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ABSTRACT: Colloidal quantum dots offer tunable optical proper-
ties for optoelectronic applications, but the synthesis of high-quality
III−V quantum dots (QDs) other than indium pnictides, and
particularly GaAs, has remained elusive due to synthetic challenges.
Colloidal GaAs QDs have been reported very recently and have
shown only weak band-edge photoluminescence. Here, we
demonstrate a large-scale synthesis of colloidal GaAs QDs in
molten salts, followed by a high-temperature surface treatment with
K2S, which removes native oxide and enables uniform zinc
chalcogenide shell growth on GaAs. These QDs demonstrate bright
band-edge photoluminescence and electroluminescence in QD LED
devices. Low-temperature spectroscopy reveals a well-resolved
exciton fine structure with distinct bright-state splitting and
temperature-independent decay dynamics from 4 to 100 K. These results establish a practical pathway for the preparation of
high-quality colloidal GaAs QDs from molten salts with potential applications in quantum technologies and optoelectronics.

■ INTRODUCTION
Colloidal quantum dots (QDs) exhibit size-dependent optical
and electronic properties,1 enabling their use in a wide range of
applications, including displays,2 lasers,3 luminescent solar
concentrators,4 photodetectors,5 and solar cells.6 The appeal of
colloidal QDs arises from their scalable solution-based
synthesis capable of producing uniform nanocrystals with
controlled size, shape, and composition, which can be
processed in different ways, such as inkjet printing or blending
with polymers. Over the past two decades, cadmium
chalcogenide7,8 and indium pnictide9−13 QDs have demon-
strated outstanding optoelectronic properties, firmly establish-
ing colloidal QDs as versatile materials for fundamental studies
and real-world applications.
However, many thin-film semiconductors currently used in

lighting,14,15 laser diodes,16 and photovoltaics17 are based on
Ga and Al containing III−V compounds, which are typically
synthesized by high-temperature gas-phase processes such as
molecular beam epitaxy (MBE) or metal−organic chemical
vapor deposition (MOCVD). Epitaxially grown GaAs quantum
dots in particular represent a benchmark for quantum emitters,
exhibiting single-photon indistinguishability and subnano-
second radiative lifetimes.18−20 Despite the materials’ central
role in modern optoelectronics, the development of high-
quality colloidal Ga or Al containing III−V QDs has lagged
considerably behind their thin-film counterparts.21,22 This
limitation has prevented Ga and Al containing III−V QDs
from reaching their full potential in applications where their

intrinsic properties, such as direct bandgaps, weak electron−
phonon coupling, and high stability under heat and light stress,
would be advantageous.
To address this challenge, our group has been developing

molten inorganic salts as reaction media for dispersing,23

modifying by cation-exchange,24−28 and synthesizing29 novel
QDs at high temperatures required for materials with covalent
bonds. This approach has already enabled the synthesis of
band-edge emitting GaAs QDs, a breakthrough given GaAs’s
importance as one of the most studied III−V semiconductors
and as a cornerstone material for high-speed transistors, solar
cells, and lasers. Building upon this progress, we sought to
determine whether large-scale synthesis applies to various
optoelectronic applications and whether the optical properties
of GaAs QDs could be further enhanced by shell growth. More
specifically, we needed to address the important questions of
whether molten salt-synthesized colloidal GaAs QDs could
achieve the optical quality of epitaxial counterparts, whether
standard surface passivation and shell growth strategies
translated to this materials system, and how their excitonic

Received: February 13, 2026
Revised: April 27, 2026
Accepted: May 4, 2026
Published: May 29, 2026

Articlepubs.acs.org/JACS

© 2026 The Authors. Published by
American Chemical Society

22804
https://doi.org/10.1021/jacs.6c03474

J. Am. Chem. Soc. 2026, 148, 22804−22816

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
j
a
c
s
a
t
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
8
/
2
2
/
2
2
8
0
4
/
6
5
7
7
1
9
9
7
/
j
a
6
c
0
3
4
7
4
.
p
d
f
 
b
y
 
F
L
O
R
I
D
A
 
S
T
A
T
E
 
U
N
I
V
 
u
s
e
r
 
o
n
 
0
3
 
A
u
g
u
s
t
 
2
0
2
6

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Hyuk+Chang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danial+Zangeneh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heng-Chi+Chu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Justin+C.+Ondry"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kailai+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zirui+Zhou"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahhyun+Jeong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ahhyun+Jeong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Cassidy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sungsu+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+A.+Crooker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+S.+Filatov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="A.+Paul+Alivisatos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eran+Rabani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eran+Rabani"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+F.+Klie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+D.+Schaller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+L.+Efros"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dmitri+V.+Talapin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacs.6c03474&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03474?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03474?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03474?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03474?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03474?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/jacsat/148/22?ref=pdf
https://pubs.acs.org/toc/jacsat/148/22?ref=pdf
https://pubs.acs.org/toc/jacsat/148/22?ref=pdf
https://pubs.acs.org/toc/jacsat/148/22?ref=pdf
pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/jacs.6c03474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/JACS?ref=pdf
https://pubs.acs.org/JACS?ref=pdf


fine structure compared with other II−VI and III−V colloidal
QDs.
In this work, we report the synthesis of GaAs QDs on a large

(∼500 mg) scale, their size-selective precipitation to obtain
uniform size distributions, and molten-salt treatment of the
GaAs surfaces with K2S, followed by the growth of ZnSe/ZnS
shells. Structural characterization confirmed conformal shell
formation, while low-temperature optical measurements
revealed the exciton fine structure in GaAs/ZnS QDs.
Together, these results add GaAs to the list of established
colloidal QD systems and provide new insights into the
synthesis and properties of colloidal III−V QDs synthesized in
molten salts, advancing their potential for next-generation
optoelectronic and quantum technologies.

■ RESULTS AND DISCUSSION

Synthesis of the GaAs Core

GaAs QDs were synthesized following a previously reported
procedure with minor modifications. Briefly, reduced gallium
iodide (Ga2I4) was reacted with AsI3 in molten alkali iodide
salts above the critical temperature (400 °C) at which
crystalline GaAs forms. We conducted reactions at 425, 450,
475, and 500 °C to achieve emissive colloidal GaAs QDs.
Detailed methods can be found in Supplementary Note 1. We
scaled a GaAs QD synthesis29 to 33 g total reactant mass to
obtain sufficient material for systematic optimization. Alkali

iodide salts (NaI, KI, CsI) were dried under vacuum, and
gallium iodide and reduced gallium iodide (GaI3, Ga2I4) were
synthesized from elemental precursors as described in
Supporting Information (Supplementary Note 1). Reactions
in Schlenk line-connected 1-inch-diameter ampules heated in a
furnace for 1 h produced stable colloidal dispersions in the
molten salt medium (Figure 1a−c and Supplementary Video
1). The resulting QDs were purified by dissolving the salt
matrix in polar solvents and transferring the QDs to nonpolar
solvents via ligand addition, ultimately yielding nearly 500 mg
of purified GaAs QDs capped with oleylamine and gallium
iodide that form stable colloidal dispersions in nonpolar
organic solvents (Figure 1d).
By changing the reaction temperature, we could control the

diameter of the GaAs core (Figure 1e). Size-selective
precipitation of surface-treated GaAs QDs narrowed the size
distribution and improved shape uniformity across all synthesis
temperatures (Figure 1f,g and Supporting Information, Figure
1). The size-selected samples exhibited well-resolved excitonic
absorption features, with the first exciton peak tunable from
approximately 600−720 nm depending on the synthesis
temperature (Figure 1h). Analysis of individual size fractions
revealed that both particle size and shape varied across the
distribution, contributing to inhomogeneous broadening in as-
synthesized samples (Supporting Information, Figure 2), which
is likely improvable by adding additional refinements, such as

Figure 1. Large-scale synthesis of GaAs QDs in molten salt, followed by K2S treatment. (a), (b) Large-scale synthesis showing the 1-in. outer
diameter quartz ampule connected to Schlenk line, (c) crude product (34 g) after extraction from ampule, and (d) purified colloidal dispersion in
toluene (40 mL, 12.3 mg/mL). (e) Schematic illustration of GaAs synthesized from molten salt. (f, g) TEM images of size-selected GaAs/K2S cores
synthesized at 425 °C (f) and 500 °C (g). Insets show size distributions (mean diameters 3.6 and 6.9 nm, respectively). Scale bars are 50 nm. (h)
Absorption spectra of GaAs/K2S cores at different synthesis temperatures, showing size-dependent excitonic features.
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improved mixing of the molten salt medium during QD
synthesis.
Surface Treatment of GaAs QDs with K2S

Initial attempts to grow zinc chalcogenide shells directly on as-
synthesized GaAs cores in organic solvents failed to improve,
and in fact degraded, the photoluminescence (PL), yielding
essentially nonemissive materials. Drawing inspiration from
sulfide passivation strategies developed for GaAs thin
films,30−32 we introduced a K2S treatment step in molten salt
prior to shell growth. In a typical treatment, 0.1 mmol of K2S
was added and ground into the molten-salt mixture containing
GaAs QDs, followed by reheating at 500 °C for a defined
duration. This surface modification proved essential: K2S-
treated GaAs cores supported uniform ZnS shell growth in
organic media, with PL quantum efficiency improvements
exceeding 2 orders of magnitude as compared to untreated
cores (Figure 2a,c).
The K2S surface treatment enhanced PL intensity by a factor

of 3−5 while leaving the absorption spectrum unchanged,
consistent with passivation of nonradiative surface trap states
rather than modification of QD size or shape (Figure 2b). A
slight blue shift of the emission maximum accompanied this
intensity increase, which can be indicative of the passivation of
shallow surface traps.
The surfaces of the as-synthesized GaAs cores, terminated

by oleylamine and gallium iodide species, proved incompatible

with conventional shell-growth protocols. ZnS shell growth
using ZnCl2 and trioctylphosphine sulfide (TOPS) at 310 °C,
conditions that work well for InGaP and InGaAs QDs,26,28

produced no PL enhancement and instead accelerated surface
degradation (Figure 2c, black solid line). In contrast, K2S
treatment at 500 °C in molten salt created a sulfide-terminated
surface that enabled conformal ZnS shell growth with
dramatically improved optical properties (Figure 2c, red solid
line). Photographs of the resulting GaAs/ZnS dispersions show
bright red emission under UV illumination despite the
emission maximum near 710 nm lying predominantly in the
near-infrared (Figure 2c, inset).
To understand the surface chemistry underlying the optical

improvements, we systematically characterized GaAs QDs
treated with K2S at temperatures ranging from 450 to 550 °C
(Figure 3a). X-ray fluorescence (XRF) analysis revealed a clear
temperature threshold for anion exchange. Below 500 °C,
surfaces remained iodine-terminated with negligible sulfur
incorporation, whereas at 500 °C and above, the sulfur content
increased substantially while iodine content decreased (Figure
3b). This compositional transition coincided well with the
onset of PL enhancement. The iodine to sulfur exchange was
not exactly in the ratio of 2:1, presumably due to surface oxide
present in as-synthesized GaAs QDs, which we discuss later.
Optical absorption spectra remained unchanged across all

treatment temperatures (Figure 3d), confirming that K2S
exposure does not alter QD size or induce additional growth.

Figure 2. Synthesis and optical properties of K2S-passivated GaAs/ZnS quantum dots. (a) Schematic of the synthesis: GaAs cores are treated with
K2S in molten salt, then passivated with ZnS via shell growth in the organic solvent. Absorption (dashed) and photoluminescence (solid) spectra of
(b) GaAs QDs with (yellow) and without (black) K2S treatment and (c) GaAs/ZnS QDs with (red) and without (black) K2S treatment; for the
untreated sample, having a GaAs concentration comparable to that of the treated sample, both the original PL spectrum and a magnified × 100
spectrum are shown. Inset: photographs under ambient (left) and UV (right) illumination.
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In contrast, PL behavior showed a strong temperature
dependence (Figure 3e). Below the 500 °C threshold, emission
intensity remained comparable to that of pristine GaAs QDs.
At 500 °C, PL intensity increased markedly, consistent with
effective surface trap passivation. Treatment at higher temper-
atures (525−550 °C) produced a slight blue-shift in emission
but reduced intensity, suggesting an optimal passivation
window near 500 °C. In addition to changes in the emission
spectra, the ultraviolet photoemission spectroscopy (UPS)
measurements showed that electron and hole energy levels of
GaAs QDs shifted downward after the surface treatment, as
surface iodine and oxygen were exchanged with sulfur
(Supplementary Figure 3).
Structural characterization confirmed that sulfide treatment

preserves the GaAs crystal structure without forming
secondary phases. X-ray diffraction patterns (Figure 3c)
showed zinc blende GaAs reflections, with no evidence of
Ga2S3 or other impurity phases, and the (111) peak position
and width remained constant across treatment conditions
(Figure 3c, inset). Raman spectroscopy corroborated this
finding; no peaks appeared near 233 cm−1, where signatures
from Ga2S3 would be expected (Supplementary Figure 4). The
only spectral change observed was a shift of the longitudinal
optical (LO) phonon mode toward the value tabulated for bulk
GaAs (∼292 cm−1) accompanied by peak narrowing, indicative
of the improved crystalline quality following sulfide passivation.

Peaks from surface optical (SO) and transverse optical (TO)
modes showed similar trends (Supplementary Figure 5).
In addition to surface passivation by sulfur, K2S treatment

also removes surface oxides from GaAs QDs, as evidenced by
X-ray photoelectron spectroscopy (XPS). For comparison, we
performed similar sulfide treatments, using both (NH4)2S and
K2S, on bulk GaAs wafers, where oxide removal by sulfide
passivation is well established.30−32 The Ga 2p spectra (Figure
4a) showed characteristic changes upon sulfide treatment.
Untreated GaAs wafers exhibited an asymmetric peak skewed
toward higher binding energy, indicative of Ga−O bonding,
which shifted to lower binding energy and sharpened after
sulfide treatment. GaAs QDs displayed analogous behavior,
with the Ga 2p peak shifting to lower binding energy after K2S
treatment in molten salt. Ga LMM Auger spectra revealed an
oxide-related feature near 425 eV in untreated samples that
disappeared after sulfide treatment for both wafers and QDs
(Figure 4b). Ga 3d spectra (Figure 4c) exhibited subtle
changes.
The As LMM, 3p, 3d spectra (Figure 4d−f) showed more

subtle changes. Especially, As 3d spectra (Figure 4f) from
untreated GaAs wafers exhibited a distinct high-binding-energy
shoulder from 43−44 eV attributable to As−O species, which
diminished upon sulfide treatment. For GaAs QDs, the As 3d
peak shape changed less dramatically but showed narrowing on
the high-binding-energy side after K2S treatment. This
asymmetry in oxide removal, more pronounced for gallium

Figure 3. K2S surface treatment removes oxide and passivates GaAs quantum dot surfaces. (a) Schematic of surface modification: iodine ligands
and surface oxide are replaced by sulfide at temperatures above 500 °C. (b) Relative atomic ratios of iodine (I/As, gray triangles) and sulfur (S/As,
red circles) versus treatment temperature, determined by XRF. (c) XRD patterns confirming retention of the zinc blende structure; inset shows the
(111) reflection. (d) Absorption spectra after K2S treatment at various temperatures, showing preservation of the optical gap. (e)
Photoluminescence spectra showing maximal intensity for QDs treated with K2S at 500 °C.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.6c03474
J. Am. Chem. Soc. 2026, 148, 22804−22816

22807

D
o
w
n
l
o
a
d
e
d
 
f
r
o
m
 
h
t
t
p
:
/
/
p
u
b
s
.
a
c
s
.
o
r
g
/
j
a
c
s
a
t
/
a
r
t
i
c
l
e
-
p
d
f
/
1
4
8
/
2
2
/
2
2
8
0
4
/
6
5
7
7
1
9
9
7
/
j
a
6
c
0
3
4
7
4
.
p
d
f
 
b
y
 
F
L
O
R
I
D
A
 
S
T
A
T
E
 
U
N
I
V
 
u
s
e
r
 
o
n
 
0
3
 
A
u
g
u
s
t
 
2
0
2
6

https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03474/suppl_file/ja6c03474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03474/suppl_file/ja6c03474_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.6c03474/suppl_file/ja6c03474_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03474?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03474?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03474?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.6c03474?fig=fig3&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.6c03474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


than arsenic, likely reflects the gallium-rich surface termination
typical of colloidal III−V nanocrystals. We attribute the initial
surface oxidation to trace oxygen in the quartz reaction vessel
or glovebox environment. Experiments using boron nitride or
silicon nitride liners showed no significant differences in the
final optical properties of core/shell QDs, suggesting that K2S
treatment effectively removes adventitious oxides regardless of
their origin.
Influence of K2S Treatment on Shell Growth of GaAs QDs

Having established optimal K2S treatment conditions, we
investigated how surface passivation influences the zinc
chalcogenide shell growth. We deposited shells on both K2S-
treated and untreated GaAs cores by using identical reaction

conditions to isolate the effect of surface chemistry. The
structural and optical outcomes differed dramatically between
the two cases (Figure 5a). High-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM)
combined with energy-dispersive X-ray spectroscopy (EDS)
mapping revealed a pronounced difference in shell morphol-
ogies. On untreated GaAs cores, ZnSe was deposited
nonuniformly, forming discontinuous islands with incomplete
surface coverage (Figure 5b). In contrast, K2S-treated cores
supported conformal, continuous ZnSe shells with uniform
elemental distribution (Figure 5c).
We attribute this difference to two factors: First, the strong

Ga-amine surface bonds on untreated GaAs inhibit uniform Zn
chalcogenide nucleation. Once nucleation occurs at isolated

Figure 4. X-ray photoelectron spectroscopy of GaAs QDs and GaAs wafer references. High-resolution XPS spectra comparing GaAs QDs (blue)
and GaAs QDs/K2S (red) with GaAs single crystal (wafer) references: pristine (black), (NH4)2S-treated (orange), and K2S-treated (magenta).
Spectra are shown from (a) Ga 2p, (b) Ga LMM Auger, (c) Ga 3d, (d) As LMM Auger, (e) As 3p, and (f) As 3d core levels. The QD spectra show
broader peaks compared to those from wafer references due to size-dependent effects and surface contributions.
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Figure 5. K2S surface passivation enables uniform zinc chalcogenide shell growth on GaAs quantum dots. (a) Schematic comparing shell growth on
untreated GaAs (top) versus K2S-treated GaAs (bottom). Without K2S treatment, heterogeneous growth produces nonuniform coverage; K2S
treatment provides a sulfide-terminated surface that promotes more uniform shell growth. (b) HAADF-STEM image and EDS line profiles of
GaAs/ZnSe QDs grown without K2S treatment. The elemental distributions of Ga, As, Zn, and Se show asymmetry, indicating nonuniform and
discontinuous ZnSe shell growth around the GaAs core. The original HAADF-STEM image annotated with the exact EDS line-scan path is
provided in Supplementary Figure S6. (c) HAADF-STEM image and EDS line profiles of GaAs/K2S/ZnSe QDs. Following K2S surface passivation,
the Zn and Se signals form a well-defined, concentric shell surrounding the GaAs core, demonstrating uniform and conformal ZnSe shell growth.
Scale bars, 5 nm. (d−g) TEM images showing the sequential shell growth stages: GaAs/K2S core (d), GaAs/ZnSe with thin ZnSe shell (h = 0.4
nm) (e), GaAs/ZnSe with thick ZnSe shell (h = 1.4 nm) (f), and GaAs/ZnSe/ZnS (h = 1.4 nm, l = 0.5 nm) (g), where h and l denote the ZnSe
and ZnS shell thicknesses, respectively. Scale bars, 20 nm. (h) Absorption (blue solid) and photoluminescence (pink solid) spectra during shell
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sites, subsequent growth occurs preferentially at those
locations, leading to the formation of islands. Second, surface
oxides, which K2S treatment removes, create heterogeneous
nucleation barriers that further promote nonuniform deposi-
tion, as in the case of InP QDs.33 Structurally, island-like shells
formed on untreated cores exhibit a higher density of stacking
faults, whereas conformal shells grown on passivated cores
show improved crystallinity with fewer defects (Figure 5b,c).
Lower-magnification images confirmed these trends across
entire QD populations (Supporting Information, Figure 7).
Consistent with this interpretation, ZnS shell growth was
strongly suppressed on untreated GaAs cores, resulting in
nearly bare cores, whereas K2S-treated cores exhibited uniform
ZnS shell formation (Supporting Information, Figure 8).
The choice of the shell material profoundly influences the

optical properties of GaAs-based core/shell QDs. ZnS shells
induced a progressive blue shift in emission wavelength with
increasing thickness, consistent with compressive strain arising
from the 4% lattice mismatch between GaAs and ZnS. In
contrast, ZnSe, which is nearly lattice-matched to GaAs,
produced a red shift due to partial electron delocalization into
the shell, enabled by the small conduction band offset
(Supporting Information, Figure 9). The emission line widths
evolved differently as well. Full-width at half-maximum (fwhm)
increased during ZnS shell growth but decreased for ZnSe
shells (Supporting Information, Figure 10). Time-resolved PL
measurements revealed that ZnS shells progressively sup-
pressed fast nonradiative decay components with increasing
thickness, whereas QDs with ZnSe shells, despite improving
emission intensity, retained significant fast decay channels
(Supporting Information, Figure 9). This behavior reflects the

different electron confinement provided by each material.
Specifically, the larger conduction band offset of ZnS more
effectively blocks electron trapping at the surface states.
These complementary attributes motivated us to develop a

GaAs/ZnSe/ZnS heterostructure combining the advantages of
both shell materials, as in the case of InP-based hetero-
structures.10,34 The ZnSe inner shell provides a lattice-
matched, low-strain interface to the GaAs core, while the
ZnS outer shell supplies strong electron confinement and
environmental protection. TEM imaging confirmed uniform,
sequential shell deposition at each stage (Figure 5d−g). The
resulting GaAs/ZnSe/ZnS QDs exhibited narrow emission line
widths comparable to those from GaAs/ZnSe QDs (fwhm ∼60
nm, 140 meV) together with the bright emission characteristic
of GaAs/ZnS QDs (Figure 5h,i, Supporting Information,
Figure 11, and Table S3). Optimizing the synthesis of cores
with the graded shell architecture yielded QDs with PL
quantum yields reaching 10%, a substantial improvement for
GaAs QDs and a key step toward their practical optoelectronic
applications.
GaAs QDs exhibit significantly higher energy states

compared to other III−V QDs, resulting in a larger energy
offset relative to environmental levels (Figure 6a). The UPS
spectra and the procedure used to extract valence band maxima
and band gap of QDs are provided in Supporting Information,
Figure 3. This elevated 1Sh position suppresses 1Sh hole
trapping and favors 1Se electron trapping as the dominant
charge localization pathway, in contrast to InP QDs, where
hole trapping is prevalent. The unique energy-level alignment
of GaAs QDs distinguishes them from other III−V QDs and
has important implications for charge balance and recombina-

Figure 5. continued

growth, with shell thicknesses indicated. (i) Peak emission wavelength (pink circles) and fwhm (blue triangles) versus total shell thickness; inset
shows room temperature photoluminescence quantum yield reaching 10% for the final structure.

Figure 6. Energy levels of GaAs QDs and electroluminescence from GaAs QD-based light emitting diodes. (a) Energy level of III−V QDs
including InAs, InGaAs, InP, and GaAs measured by UPS. For GaAs QDs, energy levels are shown before (GaAs) and after (GaAs/K2S) surface
treatment. (b) Electroluminescence spectra at varying voltages for a device with structure ITO/PEDOT:PSS/TFB/GaAs-ZnSe-ZnS/ZnMgO/Al.
Inset: device schematic (top) and picture of operating device (bottom).
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tion dynamics in devices. We adopted a QD-based light-
emitting diode structure that was optimized for InP QDs to
test device performance. Devices with the structure ITO/
PEDOT:PSS/TFB/GaAs-ZnSe-ZnS/ZnMgO/Al exhibited
electroluminescence across a range of operating voltages
(Figure 6b), demonstrating that molten salt-derived GaAs
QDs can be integrated into functional optoelectronic devices
but need further optimization. Current−voltage−luminance
(J−V−L) characteristics of representative devices are provided
in Supporting Information, Figure 12.
Excitonic Transitions and Exciton Fine Structure of GaAs
QDs

The improved optical quality of GaAs QDs enabled a detailed
investigation of their excitonic transitions and exciton fine
structure. These fundamental properties of QDs have been
extensively characterized for II−VI (mostly CdSe)35,36 and
III−V (InP and InAs) semiconductors,37−39 but have not been
explored for Ga-based colloidal III−V QDs. We employed
fluorescence line-narrowing (FLN) and photoluminescence
excitation (PLE) spectroscopy at cryogenic temperatures (13−
20 K) to resolve discrete electronic transitions. For these
studies, we chose GaAs/ZnS QDs, which exhibited a QY of
about 3%, because of large energy offsets at the core−shell
interface, which efficiently confine the electron and hole wave
functions in the GaAs core and minimize state mixing between
the core and the shell. Upon cooling from room temperature

to 20 K, the PL intensity increased by approximately an order
of magnitude (Supplementary Figure 13), suggesting that the
quantum yield of these GaAs/ZnS QDs approached at least
30% at low temperatures.
PLE and FLN spectra have been measured from multiple

GaAs/ZnS samples with cores synthesized at 425, 450, 475,
and 500 °C (Supplementary Figure 14). PLE spectra recorded
at different emission wavelengths spanning the 610−750 nm
range revealed multiple discrete absorption features above the
band edge (Figure 7a). We observed several optical transitions
related to higher hole states from PLE peaks, labeled (b−d) in
a representative spectrum detected at 660 nm emission (Figure
7b), which are identified as the transitions from different hole
states (2S3/2, 1S1/2, and 3S3/2) to the 1Se state. By changing the
detected emission wavelength, we observed the size-dependent
properties of each transition (Figure 7c). The energy
separations between the transitions vary systematically with
GaAs QD size, as expected for quantum-confined systems.
Fitting the size-dependent transition energies to an effective
mass model with finite barrier height (Figure 7c and
Supplementary Note 3) allowed assignment of the observed
PLE peaks to transitions involving the 1S3/2, 2S3/2, 1S1/2, and
3S3/2 hole levels. The exciton transition energy separations and
their size dependence were also calculated using Deep-
Pseudopot, a machine-learned semiempirical pseudopotential
framework (Supplementary Note 3).40 The effective mass

Figure 7. Optical transitions in GaAs/ZnS quantum dots. (a) Photoluminescence excitation (PLE) spectra recorded at 18 K for GaAs/ZnS QDs
(GaAs cores synthesized at 500 °C) detected at emission wavelengths from 610 to 750 nm, revealing discrete excited-state transitions. (b)
Representative PLE spectrum detected at 660 nm; peaks (b−d) correspond to transitions involving higher-energy hole states. (c) Transition
energies extracted from PLE (solid symbols) versus emission energy curves with theoretical calculations based on an effective mass model (solid
curves), and the DeepPseudopot model (hollow symbols). Inset: schematic of electron (1Se) and hole (1S3/2, 2S3/2, 1S1/2, 3S3/2) energy levels.
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model and pseudopotential calculations both yield results
consistent with the level ordering expected for GaAs QDs. We
noticed a slightly better agreement for the higher-energy states
from the pseudopotential calculation, which may reflect an
overestimation of the transition energies by the effective mass
method arising from the infinite potential barrier approx-
imation for the hole. For comparison, we measured K2S-
treated GaAs cores without shells; although the weaker signal
precluded complete analysis, the same general spectral features
were observed (Supplementary Figure 15). Somewhat
surprisingly, within the measured window of energies up
until 0.3 eV above the 1S3/2−1Se transition, we have not

observed any transitions related to electron states from
different momentum valleys, such as the L-valley, which was
believed to be closely aligned under quantum confinement and
could even become the lowest transition state when QD
diameter is under 3.2 nm.41−44

Representative comparisons between FLN and PLE spectra
for quantum dots emitting at 630 nm reveal multiple peaks
corresponding to (i) the LO phonon replicas of the zero
phonon line (ZPL, α) labeled as α′ and (ii) distinctive exciton
fine structure features β1 and β2 (Figure 8a). Theoretical
modeling of the exciton fine structure as a function of quantum
dot radius based on the effective mass model shows the

Figure 8. Exciton fine structure and recombination dynamics in GaAs/ZnS quantum dots. (a) Representative comparison of fluorescence line-
narrowing (FLN, pink), PLE (cyan), and the calculated PL (gray) spectra from GaAs/ZnS QDs emitting at 630 nm. The zero-phonon line (α) and
its LO phonon replicas (α’) are indicated, along with fine-structure features β1 and β2. (b) Calculated exciton fine-structure energies as a function of
QD radius, showing the evolution of bright (±1u, 0u, ±1L) and dark (0L, ±2) states. (c) Bright-state splitting energies: experimental values
(triangles) compared with theoretical predictions for ±1u−0L (yellow) and 0u−0L (red) transitions using the effective mass model,36 and
DeepPseudopot model exciton fine structure calculations (hollow colored symbols). Gray circles indicate LO phonon replica positions and gray
hollow circles indicate the LO phonon sideband locations calculated using the DeepPseudopot method. (d) Temperature-dependent
photoluminescence decay spectra from 3.2 to 100 K, showing negligible variation; inset shows PL decay as measured by a streak camera.
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evolution of exciton fine structure splitting under quantum
confinement (Figure 8b). Detailed calculation methods are
explained in Supporting Information (Supplementary Note 3).
To understand the phonon replicas, we also modeled phonon
frequencies, exciton−phonon coupling (EXPC) strengths, and
their size dependence using DeepPseudopot,40 combined with
a Tersoff-type force field45 (Supplementary Figures S16, S17,
and Supplementary Note 3). The acoustic phonon modes with
the strongest coupling to band-edge excitons have frequencies
that scale inversely with QD size, whereas the LO phonon
frequencies show minimal size dependence, consistent with
their bulk-like Ga−As relative optical vibration. Phonon-
resolved single-QD linear emission spectra were computed
from the EXPC within the linear response theory. At low
temperatures, the calculated spectra show an LO phonon
replica at ∼42 meV from the ZPL, which is consistent with the
FLN and PLE measurements. A secondary lower acoustic
phonon shoulder at ∼7−13 meV arises from modes with
collective nuclear vibrations extending across the entire
nanocrystal, such as twisting or breathing-like distortions, but
it is not resolved in FLN or PLE due to its small energy spacing
from the excitation source. With increasing QD size, the EXPC
strength weakens, the phonon sideband intensities decrease,
and the spectrum progressively simplifies.
Experimentally extracted bright-state-to-bright-state split-

tings, attributed to exchange interactions between electron
and hole states, demonstrate relatively good agreement with
theoretical predictions and show a clear size dependence with
both effective mass and pseudopotential theoretical predictions
(Figure 8c). The small deviation of β2 at larger sizes of QD is
expected to be due to the interactions between bright states
and phonon-coupled modes, which have been observed in
CuCl nanoparticles.46

Surprisingly, temperature-dependent PL decay measure-
ments reveal that exciton recombination dynamics remain
largely unchanged from 3.2 to 100 K (Figure 8d). This
behavior has been observed in some cases of epitaxial III−V
QDs.47−49 To confirm the existence or absence of potential
fast decay modes that were not detected by TCSPC
measurements, we have measured PL spectra using a streak
camera at low temperature, which show no distinctive fast
decay at the picosecond time scale (Figure 8d, inset and
Supplementary Figure 18). Several potential explanations for
this absence could exist. First, very closely separated dark and
bright states could lead to mixed emission even at 4 K.
Although our EMA calculation expects a separation of 1−2
meV between dark (0L) and bright states (±1L), the actual
dark−bright splitting could be significantly smaller. Second,
carrier trapping may suppress the population or radiative
contribution of the dark exciton, rendering its emission
negligible. We modeled decay rates based on these bright-
dark state splittings, including trap states, and this model
described our observed exciton decay dynamics (Supplemen-
tary Figure 19 and Note 3.3) reasonably well. As this
nonradiative rate significantly reduces the quantum yield of
dark exciton decay modes, we could not observe decay from
dark excitons. Furthermore, we performed low-temperature
magneto-optic measurements on GaAs/ZnS particles embed-
ded in a polymer matrix (Supplementary Figures 20 and 21).
These measurements showed only minor changes in excitonic
decay rates, consistent with the weak temperature dependence
observed in these samples. Collectively, these results help the
understanding of the electronic structure and photophysics of

colloidal GaAs QDs in the strong confinement regime, which
have not been accessed previously. This understanding should
be further advanced and refined in future in-depth studies.

■ SUMMARY
In this work, we demonstrated emissive colloidal GaAs
quantum dots (QDs) through colloidal synthesis in a molten
inorganic salt, surface passivation, and growth of an epitaxial
zinc chalcogenide shell. Using K2S in a molten salt for GaAs
QD surface treatment, we effectively removed surface oxides
and enabled the uniform growth of Zn-based shells on the
GaAs QDs. Structural characterization confirmed conformal
shell formation, while low-temperature photoluminescence
measurements revealed well-resolved excitonic fine structure of
this technologically important but previously inaccessible QD
material. The combination of size fractionation, surface
treatments, and shell growth significantly improved both
emission line width and photoluminescence efficiency.
Spectroscopic studies of GaAs QDs have provided important
clues on their electronic structure through excitonic transition
energies and exciton fine structure, further corroborated by
theoretical modeling. An unusual feature of GaAs QDs is the
temperature-independent luminescence decay time, which may
originate from the small splitting between the lowest dark and
bright excitonic states.
These results provide new insights into the surface chemistry

and excitonic behavior of colloidal III−V QDs, demonstrating
that molten-salt colloidal synthesis and surface engineering are
practical approaches to overcoming limitations in GaAs QDs.
This work advances the fundamental understanding of
colloidal III−V QDs and establishes a pathway for their
integration into next-generation optoelectronic and quantum
devices. Further optimizations of GaAs colloidal synthesis,
followed by the improvements of III−V/II-VI heterovalent
interfaces or the preparation of an all-III−V-based hetero-
structure, will likely lead to even higher-quality colloidal GaAs
and III−V semiconductors.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.6c03474.

Synthetic methods including syntheses of GaI3, Ga2I4,
alkali halide salts, and GaAs quantum dots, K2S surface
treatment, size-selective precipitation, and Zn chalcoge-
nide shell growth; characterization methods (UV−vis−
NIR absorption, room-temperature and cryogenic
photoluminescence, time-correlated single photon
counting, streak camera measurements, LED J−V−L
characterization, Raman spectroscopy, PXRD, XPS,
XRF, SAXS, and TEM); theoretical calculation methods
with GaAs material parameters (Tables S1 and S2);
TEM images of size-tunable GaAs/K2S QDs synthesized
at 425−500 °C (Figure S1); TEM images and
absorption spectra of size-selective precipitation frac-
tions (Figure S2); UPS derived energy-level alignment
of GaAs, GaAs/K2S, InP, InGaAs, and InAs QDs (Figure
S3); Raman spectra and TO/SO/LO phonon-mode
deconvolution as a function of sulfide treatment
temperature (Figures S4 and S5); STEM-HAADF
images and STEM-EDS elemental maps of GaAs/ZnSe
and GaAs/ZnS core/shell QDs with and without K2S
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surface treatment (Figures S6−S8); shell thickness-
dependent absorption, PL spectra, and PL decay curves
of GaAs/ZnS and GaAs/ZnSe QDs (Figures S9 and
S10); multishell GaAs/ZnSe/ZnS heterostructure opti-
cal properties (Figure S11); electroluminescence device
characteristics (Figure S12); summary of optical proper-
ties of GaAs-based core/shell nanocrystals (Table S3);
temperature-dependent PL of GaAs/ZnS QDs from 20
to 300 K (Figure S13); PLE and FLN spectra of GaAs/
ZnS QDs (Figure S14); exciton fine-structure analysis of
GaAs/K2S QDs (Figures S15); theoretical modeling of
exciton−phonon coupling spectral densities and pho-
non-resolved single-QD PL spectra (Figures S16 and
S17); ultrafast streak-camera PL dynamics (Figure S18);
exciton decay-rate modeling using a bright/dark exciton
model with nonradiative decay (Figure S19); SAXS
intensity profiles of GaAs/ZnS QDs dispersed in PMMA
and PBMA-co-PiBMA matrices (Figure S20); and
magnetic-field-dependent (0 and 6 T) PL decay (Figure
S21) (PDF)
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