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ABSTRACT: Cation exchange in molten salts has emerged as a
method to synthesize colloidal III−V quantum dots with tunable
composition and excellent optoelectronic properties. However, the
atomistic details of how cation exchange occurs and the elemental
distribution in the products remain elusive. In this work, we use
scanning transmission electron microscopy to reveal the chemical
and structural evolution of In1−xGaxP1−yAsy nanocrystals made by
cation exchange of InP1−yAsy nanocrystals in a gallium-containing
molten salt. The starting material and In1−xGaxP1−yAsy nanocrystals
at multiple time points in the reaction were characterized by
aberration-corrected HAADF-STEM and STEM-EDS. HAADF-
STEM reveals subtle changes in size and shape, but the tetrahedral
morphology and zinc-blende crystal structure are maintained
throughout the reaction. We overcome the technical challenges of beam damage and low signals in STEM-EDS through a
combination of experimental optimization and image processing to yield elemental composition maps representative of individual
nanocrystals. This analysis revealed that the particles have Ga-rich surfaces at the early reaction stage. As the reaction proceeds, Ga
permeates the lattice, but the elemental distribution remains graded with In enrichment in the core even after 16 h. To investigate
the origin of the observed elemental distributions, we use finite element analysis to model the cation exchange as a diffusion-limited
process, which suggests that cation exchange becomes progressively more difficult as In atoms are replaced by Ga. We discuss the
implication of the graded composition on optical properties. More broadly, the image processing techniques developed here could
be applied to other compositionally complex nanocrystals.
KEYWORDS: cation exchange, nanocrystal, molten salt, scanning transmission electron microscopy, energy-dispersive X-ray spectroscopy,
high-angle annular dark field imaging, finite element analysis

Colloidal semiconductor nanocrystals (NCs) offer remark-
able tunability in electronic structure and optical and

chemical properties enabled by synthetic control of particle
size, shape, and composition. Incorporating multiple elements
into a semiconductor NC introduces additional degrees of
freedom in the structure and properties. While a binary
semiconductor NC has a fixed lattice parameter and related
electronic structure, ternary and quaternary semiconductors
can be designed to provide independent control of lattice
parameter, band gap, and size, offering a fine degree of control
applicable to high-performance optoelectronic devices.1

However, in compositionally complex NCs, atoms of different
elements can arrange themselves in different ways, from a
completely homogeneous distribution to core/shell hetero-
structures and compositional gradients in between.2−5 These
different elemental distributions play an important role in
optoelectronic properties.6,7 Famously, core−shell NCs have
been used with remarkable success to reduce carrier trapping

and funnel excitons to the core, resulting in bright photo-
luminescence.8−14 Moreover, compositionally graded inter-
faces have been an emerging design strategy for improved
photoluminescence properties of II−VI NCs.15−19 Therefore,
synthetic control of elemental distribution in compositionally
complex NCs is an essential requirement for controlling NC
optical properties.17,19−22

A remarkable example of compositional complexity in NCs
is the variety of III−V solid solutions that can be synthesized at
high temperatures in molten salts, yielding materials with
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potential applications in photonics, photocatalysis, and
quantum information science.23−30 A range of III−V
compositions can be accessed by annealing indium pnictides
in Ga and Al molten salt baths.28 Critical to understanding
these molten salt transformations is the question of how the
original NC lattice is transformed to the final product. The
cation exchange reaction in each particle requires the transport
of cations in (Ga3+/Al3+) and out (In3+) of the lattice. One
may expect that the elemental distribution would evolve from
exchange at the surface to an alloyed phase, with potentially
concurrent strain and lattice distortions.24,25 The elemental
distribution is critically related to optoelectronic properties,
given that a homogeneous distribution is likely to have
different optical properties in comparison to a core/shell or
graded distribution. However, ensemble techniques like
powder X-ray diffraction (PXRD) and solid-state nuclear
magnetic resonance (NMR) are not sufficiently sensitive to
reveal such structural and compositional details and cannot
reveal single-particle details in an ensemble with non-negligible
heterogeneity.24,26

In this article, we examine the transformation of InP1−yAsy to
In1−xGaxP1−yAsy NCs with scanning transmission electron
microscopy (STEM) to reveal structural and compositional
information across individual NCs over the course of the
reaction. We characterize the InP1−yAsy starting material and
In1−xGaxP1−yAsy NCs made by annealing InP1−yAsy NCs in a
molten salt for four different time points in the reaction
(Figure 1), allowing us to track the progress of the cation

exchange. High-angle annular dark field (HAADF)-STEM
imaging reveals that surface facets reconstruct and the atomic
lattice contracts during molten salt annealing, while the zinc-
blende crystal structure is maintained. We used energy-
dispersive X-ray spectroscopy (STEM-EDS) to characterize
the elemental composition of the NCs. The small NC size
leads to limited signal-to-noise ratios and beam-induced
damage, which, in turn, lead to a limited ability to resolve
elemental distributions within individual NCs. To address this
problem, we aggregated the signal from multiple particles to
generate single-particle elemental distributions. To our knowl-
edge, this is the first time that such an analysis has been used
for semiconductor NCs.31−33 Our analysis finds that the
compositional change is rapid at the start of the reaction and
then slows significantly. Concurrently, early in the reaction, we
observe Ga enrichment on the surface and In enrichment in
the core. This composition gradient decreases as the reaction
proceeds but does not reach homogeneity. Numerical
simulations suggest that the diffusion coefficient must decrease
as the reaction proceeds to describe the experimental results.

We discuss the potential origins of the composition-dependent
diffusion coefficient and the implications of the graded
composition on the optoelectronic properties of
In1−xGaxP1−yAsy NCs. Overall, electron microscopy reveals
structural changes at the surface and the emergence of a
composition gradient from diffusion-limited cation exchange.
This insight may inform the fundamental understanding of
diffusion processes in nanoscale crystals as well as the synthesis
of compositionally complex III−V NCs toward improved
control of optoelectronic performance. More broadly, the
analysis described herein can be applied to a wide range of
compositionally complex nanomaterials.

■ RESULTS AND DISCUSSION

NC Size, Shape, and Composition Changes over the
Course of Molten-Salt Annealing

In this work, we studied the transformation of InP1−yAsy NCs
to In1−xGaxP1−yAsy NCs via molten-salt annealing. We selected
5 samples: the InP1−yAsy starting material and four
In1−xGaxP1−yAsy NCs that were annealed in gallium-containing
molten salts for 15 min, 1, 4, and 16 h (Figure 1). We
examined the structural evolution of the NCs using HAADF-
STEM imaging, as shown in Figure 2. To determine the
morphology and size of the particles, we acquired large field of
view HAADF-STEM images containing hundreds of particles,
as shown in Figure 2a, with representative magnified insets
shown in Figure 2b. In the HAADF-STEM images, the
InP1−yAsy NCs resemble tetrahedrons, and the In1−xGaxP1−yAsy
NCs maintain their tetrahedron shape throughout the molten
salt exchange. We quantified the size and shape of the NCs as
described in Section 1 (SI) (Figure S1 and Table S1). We
observe a gradual increase in diameter of ∼1 nm over the first
4 h of the exchange; an increase in size was also observed by
TEM in prior work on molten salt annealing and will be
addressed later.30 There is a slight decrease in size after 16 h,
and the standard deviation of the size increases after 4 and 16 h
of annealing, which was also previously observed by X-ray
techniques and suggests that the NCs begin to decompose
after long annealing times.25 Between the starting InP1−yAsy
and the In1−xGaxP1−yAsy annealed for 15 min, there is an
abrupt decrease in circularity, a metric for shape (see Figure
S1, and surrounding discussion for details). Annealing for
longer times results in a minimal change in circularity (Figure
S1). The circularity analysis suggests that, within the first 15
min of annealing, the surface of the starting material
reconstructs to form more well-defined {111} tetrahedral
facets. In fact, it was previously observed that in molten salt
baths, InP spheres can transform into In1−xGaxP tetrahe-
drons.24 These morphological changes illustrate how actively
the surface can reconstruct during molten salt annealing.24 In
the current case, the subtle changes in size and shape point to
the importance of transformations at the particle surface, which
we will discuss in relation to compositional changes.
To examine the average composition changes throughout

the molten-salt annealing process, we simultaneously acquired
STEM−EDS maps in the same regions where we collected
large field-of-view HAADF-STEM images, as shown in Figure
2a. These large maps are summed into the EDS spectra shown
in Figure 2c. To account for differences in absolute intensity
due to variation in factors such as the amount of material in the
mapping region and the electron dose, the EDS intensities are
normalized to the intensity of the As-Lα peak. Figure 2c shows

Figure 1. Schematic of molten salt cation exchange as previously
described by Ondry et al.28 Quartz ampules, containing NCs
dispersed in a salt matrix, are heated in parallel in a reactor, causing
Ga3+ in the molten salt to exchange with In3+ in the NCs.
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the energy range from the Ga-Lα to the I-Lα peaks, which
shows peaks corresponding to expected elements (Ga-L, As-L,
P-K, In-L), peaks that commonly appear in the EDS spectra
regardless of the sample (Si-K from the EDS detector), and
some additional peaks (S-K, I-L). We performed a series of
EDS experiments to understand the origin of all of these peaks,
which is described in detail in the SI (Section 2, Figures S2−
S8, Table S2, and related discussion). Here, we focus on Ga,
As, P, and In. The most striking feature in Figure 2c is that the
Ga peaks reach over 50% of their maximum intensity after just
15 min of annealing. This rapid appearance and growth of the
Ga peaks illustrate the dramatic composition change that
occurs early in the reaction. The rise of the Ga-L peak is
accompanied by a decrease in the In-L peak intensity. The
relative intensities of the As-L and P-K peaks are effectively
constant. This is to be expected from a cation-exchange
reaction, where Ga3+ replaces In3+ atoms, while the anion

composition does not change. As the samples anneal for longer
periods of time, the cation exchange continues: the Ga-L peak
continues to rise, the In-L peak falls, and the As-L and P-K
peaks remain constant. There is still an In-L peak after 16 h of
annealing, indicating that Ga has not completely exchanged
with In. The optical properties of the NCs are consistent with
these compositional changes. The apparent band gap blue
shifts with Ga incorporation (Figure S9) as expected because
Ga-containing III−V semiconductors have larger band gaps
than In-containing III−V semiconductors with the same
anions.28 Furthermore, the apparent exciton peak in the
InP1−yAsy QD sample appears to go away with Ga3+ exposure
(Figure S9). This is reminiscent of the changes seen for the
molten-salt conversion of InP QDs to InxGa1−xP, which were
attributed to a transition from a direct semiconductor to an
indirect one.26

Figure 2. (A) Large field-of-view HAADF-STEM images from each sample in the In1−xGaxP1−yAsy reaction series. (B) Magnified insets of images
from the regions marked with squares. The mean diameter and standard deviation, measured by taking the peak position and standard deviation of
the distribution with a Gaussian fit (Figure S1), are shown in between the images and the insets. (C) EDS spectra obtained from the entire region
shown in (A). Spectra are normalized at the As-Lα edge and overlaid to highlight relative changes in peak intensity. (D) Elemental quantification
from EDS spectra.
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EDS intensities provide a qualitative measure of composi-
tion; to understand quantitative changes in composition, we
performed elemental quantification on the EDS spectra using
the Cliff−Lorimer method (see Section 4 (SI) and Table S3
for details). In Figure 2d, we plot the quantification results for
the regions of particles shown in Figure 2a, which roughly
contain 200 particles each. As seen already, the Ga
concentration rises concurrently as the In concentration falls.
Remarkably, as noted above, most of the change in
composition happens within the first 15 min of annealing.
The In concentration drops in half, from roughly 30% to 15%,
between the InP1−yAsy sample and the 15 min reaction sample,
while the Ga concentration increases to ∼30%. This rapid
change in composition is followed by slower changes in
composition in the subsequent samples; the cation exchange is
not complete even after 16 h. It is also interesting that the
magnitude of the decrease in the In concentration (15%) does
not match the magnitude of the increase in the Ga
concentration (30%). In the same time frame, the anion
concentration decreases. These changes in composition reflect
an abrupt increase in the cation-to-anion ratio between the
starting InP1−yAsy NCs and the cation-exchanged
In1−xGaxP1−yAsy ones (see Section 4 (SI) and Figure S10).
We considered whether these changes were due to inaccuracies
in the EDS quantification method. However, the magnitude of
the changes is beyond what we would expect for experimental
inaccuracies (Section 4 (SI)). Moreover, X-ray fluorescence
data previously collected on the same samples show a similar
trend.28

We posit that the increase in the cation-to-anion ratio
between the first two samples is caused by the addition of Ga
to the surface. Prior to molten salt annealing, the native organic
ligands of the InP1−yAsy starting material are exchanged with
gallium halide ligands.28 During the molten salt annealing, the
NCs are exposed to a bath of gallium halide species.28 During
both steps, the surface could become decorated with Ga
species, and because of the high surface-to-volume ratio of
NCs, this Ga on the surface would induce a substantial change
in the overall composition of the NCs; we estimate that a
monolayer could contribute as much as 20% of the total
composition (see Section 5 (SI) and Figure S11), in line with
previous estimates.34 This deposition of Ga cations would also
explain the overall increase in the particle size, as seen in
Figure 2. The outsized contribution of the surface to the
composition of III−V NCs has been recognized in prior work
on molten salt cation exchanges, particularly when comparing
the composition extracted from inductively coupled plasma-
optical emission spectroscopy (ICP-OES) and X-ray fluo-
rescence (XRF) versus PXRD; the composition from ICP-OES
or XRF often has more Ga than the composition from PXRD,
and this discrepancy is attributed to Ga on the surface that
does not significantly perturb the entire lattice of the
nanocrystal.24−26 An important distinction is that, during
previous work, the Ga on the surface was thought to originate
from rapid exchange with In.25 The shift in the cation-to-anion
ratio within the first 15 min of the reaction (Figure S10)
suggests that, in addition to rapid surface exchange, a
significant amount of Ga is added to the surface. These
composition changes and the morphological changes described
above (Figure 2a,b) highlight how actively the surface changes
during the initial stages of molten salt annealing.
Annealing for longer periods of time results in less dramatic

composition changes. The In/Ga cation exchange continues

gradually for the sample annealed for 1 and 4 h, while
annealing for 16 h barely changes the composition (Figure 2d).
The initially rapid but later slow composition changes have
been previously observed by ensemble characterization
(PXRD, ICP-OES, and XRF) of In1−xGaxP and In1−xGaxAs
NCs formed, respectively, from cation exchange of InP and
InAs NCs.24,25 From that prior work, it is notable that the rate
of exchange is orders of magnitude faster than expected from
bulk.24,25 However, despite the initially fast exchange, the
exchange rarely reaches completion (100% Ga). Rather, the
final composition following several hours of annealing depends
on the reaction temperature. For example, the samples studied
here were annealed at 400 °C and have a final ensemble
composition of 73% Ga,28 while recent work suggests that
temperatures of 450 °C and higher are necessary to produce
In1−xGaxAs with Ga contents above 80%.30 The factors that
govern the overall composition changes are not understood.
This motivated us to investigate how the structure within the
nanocrystal evolves with molten salt annealing, with the aim of
revealing mechanistic details about the reaction.
Crystal-Structure Evolution during Molten-Salt Annealing

We used aberration-corrected HAADF-STEM images (Figure
3a) to resolve the atomic structure of the NCs and explore how
cation exchange influences the local crystal structure. During
TEM sample preparation, NCs randomly orient on the grid,
occasionally on a zone axis. We observe that many NCs appear
in an asymmetric orientation, which we determined, using
models and HAADF-STEM simulations (Figure 3b), to be the
⟨110⟩ zone axis, as discussed in more detail in the SI (Section
6 and Figures S12−S15). We focused our attention on NCs
oriented along the ⟨110⟩ zone axis (Figure 3a); in this
orientation, the atomic columns are spatially well-separated
and chemically distinct�columns contain either all cations or
all anions�both of which make this orientation relatively easy
to image and interpret. For example, we can fit the fast Fourier
transform (FFT) of the images and orient them based on their
crystal structure (Section 7 (SI) and Figure S16). By analyzing
NCs oriented in the same direction, we can more easily
compare the atomic structure and elemental distribution
between reaction time points.
With the atomic-resolution images in Figure 3, we see that a

coherent zinc-blende structure is maintained throughout the
reaction. This is consistent with prior PXRD and Raman
results.28 Thanks to the high crystallinity of these samples, the
atomic “dumbbells” expected from the model (Figure 3b) are
observed in the experimental images (Figure 3a, magnified
inset). For the InP1−yAsy sample, the ends of the dumbbells
have different intensities because the left column contains P/
As while the right column contains In, and the atomic number
of In is greater than that of P/As. We observe that the
difference in the intensities of the atoms in the dumbbell
decreases with annealing time. This is evidence that the In is
being replaced with Ga since Ga and As have similar atomic
numbers, resulting in a similar HAADF intensity. Interestingly,
we notice that the brighter, cation end of the dumbbell always
faces the thick end of the tetrahedron; this reflects selective
stabilization of the {111} facets over {−1−1−1} facets, as
described in the SI (Figure S12 and surrounding discussion).
The preferential stabilization of {111} facets is consistent with
reports on tetrahedral InP NCs, where the {111} facets are
described as cation-terminated and the {−1−1−1} as anion-
terminated; when passivated by ligands, the {111} facets are
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lower in energy than {−1−1−1} facets.35−37 The preferential
stabilization of cation-rich {111} facets is also consistent with
our observation that the NCs become more sharply faceted
and their surfaces are Ga-rich in the initial stages of molten salt
annealing.
Due to the smaller size of Ga, we would expect that the

lattice constant of the crystal would decrease as more Ga is
incorporated. To determine the lattice constant of the particles
produced at different stages of the reaction, we analyzed the
FFT of the atomic-resolution images, as detailed in the SI
(Section 7 and Figures S16 and S17). Shifts in the FFT peaks
indicate an ∼2% contraction in the lattice, which is consistent
with larger In3+ cations being replaced by smaller Ga3+ cations.
Similar lattice contraction was observed in ensemble PXRD
patterns (Figure S18),28 indicating that the contraction
observed in single NCs is representative of the ensemble.
The HAADF-STEM images and their analysis show that the
cation-exchange reaction maintains the crystal structure of the
parent InP1−yAsy with the expected average lattice contraction
when In is replaced with Ga. Now we turn to the critical
question of how In and Ga are distributed in the
In1−xGaxP1−yAsy NCs.
If the cation exchange were to lead to an abrupt core−shell

structure, it would be likely resolvable in HAADF-STEM
images. In and Ga have atomic numbers and sizes that are
different enough that we would expect to see local differences
in the intensity and position of the atomic columns, especially
in the case of an abrupt composition change. To investigate

this, we performed extensive analysis of atomic-resolution
HAADF images (see Section 8 (SI) and Figure S19). While we
do observe some local changes in the intensity and lattice
structure, we do not observe a clear interface in any of the NCs
measured. This suggests that the composition distribution
cannot be described as an abrupt core/shell structure but
rather a diffuse profile. In principle, the composition
distribution of the NCs could be determined by HAADF-
STEM; the intensity of the atomic columns is correlated with
their elemental composition, and from this orientation, the
columns are two-component systems amenable to “atom-
counting.”38,39 However, in practice, our HAADF-STEM
analysis is limited by low numbers of atomic-resolution images,
the precision of the measurements, and other confounding
factors, such as varying thickness and crystalline defects, that
complicate interpretation of the results (Figure S19). By
comparison, STEM-EDS peaks are element-specific and well-
separated in energy, providing an unambiguous determination
of composition as a function of position. For that reason, we
turn to STEM-EDS to measure the elemental distribution of
the NCs.
Single-Particle Elemental Distribution over the Course of
Molten-Salt Annealing

In STEM-EDS, a high-energy electron beam is rastered across
an area, resulting in the emission of characteristic X-rays whose
energy is measured by the detector. Because this information is
collected with a fine electron probe, STEM-EDS maps can be
collected with atomic resolution.40 However, STEM-EDS

Figure 3. (A) High-magnification HAADF-STEM images from each sample in the In1−xGaxP1−yAsy reaction series. Below, left are zoomed-in
regions (indicated with the white box) of the image, followed by the FFT of the full images on the right. (B) Model and simulated HAADF-STEM
images (inset FFT) of InAs and GaAs tetrahedrons oriented down the ⟨110⟩ zone axis. Zoomed-in regions (black or white boxes) highlight the
dumbbells of the zinc-blende structure.
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mapping on semiconductor NCs is often a challenging
proposition; their small size begets beam sensitivity and low
scattering efficiency, resulting in low signal. To maximize the
signal that can be extracted before the particles degrade, we
surveyed accelerating voltage, beam current, cryo-cooling, and
other microscope parameters to optimize the data collection.
We ultimately found that lower accelerating voltages (80 kV),
higher beam currents (>100 pA), and an ambient temperature
holder with low shadowing gave the greatest signal per unit
area (see SI, Section 9 and Figures S20−S23). We also found
that using low magnification and large mapping areas
minimizes the electron dose experienced by individual
nanocrystals (see SI, Section 9 and Figure S24). Importantly,
we verified that the changes to the local elemental distribution
due to the electron beam were minimal by examining the EDS
data throughout the course of the collection (see SI, Section 9
and Figures S25 and S26).
We then collected STEM-EDS data under these optimized

conditions to evaluate the elemental distribution of the
individual In1−xGaxP1−yAsy NCs. Representative intensity
maps qualitatively showing the elemental distribution as a
function of molten salt exchange time are displayed in Figure 4.
For ease of comparison, maps are shown from particles
oriented on the same zone axis (⟨110⟩), as shown in the
HAADF images in Figure 4a, and aligned based on their FFTs,
as described in the SI (Section 7, Figure S16, and surrounding
discussion). Although the particles are oriented along a zone
axis, the effect of channeling on the EDS signal is likely

negligible due to their small size.41 The overall EDS intensity is
correlated to the thickness, so it is important to note that
particles oriented on the ⟨110⟩ zone axis are shaped like a
wedge, increasing in thickness from left to right (Figure S15).
The relative contribution of the core vs surface also depends
on the orientation; in this orientation, the center of the
particle, or the part furthest away from the surface, is biased to
the right end, and the right edge also has the greatest
contribution from the surface. As expected, the InP1−yAsy
sample does not show the presence of Ga. In the
In1−xGaxP1−yAsy sample produced after 15 min of molten salt
annealing, we see the appearance of the Ga signal, particularly
near the particle edges, while the In signal is now concentrated
in the particle core (Figure 4b−d). In other words, the
composition is relatively Ga-rich at the edges and relatively In-
rich at the center of the particle. As the cation exchange
proceeds, the Ga concentration increases and exchanges with
In deeper into the nanocrystal, resulting in a more uniform Ga-
rich elemental distribution.
Ideally, we would collect enough signal on each individual

particle to quantify the composition profile. However, the
efficiency of STEM-EDS is limited by the low probability of
inelastic collisions, the X-ray fluorescence yield (especially for
light elements), and the limited collection efficiency of the
STEM-EDS detectors. The low efficiency of STEM-EDS
means that high electron doses are needed to collect high
signals. For these samples, the electron doses required for a
high EDS signal were well beyond the dose at which the

Figure 4. (A) HAADF-STEM and (B, C) STEM-EDS intensity maps for In and Ga, respectively, for each sample in the In1−xGaxP1−yAsy reaction
series. All five particles are oriented down the ⟨110⟩ zone axis and rotated to be in the same crystallographic direction. The HAADF images are
from the first frame of the EDS acquisition. The signal intensity in EDS maps is background-subtracted, integrated, and normalized to the As-Lα
intensity. The EDS spectra are binned by a factor of 10. All images are at the same scale. (D) Line profiles taken from dashed white regions of (A−
C).
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particles would decompose. Even under the best conditions,
the signal density from individual NCs was insufficient for
high-resolution elemental quantification in individual particles.
Therefore, we sought to use the EDS signal from many similar
particles under a lower electron dose to make representative
“single-particle” EDS maps, inspired by single-particle analysis
methods employed in structural biology and, more relatedly,
on metal NCs.31−33,42−48

We leveraged the open-source Python library ParticleSpy to
automatically segment and classify hundreds of particles based
on HAADF-STEM and then summed and analyzed the EDS
data using the HyperSpy library.49,50 In Figure 2, we
demonstrated that we could simultaneously acquire HAADF-
STEM and EDS spectral images over a large field of view,
where each map contains hundreds of particles and is at a
lower electron dose per particle than Figure 4. The high
contrast of the particles in HAADF-STEM aids in identifying
and segmenting the particles with ParticleSpy. Because there
are hundreds of particles in the frame, the overall EDS
spectrum contains thousands of counts, which can be spatially
overlaid to give a map with a high signal. In Figure 3, we used
atomic-resolution HAADF-STEM and modeling to understand
the orientation of the particles. These methods help us
overcome heterogeneity in size, shape, and orientation. Single
particle analysis relies on the particles being virtually identical,
which normally would preclude this analysis from being
applied to most nanocrystal samples. However, from a
heterogeneous ensemble of NCs, a homogeneous subset of
particles can be selected that are valid for single-particle
reconstruction.32 From the HAADF-STEM images, we
selected a relatively homogeneous set of particles. We filtered
for size and shape by excluding particles within one standard
deviation of the mean area and circularity (SI, Section 10 and
Figure S27). The filtered particles were then oriented by
rotating relative to a template and manually selecting particles
oriented on the ⟨110⟩ zone axis (SI, Section 10 and Figure

S28). These filtered particles were then selected for EDS
analysis and signal averaging: we used the particle information
from HAADF-STEM to crop out the EDS spectrum images
and align the entire spectrum image rotationally. After
performing these operations, summing the EDS spectrum
images across dozens of particles, and binning the data further
to increase the signal per pixel, we obtain images in which each
pixel has discernible EDS peaks, yielding elemental maps for
each sample. The result of this analysis is shown in Figure 5,
where the first row shows the signal-averaged HAADF image
of the NCs and the following rows show quantified elemental
distribution maps for In and Ga. The remaining particle
inhomogeneity, imperfect alignment of the particles, and EDS
binning limit the resolution of the maps; we cannot resolve the
elemental distribution with atomic resolution. Nonetheless, the
extensive filtering and alignment give the maps enough fidelity
to show the average structure within a representative subset of
NCs.
The top row of Figure 5 shows the signal-averaged HAADF

for the samples considered, with the number of particles used
for signal-averaging displayed at the bottom of the image (see
SI, Section 10 and Figure S27 for details). The dashed white
lines across the middle indicate where a line profile was taken.
The line profiles are shown at the end of the row, where the
time in the reaction is indicated from the lightest color
(InP1−yAsy) to the darkest (In1−xGaxP1−yAsy 16 h). The
HAADF line profiles reproduce the asymmetric intensity
profile of individual ⟨110⟩-oriented particles, shown in Figure
4d. The next row of Figure 5 shows the elemental distribution
map for In. Overall, the intensity of the In map drops rapidly
from the InP1−yAsy to the In1−xGaxP1−yAsy 15 min map and
then slowly decreases for the later 3 samples. This abrupt
change is reflected in the line profiles, which also show a
change in the line shape. While the In composition in the
starting material bows down in the middle, after 15 min of
molten-salt annealing, the In profile peaks in the middle of the

Figure 5. Top: aligned and summed HAADF images for each reaction time point. Middle and bottom: elemental distribution maps for In (red)
and Ga (blue) obtained by summing EDS spectrum images of the particles at each reaction time point. The number of particles summed (“N”) is
shown in the bottom right corner of the HAADF image for each reaction time point. The line profiles are taken from left to right, summing over the
area indicated by the dashed white lines. The opacity of the line increases with reaction time, with the InP1−yAsy sample shown with the lightest line
and the In1−xGaxP1−yAsy annealed for 16 h plotted with the darkest line.
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map, and that shape remains for the remainder of the reaction.
By comparison, the Ga content (third row of Figure 5) is
essentially zero for the InP1−yAsy sample and then abruptly
increases for the In1−xGaxP1−yAsy 15 min map. The Ga content
continues to increase, but throughout the exchange, there is a
persistent dip in the Ga content in the center of the particles,
which is reflected in the maps by a darker spot in the middle
and in the line profiles by a dip in the composition. The peak
of the In signal and dip in the Ga signal at the center of the
particles indicate that the In/Ga composition is nonuniform
across particles. The elemental distributions of P and As are
shown in SI, Section 10 and Figure S29. The observation of a
nonuniform elemental distribution in individual NCs (Figure
4) and the signal-averaged result (Figure 5) suggests that the
nonuniform elemental distribution is representative of the
sample. We also performed signal averaging without filtering
for orientation, which shows a similar nonuniform elemental
distribution with lower spatial registration and higher signal
(see SI, Section 10 and Figures S30 and S31), providing
further evidence that our observations are representative of the
sample.
Modeling Cation Exchange as a Diffusion-Limited Process

In the results shown so far, we observe a rapid transformation
at the early stages of the cation-exchange reaction, in which the
surface is enriched with Ga, and the cation exchange is less
complete inside the particles. Subsequently, despite the
reaction proceeding for another 16 h, the changes in the
elemental composition are relatively minor, and the In
enrichment on the inside of the particle persists. From the
standpoint of thermodynamics, one might expect that the
cation exchange would eventually replace all the In3+ with Ga3+

and result in a uniform GaP1−yAsy phase. The standard
enthalpies of formation for GaAs and GaP (−87.7 and −103.2
kJ/mol, respectively) are lower than that of InAs and InP
(−60.0 and −70.2 kJ/mol, respectively),51 such that a
homogeneous In1−xGaxP1−yAsy or pure GaP1−yAsy phase is
preferred enthalpically.23 Furthermore, we expect that the
entropy would be maximized for a homogeneous solid solution
rather than a graded elemental distribution. The observations
of the incomplete exchange and a composition gradient, which
ostensibly are neither enthalpically nor entropically preferred,
suggest that the cation exchange is kinetically limited. The
kinetically limited cation exchange for InAs or InP starting
materials in Ga-containing molten salts has been proposed
previously, and the key evidence is the persistent observation
that higher molten salt annealing temperatures result in faster
cation exchange and more Ga-rich compositions.24,25,27,30

To examine the kinetic aspects of cation exchange that may
impact the resulting elemental distribution, we model the
annealing in the molten salt as a diffusion-limited process. To
evaluate the elemental distributions that would result from a
diffusion-limited process in tetrahedra, we simulated the cation
exchange using finite element analysis, implemented in
COMSOL Multiphysics (SI, Section 11 and Figure S32).
Our simplest model considers the diffusion in a tetrahedron
with edge lengths of 7 nm, with a diffusion constant that does
not vary during the course of the reaction. We numerically
solved the elemental distribution at a series of reaction time
points and plotted the projection of the composition in the
⟨110⟩ zone axis. Qualitatively, this model explains some of our
experimental observations. From STEM−EDS (Figures 4 and
5), we observed that the edges of the particles exchange before

Figure 6. (A) Elemental distribution map of the Ga atomic fraction (relative to total In + Ga), determined experimentally from summed particle
signal (Figure 5). (B) Modeled composition for ⟨110⟩ oriented tetrahedron, calculated using a composition-dependent diffusion model
implemented in COMSOL. The composition is integrated across the thickness of the tetrahedron to account for the experimental measurement
being a projection of the NCs. (C) Line profiles of Ga atomic fraction, relative to In + Ga, taken through the middle of the experimental elemental
distribution maps. (D) Line profile of Ga fraction from the composition-dependent diffusion model.
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the core. The model predicts that it takes time for the core to
exchange because Ga atoms need to diffuse from the surface to
the core. However, the diffusion model with a constant
diffusion coefficient struggles to quantitatively reproduce the
initially fast but later slow cation exchange. Experimentally, we
observe ∼50% of In atoms exchange in the first 15 min, yet the
exchange fails to complete after 16 h of reacting in the molten
salt (Figure 2d). Modeling with a constant diffusion coefficient
does not replicate the experimental results; low diffusion
coefficients result in the composition change lagging at early
times and high diffusion coefficients predict a complete
exchange at later times (SI, Section 11 and Figure S33). We
then considered a composition-dependent diffusion coefficient:
at lower % Ga compositions, it is more favorable for Ga to
exchange, while at higher compositions, it is less favorable.
This results in a high diffusion coefficient at low compositions,
or early times, and a lower diffusion coefficient at higher
compositions, or later times (SI, Section 11 and Figures S34
and S35 and surrounding discussion). A linear relationship
between the composition and diffusion coefficient still fails to
reproduce the experimental results. The diffusion model aligns
with the experimental results (Figure 6a,c) when the diffusion
coefficient scales as composition to the power of 10 (Figures
6b,d and S35). The large changes in the effective diffusion
coefficient with composition that are necessary to explain the
data reflect that the rate of cation exchange is substantially
different at the early and late reaction times.
To rationalize a cation-exchange rate that drastically slows

after a fast initial exchange, we consider previous experimental
observations and theoretical predictions. For Ga3+ exchange
into InP, it was proposed that the initial ensemble composition
change is due to rapid surface exchange,25 and our findings
here suggest that this rapid initial change is likely accelerated
by the surface addition of Ga3+. Exchange beyond the surface is
thought to be mediated by interdiffusion, a slower process that
may be aided by defects, possibly generated and most
abundant during the initial surface reconstruction.24,25,52 The
large difference in surface cation exchange and interdiffusion
can contribute to the elemental distribution that we observe.
These experimental observations may also be explained by
theoretical work that shows that local composition influences
diffusion rate.53,54 In particular, the exchange from A → B can
be suppressed by the formation of a B-rich shell at the edges of
the particle,54 which in our case would translate to exchange of
In at later times being suppressed by the Ga-rich edges of the
NC because the lattice contraction induced by smaller Ga
atoms suppresses further exchange or diffusion. Additionally, it
has been found experimentally that anion composition also
impacts diffusion constants: the activation energy of Ga3+
diffusion in InP NCs was found to be lower than that in
InAs.24 We tentatively observe that In1−xGaxP1−yAsy NCs have
P-rich edges and As-rich cores (Figure S29) although the P
signal in EDS is weaker than the other elements; therefore, we
are less confident in its distribution. In that case, the above-
mentioned difference in activation energies would result in
faster diffusion through the P-rich edges and slower diffusion
through the As-rich cores. Furthermore, there may be specific
chemical or strain interactions that would favor the formation
of In−As or Ga−P bonds, or the mismatch between Ga−P at
the edges and In−As at the core could generate strain that
slows exchange. More work is needed to discern which factors
have the greatest influence on the rate of diffusion, toward a
predictive understanding of how composition and elemental

distribution can be controlled as a function of annealing
conditions.
Regardless of the mechanisms that lead to the elemental

distribution in In1−xGaxP1−yAsy NCs, the graded composition
may be beneficial to their photophysical properties. Theory
suggests that graded interfaces can smooth out the confine-
ment potential and thereby suppress Auger recombination,
potentially enhancing photoluminescence quantum yield under
high photon flux.15 Graded II−VI NC compositions have been
used to enhance photoluminescence performance.16−19 The
diffusion-limited nature of the molten salt cation exchange
could be exploited to form III−V NCs with crystallographically
coherent and compositionally graded structures with poten-
tially enhanced photophysical properties. On the other hand,
the direct synthesis of III−V alloys in molten salts28,29 may
generate homogeneous elemental distributions, which may
lead to different optoelectronic properties with a similar
ensemble composition.

■ CONCLUSIONS
In this study, we considered the atomistic details of how the
cation exchange of Ga3+ and In3+ occurs in a molten salt
medium to produce In1−xGaxP1−yAsy NCs. Using HAADF-
STEM and STEM-EDS, we characterized the structure and
composition of these NCs with a high spatial resolution.
Despite large compositional changes, we observe that the
tetrahedral morphology (Figure 2) and crystalline structure of
the NCs (Figure 3) are largely conserved throughout the
exchange. However, there are some subtle changes: the
particles slightly increase in size and form sharper facets due
to surface reconstruction, and the higher Ga content leads to
an overall contraction in the lattice. STEM−EDS data,
collected after extensive signal optimization, reveal the
changing elemental distribution throughout the exchange.
We see that, within several minutes, Ga rapidly deposits and
exchanges at the surface of InP1−yAsy NCs, and within hours,
Ga exchanges more completely within the nanocrystal (Figure
4). The application of a method to sum EDS signal from many
NCs is a critical advancement that enabled the generation of
representative composition maps (Figure 5). This revealed a
graded elemental distribution within In1−xGaxP1−yAsy NCs that
gets more but is never completely homogeneous during the
course of the reaction. We employed finite element analysis to
simulate diffusion-limited exchange, finding that a highly
composition-dependent diffusion coefficient is needed to
describe the initial fast composition changes at early times
but much slower changes at later times (Figure 6). We
discussed how this elemental distribution emerges from a
diffusion-limited exchange process and how it might impact
optoelectronic properties. More broadly, the methods
developed here could be used to determine the elemental
composition of other colloidal semiconductor NCs. These
nanocrystals are typically small (<10 nm) and beam sensitive,
which has limited their characterization by electron spectros-
copies like EDS and electron energy loss spectroscopy (EELS).

■ METHODS

Synthesis of InP1−yAsy, In1−xGaxP1−yAsy
The InP1−yAsy and In1−xGaxP1−yAsy samples were studied in a
previous publication, and their synthesis and routine characterization
are described there.28
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Scanning Transmission Electron Microscopy (STEM)
Aberration-corrected STEM was performed with a Thermo Fisher
Scientific Titan Themis operated at accelerating voltages of 80, 200,
or 300 kV. Samples were prepared by drop-casting solutions of NCs
on ultrathin carbon film TEM grids (Ted Pella, Prod 01824, ultrathin
carbon film on lacey carbon support film, 400 mesh, Cu). To
minimize air exposure, grids were prepared in a glovebox with an
argon atmosphere. After drop-casting, the grids were dried under
vacuum in the glovebox antechamber for roughly 30 min, before being
transferred back into the glovebox, sealed in an airtight container, and
transported to the microscopy facility. Grids were baked at 120 °C
under a vacuum overnight to further mitigate contamination. EDS
data in Figures 2, 4, 5, and 6 were collected with an accelerating
voltage of 80 kV, beam current of roughly 700 pA, and dwell time of
20 μs, except for one of the large field-of-view maps of
In1−xGaxP1−yAsy (15 min), which was collected with a beam current
of 350 pA. Atomic-resolution HAADF images, shown in Figure 3,
were collected with an accelerating voltage of 300 kV.

The analysis and plotting of data were conducted using a series of
custom Python scripts, primarily using the open-source library
HyperSpy.50 Particle segmentation and morphology measurements
were conducted with ParticleSpy.49 See the SI for the full description
of the data analysis.
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