FTIR spectroscopy measure-
ments were conducted using a Bruker Alpha spectrometer to
analyze the surface ligands of the QDs.

Morphology characterization. The TEM measurements were
performed using a Talos F200X G2 microscope (Thermo
Fisher, USA) for HR-TEM, STEM, FFT.
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Optical characterization. The optical properties of the syn-
thesized nanoparticles were evaluated using a UV/Vis spectro-
meter with an integrating sphere (UV3600, Shimadzu). We
measured the photoluminescence (PL) and photo-
luminescence quantum yield (PLQY) in the infrared region
using a Horiba Fliorolog-QM fluorescence spectrometer.
Samples were prepared and placed in the spectrometer’s
sample holder. Light was used to excite the samples with
950 nm wavelength, and the resulting PL was detected and
converted into spectra for analysis. To measure the PLQY, an
integrating sphere was used to determine the absolute
quantum yield. The collected data were then analyzed to calcu-
late the PLQY.

Transient absorption spectroscopy. TA measurements were
conducted using a pulsed Yb laser system (Pharos, Light
Conversion) with regenerative amplification. This laser system
emitted pulses at a wavelength of 1030 nm, with a pulse dur-
ation of 196 fs, and operated at a repetition rate of 200 kHz.
The primary laser beam was utilized as the seed for an optical
parametric amplifier (Orpheus, Light Conversion), which gen-
erated the pump beam through a second harmonic generation
module. The resulting pump beam had a wavelength of
400 nm and 700 nm and a beam radius of approximately
300 pm. Part of the original 1030 nm beam was diverted to
serve as the probe beam. This probe beam was passed through
a delay line and focused onto a sapphire plate to create a
white-light continuum using a TA spectrometer (Harpia, Light
Conversion). The probe beam, with a beam radius of 105 pm,
was then focused on the sample to overlap with the pump
beam area. The transmitted probe beam was subsequently col-
lected by a detector (Kymera 193i, Andor).
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