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ABSTRACT: Semiconductors are commonly divided into materi-
als with direct or indirect band gaps based on the relative positions
of the top of the valence band and the bottom of the conduction ,
band in crystal momentum (k) space. It has, however, been - I Gap In Gapizns :

debated if k is a useful quantum number to describe the band — i RE ‘ / l
structure in quantum-confined nanocrystalline systems, which blur 1971 . Increasing "G

the distinction between direct and indirect gap semiconductors. In

bulk III-V semiconductor alloys like In,_,Ga,P, the band structure
can be tuned continuously from the direct- to indirect-gap by
changing the value of x. The effect of strong quantum confinement
on the direct-to-indirect transition in this system has yet to be
established because high-quality colloidal nanocrystal samples have
remained inaccessible. Herein, we report one of the first systematic studies of ternary III—V nanocrystals by utilizing an optimized
molten-salt In-to-Ga cation exchange protocol to yield bright In, ,Ga,P/ZnS core—shell particles with photoluminescence quantum
yields exceeding 80%. We performed two-dimensional solid-state NMR studies to assess the alloy homogeneity and the extent of
surface oxidation in In,_,Ga,P cores. The radiative decay lifetime for In,_,Ga,P/ZnS monotonically increases with higher gallium
content. Transient absorption studies on In;_,Ga,P/ZnS nanocrystals demonstrate signatures of direct- and indirect-like behavior
based on the presence or absence, respectively, of excitonic bleach features. Atomistic electronic structure calculations based on the
semi-empirical pseudopotential model are used to calculate absorption spectra and radiative lifetimes and evaluate band-edge
degeneracy; the resulting calculated electronic properties are consistent with experimental observations. By studying
photoluminescence characteristics at elevated temperatures, we demonstrate that a reduced lattice mismatch at the III-V/II-VI
core—shell interface can enhance the thermal stability of emission. These insights establish cation exchange in molten inorganic salts
as a viable synthetic route to nontoxic, high-quality In, ,Ga,P/ZnS QD emitters with desirable optoelectronic properties.
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B INTRODUCTION absorption and emission spectra that are well described by
Electronic and optoelectronic devices such as transistors, particle-in-a-box models.” Quantum-confined absorption and
photodetectors, and light-emitting diodes (LEDs) employ photoluminescence (PL) have been well documented in
high-quality semiconducting layers as the active material. In colloidal nanocrystals of elemental and compound semi-
bulk semiconductors, electronic transitions must conserve both conductors, alloys, and core—shell structures.”© The examples
energy and momentum. This requirement divides semi- cited here are for compositions that, in their bulk form, are
conductors into two distinct families: direct-gap semi- direct-band-gap semiconductors. Direct-gap semiconductors

conductors, where the top of the valence band and bottom
of the conduction band occur at the same point in the Brillouin
zone (I point for typical II-VI materials like CdSe, and L
points for typical IV—VI materials like PbS); and indirect-gap
semiconductors, where this condition is not met.! In sub-10
nm semiconductor nanocrystals, as the carrier wavefunctions
are confined in dimensions smaller than the exciton Bohr Received: March 14, 2023
radius, the energy gap between the highest-energy occupied Published: July 19, 2023
and lowest-energy unoccupied states becomes a function of the

particle size. The canonical examples of colloidal semi-

conductor nanostructures, such as CdSe nanocrystals, also

known as quantum dots (QDs), show size-dependent

generally show strong dipole-allowed interband transitions and,
correspondingly, quantum dots derived from direct-gap
semiconductors are characterized by strong excitonic tran-
sitions,” high luminescence efficiency with fast nanosecond

© 2023 The Authors. Published b
American Chemical Societ¥ https://doi.org/10.1021/jacs.3c02709
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Figure 1. Band structure of bulk (A) GaP and (C) InP. (B) Composition dependence of band gap and lattice constant in bulk alloyed In,_,Ga,P
crystals at 300 K (blue line) from previously reported data in refs 35 and 36. Theoretical predictions for the composition dependence of the band
gap for 4 nm diameter In;_,Ga,P nanocrystals (black squares) calculated using a semi-empirical pseudopotential model described below and in the
Supporting Information (SI) (Figures S1—S3 and Tables S1 and S2). Panel (A) was adapted with permission from ref 16 (Copyright 1971
American Physical Society). Panel (C) was adapted with permission from ref 18 (Copyright 1986 American Physical Society).

radiative lifetimes,” and state filling induced transient optical
bleaching upon photoexcitation.”"

In materials like silicon and germanium, which have an
indirect band gap in the bulk, the effect of quantum
confinement on absorption and photoluminescence is more
complicated due to the momentum mismatch between the
valence band maximum and conduction band minimum. In
bulk crystals of these materials, absorption or emission of
photons at the band gap energy requires phonons to
compensate for this momentum mismatch, leading to weak
band-edge absorption and very weak, often undetectable
photoluminescence (PL). Despite this additional factor, Si
and Ge nanocrystals show size-dependent absorption onsets'"
and, in some cases, size-dependent PL."”> However, the
absorption spectra do not exhibit distinct excitonic features,
the PL has long s lifetimes,'> and nanocrystals derived from
indirect-gap materials do not display excitonic bleach
signatures near the band edge.” The finite size of the
crystallite relaxes, at least partially, the requirement of
conservation of momentum, and mixing of the I' and X
valleys may enable direct-like absorption and emission of
photons without phonon-mediated processes.'* Indeed, low-
temperature PL measurements on silicon nanocrystals show
zero phonon emission for small particles, indicating that a
direct (not phonon-mediated) emission pathway is possible."
However, the mixing of the states is very weak, and silicon
remains essentially an indirect band gap material in nano-
crystalline form.”

The two cases thus far discussed represent distinct material
classes that cannot be continuously tuned between direct- and
indirect-behaving systems. One rather unique system where
the indirect/direct nature of the transition is continuously
tunable is InP—GaP.'® InP is a direct-band-gap semiconductor
with a valence band maximum and a conduction band
minimum at the I' point (Figure 1C)."”'® GaP is an
indirect-band-gap semiconductor with a valence band max-
imum at the I" point and a conduction band minimum at the X
point'® (Figure 1A). These two materials form solid solutions
at all compositions: alloying increases the energy of the I' point
conduction band minimum and lowers the energy of the X
point conduction band minimum. At a bulk composition of
~75% gallium, the I and X points of the conduction band
cross in energy, resulting in a change in the slope of the band
gap vs composition relationship (Figure 1B), and In,_,Ga/P
exhibits indirect behavior at higher gallium contents.

16430

The effect of quantum confinement on the In;_ Ga,P QDs
as a function of size and x-value has not been systematically
studied. In particular, it is not clear how quantum confinement
affects the nature of the composition-determined direct-to-
indirect transition. For Stranski—Krastanov (SK) grown
epitaxial QDs, since the strain is the driving force for island
formation, it is difficult to synthesize materials with
independent control over size and composition.20 Moreover,
SK QDs are typically larger than the Bohr exciton radius and
thus lie within the weak confinement regime, minimizing any
potential I'=X mixing, which may occur due to strong
quantum confinement. Quantum-confined nanowire or nano-
rod structures grown via epitaxial techniques or solution
techniques have more flexibility in tuning size and composition
independently, but achievable dimensions are still too large to
achieve strong quantum confinement in this material
system.”' ~**

Solution phase colloidal synthesis is an ideal method for
preparing small semiconductor crystallites with strong
quantum confinement due to precisely controllable nucleation
and growth kinetics. These methods have been well developed
for II-VI, IV=VI, and In—Pn (Pn = P, As, Sb) materials.
However, due to the high reactivity of gallium toward organic
solvents at high temperatures,”* the synthesis of high-quality
Ga—Pn and In;,_,GaPn materials is not well developed.
Currently, there are many established routes to high-quality
InP>~** with control over size and morphology, which result
in bright emissive semiconductors, while only a few routes to
colloidal GaP*”** have been reported. There are a select few
examples of In,_,Ga,P particles that have been prepared via
colloidal growth methods. However, based on reported data,
the uniform incorporation of gallium into the InP lattice has
not been unambiguously verified.”"*> The lack of general
control over composition and size in these systems limits their
utility for studying the fundamentals of the direct-to-indirect
transition in quantum-confined In,_,Ga,P.

Recently, our group has developed methods to prepare
stable colloids in molten-salt solvents”** and used these
solvents as a high-temperature reaction medium for preparin
ternary In,_,Ga,P and In,_,Ga,As colloidal nanocrystals.*>~>
In this synthetic approach, we start with InP or InAs
nanocrystals, where we can leverage their well-developed size
control methods and disperse the nanocrystals in a gallium-
containing molten-salt solvent. High-temperature annealing of
the InP/molten-salt mixture causes solid-state diffusion of
gallium into the InP lattice with coupled out-diffusion of the

https://doi.org/10.1021/jacs.3c02709
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Figure 2. (A) Reaction scheme describing the conditions for the In-to-Ga cation exchange and the subsequent ZnS shelling steps. The photographs
in (B) are of emissive core—shell In,_,Ga,P/ZnS samples with similar gallium contents synthesized from 4.9 nm InP (red emitting post cation
exchange), 4.0 nm InP (yellow), and 3.2 nm InP (green) populations. (C) Representative powder X-ray diffraction (XRD) patterns indicate a zinc-
blende crystal structure for the cores as well as for the core—shell samples derived from the 4.0 nm InP particles. (D) Transmission electron
microscopy (TEM) images indicate the evolution of particle morphology over the cation exchange and shelling steps.

In, leading to In, ,Ga,P nanocrystals. The temperature and
duration of annealing can be used to control the degree of
gallium incorporation independent of particle size. The high-
temperature stability and rigorously oxygen-free environment
enabled by the molten salts further enable the study of the
In,_,Ga,P without oxidation from the decomposition of
oxygen-containing ligands or atmospheric contamination.

In this work, we synthesize a series of In;_,Ga,P nanocryst-
als where we vary the diameter from 3.2 to 4.9 nm and x-value
from 0 to 0.92. We use solid-state NMR to validate that the
molten-salt-derived nanocrystals have minimal surface oxida-
tion and that In and Ga are alloyed uniformly within the
nanocrystals rather than forming a distinct core—shell
morphology. To fully exploit the oxygen-free nature of the
molten-salt-derived In,_,Ga,P nanocrystal surface, we develop
a ZnS shelling protocol that rigorously avoids oxygen or
oxygen-containing precursors. We show that the resulting
In,_,Ga,P/ZnS colloidal nanocrystals in the x = 0.14—0.57
range can display PL quantum yields (PLQY) as high as 89%
with PL line widths of 57 nm full width at half-maximum
(FWHM). Optoelectronic characterization via time-resolved
PL (TRPL) and transient absorption (TA) spectroscopy on
the resulting In, .Ga,P/ZnS nanocrystals suggests that the
oscillator strength of the emissive state decreases as the gallium
content is increased. We further performed theoretical
calculations via atomistic semi-empirical pseudopotential
methods to capture the electronic structure of the alloyed
QD systems. Calculated optoelectronic properties, including
optical gaps, absorption spectra, and radiative lifetimes, show
good agreement with experimental measurements, capturing
the trend as gallium content increases in alloyed In,_,Ga,P
QDs. Fluence-dependent transient absorption shows that the
Auger recombination rate is not strongly modulated by
composition; rather, well-established volume scaling dominates
multiexciton physics in these quantum-confined nanocrystals.
In In,_,Ga,P/ZnS samples with x = 0.65—0.92, we show that
the excitonic bleach feature disappears for samples that contain

>65% gallium, consistent with the conversion of In;, ,Ga,P/
ZnS to an indirect band gap material. Calculated electronic
structures of the conduction band-edge states show the I'- to
X-valley transition as gallium composition increases and help
decipher the direct-to-indirect band gap transition in the
confined system. Finally, we show that In;_,Ga,P/ZnS
nanocrystals display better thermal stability relative to InP/
ZnS core-shells, likely due to a smaller mismatch of the lattice
constants between the In,_ Ga,P core and ZnS shell. Together,
our results provide insight into the nature of the composition-
driven direct-to-indirect transition of a model semiconductor
system, providing crucial insight for designing next-generation
colloidal QD materials.

B RESULTS AND DISCUSSION

Synthesis of In,_,Ga,P Colloidal Quantum Dots and
In,_,Ga,P/ZnS Core—Shell Nanocrystals. An In-to-Ga
cation exchange reaction performed on indium pnictide
nanocrystals dispersed in molten salts offers a viable route
toward synthesizing the otherwise elusive gallium-containing
ternary III—V phases.”™” We exchange the native long-chain
surfactants on the as-synthesized nanocrystals with compact
charged inorganic ligands in order to disperse them in molten-
salt media. Z-type gallium halide ligands constitute a unique
candidate for this role, as they avoid introducin_g additional
heteroatom impurities such as chalcogenides.’**” Gallium is
notoriously oxophilic at elevated temperatures, necessitating
that oxygen-containing moieties are avoided at all subsequent
steps. We, therefore, introduce an amine-based recovery in this
report, allowing us to obtain a colloidal solution of alloyed
ternary In;_ Ga,P nanocrystals without using carboxylate
ligands. This further prevents surface oxidation in the
subsequent high-temperature ZnS shelling step.

To establish the general applicability of our protocol, we
focus on three kinds of colloidal InP nanocrystals with different
sizes and surface terminations. Trioctylphosphine (TOP)/
trioctylphosphine oxide (TOPO) passivated InP nanocrystals

https://doi.org/10.1021/jacs.3c02709
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were prepared by a dehalosilylation reaction between InCl,
and tris(trimethylsilyl)phosphine, following an established
synthesis pioneered by Micic et al.’>** A population with an
average diameter of ~4.9 nm was size-selectively separated
from the reaction mixture. We also synthesized small InP
nanocrystals of ~3.2 nm diameter via an adaptation of the
indium myristate-based recipe pioneered by the Peng group.”
A third intermediate-sized InP population of 4.0 nm diameter,
which is similar to QD cores used for display applications, was
obtained from a proprietary source. The size distributions were
calculated from maximum-entropy fits to the corresponding
small angle X-ray scattering (SAXS) patterns, Figure S4A—F.’

Following previous reports, the native organic ligands on each
of these go;)ulations were exchanged for inorganic Z-type Galj
ligands.””*” We observe only small differences between the
absorption spectra recorded using stable colloidal dispersions
of these inorganically capped particles before and after ligand
exchange (Figure SS), which we ascribe to subtle changes in
energy levels of the band structure, influenced by changes in
the QD surface chemistry."” The InP particles capped with
Gal, ligands were added to a KGal, salt matrix (Figure 2A),
flame-sealed inside quartz ampoules under vacuum, and
subjected to different annealing conditions to yield similar
gallium compositions, as noted in Table S3. Larger nanocryst-
als are more resistant to cation exchange than their smaller
counterparts under similar reaction conditions, thereby
requiring higher annealing temperatures for similar final
gallium contents. Next, the salt matrix was dissolved using
anhydrous acetonitrile, and the nanocrystals, which are
insoluble in acetonitrile, were recovered via centrifugation.
We used a mixture of dodecylamine and octadecylamine as
entropic ligands to confer colloidal stability to the In;_,Ga,P
nanocrystals in toluene.*' Excess amine ligands were removed
by precipitating the particles using anhydrous methyl acetate
and redispersing them in a desired nonpolar solvent. We
performed X-ray diffraction studies on the cation-exchanged
products recovered with the aforementioned alkylamine
ligands to ensure that there was no decomposition of the
zinc-blende phase (Figure S6). We estimated lattice constants
from the recorded diffraction patterns using Le Bail refine-
ment, which allowed us to assign a resultant gallium
composition to the alloyed In,_,Ga,P phases. Additional
peaks appearing before the (111) peak (i.e., at lower 20) are
more pronounced in the smaller populations and likely stem
from the ordering of organic capping ligands.*”

To study the photophysics of In;_,Ga,P as a function of
composition, we passivate the surface to remove surface trap
states. Since gallium has a high affinity toward oxygen at
elevated temperatures, exposure of the alloyed In;_,Ga/P
nanocrystals to oxygen-containing shelling precursors (e.g., zinc
carboxylates) can potentially trigger surface oxidation during
zinc sulfide shell growth. Thus, we introduce a shelling
protocol that allows us to grow a wide band gap ZnS shell on
the In;_,Ga,P nanocrystals in a reducing environment (Figure
2A) without oxygen-containing precursors. ZnCl, in oleyl-
amine and trioctylphosphine sulfide (TOP-S) were used as the
zinc and sulfur precursors, respectively (see the Supporting
Information for the detailed reaction scheme). The In-to-Ga
cation exchange decreases the lattice constant of the
nanocrystals relative to the initial InP. This provides a better
lattice match with wide band gap shelling materials such as
ZnS, thus yielding highly emissive core—shell In,_,Ga,P/ZnS
QDs. We obtain red, yellow, and green emissions from the

large-, medium-, and small-core populations, respectively
(Figure 2B), demonstrating the expected effects of quantum
confinement to tune the band gap of these alloyed nanocrystals
as a function of size while retaining a similar composition at x
~ 35% Ga content. Steady-state absorption and emission
spectra of the individual core—shell samples are plotted in
Figure S7, along with the absorption spectra of the relevant
cores. Ing4sGag3sP/ZnS nanocrystals synthesized from the 4
nm InP QDs have a 60 nm PL FWHM with a high PLQY of
75%, measured relative to the reference organic dye coumarin
153. Prior studies indicated that emission in the ~530 nm
region can be achieved with very small InP nanocrystals (~2
nm diameter) that are inherently less stable.”® Notably, we
could achieve green emission with a relatively high PLQY of
~48% using IngGag3,P/ZnS QDs derived from the 3.2 nm
InP population without any additional optimization. For larger
4.9 nm diameter Ing4,Gag33P/ZnS QDs, we achieved a PLQY
of ~19%. We have previously shown that particles derived
from this method have a higher density of internal defects,’”
indicating that starting with highly crystalline InP particles is
likely key to achieving good-quality In, ,Ga,P emitters.
Seeking to compare the contribution of population dispersity
toward emission broadening in these samples, we constructed
excitation—emission maps (Figure S8A,C,E) and found that a
broad emission is inherent for the large particles, perhaps
resulting from their higher defect concentration. The
impressive emission properties of the In;,  Ga,P/ZnS samples
reported in this study suggest that the ZnS shell we have grown
provides efficient surface passivation, even though the lattice
mismatch of InyGag ;5P with the ZnS shell is ~5.5%. In the 4
nm population, this is evidenced by the diffraction peaks
getting narrower and further shifting to higher 20 values after
shelling (Figure 2C). Transmission electron microscopy
(TEM) images indicate that the In-to-Ga cation exchange
reaction in a molten gallium halide environment leads to
increased faceting of the nanocrystals (Figure 2D), consistent
with our previous observations.”” We estimate that two
monolayers of ZnS are grown under present shelling
conditions, resulting in an average tetrahedral edge length of
9 nm for the representative faceted Iny¢Gag3sP/ZnS nano-
crystals derived from 4 nm InP (Figure 2D). The reduced
lattice mismatch may still be too large, leading to somewhat
irregular growth of the ZnS shell at our reaction temperatures.
While this proves sufficient to provide reasonably high
quantum yields, pursuing lattice-matched heterostructures or
graded alloy shells may enable the growth of thicker shells and
more efficient surface passivation.

Solid-State Nuclear Magnetic Resonance (ssNMR)
Spectroscopy of InP and In;_,Ga,P Nanocrystals. The
transformation of InP into In,_,Ga,P wvia partial cation
exchange reaction is expected to yield a homogeneous alloying
of Ga and In throughout the QD volume, but alternative
scenarios, such as graded alloying or even phase separation,
cannot be ruled out a priori, and previous XRD simulations
suggested that this technique alone is relatively insensitive to
these structural parameters.37 Moreover, as discussed above,
the InP and In, ,GaP phases are susceptible to oxidation.
Previous studies have shown that synthesizing InP nanocrystals
from oxygen-containing indium carboxylate precursors can
result in substantial surface oxidation,’® conventionally
estimated as the fraction of total phosphorus that is present
in the form of various oxidized phosphorus species.*’”*
Surface oxidation of InP and In;_,Ga,P QDs can also be
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Figure 3. (A) 25 kHz MAS *'P spin-echo and 'H — 3'P CP solid-state NMR spectra of TOP/TOPO-capped InP and octadecylamine/
dodecylamine-capped InysGaysP QDs. (B) Static ''*In spin-echo NMR spectra of InP and Iny;Ga,sP QDs. (C) The 25 kHz MAS ®Ga
quadrupolar Carr—Purcell Meiboom—Gill (QCPMG) spectrum of IngsGagsP QDs. (B, C) Both *In and ®Ga NMR spectra are fitted with a
Czjzek distribution of quadrupolar interactions, the parameters for which are indicated in the Supporting Information. (D, E) *'P{'**In} and
31P{®Ga} J-resolved NMR experiments. The signal dephasing as a function of the spin-echo duration (z) is shown for the phosphide *'P NMR
signal of InP (blue triangles) and InysGa,sP (pink squares). 'H — 3'P cross-polarization was used to enhance the *'P NMR signals. The error bars
were determined by measuring the signal-to-noise of the control spectra. One standard deviation in the signal intensities (6) was assumed to be

equal to the signal-to-noise multiplied by the signal dephasing.

introduced during post-synthetic handling and cation exchange
in the molten-salt medium. In this work, to elucidate the
chemical environment of P, Ga, and In, we use a combination
of ssNMR techniques to probe the structure of our QD
materials. The TOP/TOPO passivated 4.9 nm InP nanocryst-
als likely have minimal surface oxidation, to begin with,*® and
therefore constitute a convenient system for probing surface
oxidation with ssNMR after subsequent transformations. The
native organic ligands were exchanged with Gal;, and the
particles were dispersed in a molten KGal, salt matrix and
annealed at 440 °C for 4 h to yield alloyed In, ,Ga[P
nanocrystals. Expectedly, we observe a blue shift of the
excitonic feature in the absorption spectra after cation
exchange (Figure S9A) and estimate a gallium composition
of 50% from powder X-ray diffraction (Figure S9B). Purified
nanocrystals were dried as a pellet for use in ssNMR
experiments.

For TOP/TOPO-capped InP nanocrystals and our amine-
capped IngsoGagsoP nanocrystals, we employed 3P direct
excitation (spin echo) and surface-selective "H — *'P cross-
polarization (CP) ssNMR spectroscopy. These experiments
were performed to identify potential binding sites for
trioctylphosphine (TOP), trioctylphosphine oxide (TOPO),
or dodecylamine (DDA) and octadecylamine (ODA) on the
nanocrystal surfaces and to differentiate bulk and surface P
sites (Figure 3A). The *'P spin-echo NMR spectra are
expected to show signals from all P species present in the
sample, including surface and core phosphide sites, while the
'H — *'P CP experiment will enhance NMR signals from *'P
spins nearer to the surface of the material, which are dipole
coupled to 'H spins (i.e., "H and *'P spins, which are within ca.
5 A of one another). The intense *'P NMR signal centered at
—164 ppm is attributed to P atoms residing in the phosphide
core of InP and Ing5,Ga 5P because this peak has the highest
intensity in the spin-echo spectrum, and a similar chemical
shift was reported in prior studies of InP and In;_,Ga/P
phases.”*™*" There is one additional P NMR signal at ca.
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—119 ppm observed in the spectrum of the InP QDs next to
the most intense P NMR signal, which is assigned to
subsurface phosphide *'P atoms.*® Since only a small fraction
of the atoms constitute the surface, the chemical shifts of low-
intensity *'P NMR signals in the range of +50 to —50 ppm are
assigned to the surface P sites. Based on prior assignments, the
*'P NMR signals at ca. 35, 6, —7, and —32 ppm correspond to
phosphonate, phosphate, poly/pyrophosphate, and TOP,
respectively.*””' >* The residual oxidation is likely caused by
oxygen-containing organic ligands, post-synthetic treatments
such as non-solvent wash, or minor surface oxidation during
sample transfer. We can estimate the extent of InP oxidation by
comparing the areas of resonance assigned to InP and various
oxidized InPO, (y = 2—4) species in the spin-echo spectra.
Evidently, the extent of oxidation is negligible and largely
localized to the nanocrystal surface. For reference, previous
NMR studies of InP QDs showed a significantly higher degree
of surface oxidation.**>*°

Static '"*In spin-echo spectra of InP and Ing,Gags,P QDs
are displayed in Figure 3B. Both spectra have a slightly
asymmetric flank to the low-frequency side. 'In is a
quadrupolar (I = 9/2) nucleus with a sizeable quadrupolar
moment. The asymmetric broadening is indicative of the
presence of a distribution of quadrupolar coupling values.””~*°
We note that the '*In NMR spectrum of bulk InP does not
exhibit such asymmetric broadening because the highly
symmetric zinc-blende lattice of InP results in negligible
HUstp quadrupolar interactions.®’ However, in InP nanocrystals,
the symmetry of the lattice will be disrupted in the regions that
are proximate to the surface of the particles. Hence,
quadrupolar broadening of the ''*In NMR peaks is expected
in all QD samples. The '“In NMR spectra were fit by
considering a Czjzek distribution in the '“In quadrupolar
coupling constant (Cg, see Table S4). Additional broadening
of "*In NMR signals will also arise due to dipolar and scalar
couplings to the *'P spins; however, this broadening is usually
symmetric, so it was not accounted for in the simulations. The
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Figure 4. (A) Powder X-ray diffraction patterns of In,_,Ga,P cores derived from the 4 nm InP nanocrystals. (B) Absorption spectra of the alloyed
In,_,Ga,P cores (normalized at 400 nm) indicate a diminishing excitonic feature with an increase in gallium composition and a blue shift of the
absorption onset. (C) Photographs show the large range of emission colors produced by core—shell In,_,Ga,P/ZnS samples with varying gallium
contents derived from the same 4.0 nm InP nanocrystals. (Red emission is from the InP/ZnS sample corresponding to x = 0.) (D) The
corresponding emission spectra. (E) Time-resolved PL dynamics integrated over the emission spectra of the same samples indicate an increasing
decay lifetime with gallium content. (F) The trends in PLQY decay time constants pertaining to the predominant excitonic decay event and the
corresponding radiative lifetime. The calculated radiative lifetimes for In,_,Ga,P QDs of random gallium distributions are shown to agree well with
the experimental results. The trace colors in panels (B), (D), and (E) are the same as in panel (A).

5Tn NMR spectrum of the IngoGagsoP QDs is broader than
that of the InP QDs. Additional quadrupolar broadening is
expected to arise if gallium is alloyed into the Inj5,Gays,P QDs
because there will now be a distribution in In—P bond lengths
and angles that will depend upon the number of nearest In and
Ga neighbors situated in the lattice,’® and this observed
broadening further supports our inference that an alloy rather
than a core—shell structure has formed in the Ing,GagsoP
QDs. The 25 kHz MAS “Ga quadrupolar Carr—Purcell
Meiboom—Gill (QCPMG) spectrum of Iny,GaysoP QDs is
displayed in Figure 3C. Again, the shape of the peak suggests
that there is a distribution of quadrupolar coupling values
(Table S4). We do not observe separated domains in the local
coordination environment around Ga that are fully ordered,
consistent with random alloying of In and Ga in the
Ing5oGagsoP QDs.”> The satellite peaks at —50 and 500 ppm
are sidebands from magic angle spinning.

Finally, '"H — 3*P{'"*In} and 'H — ¥P{®Ga} CP J-resolved
experiments were used to confirm alloying of Ga into the
phosphide core of the InyyGag5oP QDs. In these experiments,
the total *'P spin-echo duration is incremented. For each spin-
echo duration, the *'P phosphide integrated NMR signal
intensity is measured with and without saturation pulses
applied on the '*In/®Ga channels to obtain dephased (S) and
control (S,) spectra. Plotting the normalized J-dephasing curve
gives insight into the distribution of In and Ga in the InP and
Ing50GagsoP QDs (Figure 3D,E). The dephasing should be
maximized when 7 = 1/J (assuming a single value of 'J(*'P,
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"51n) and/or 'J(*'P, Ga)). It has previously been reported
that 'J(*'P, SIn) is approximately 225 Hz within InP.”'
However, the *'P{'"*In} J-dephasing curve for InP QD shows a
maximum at a J-coupling evolution time of 400 us, which
would indicate 'J(*'P, *In) & 2500 Hz. We note that the >'P
T, is quite short in this sample, leading to a large uncertainty
in the signal intensity and an apparent reduction in J-dephasing
at longer J-evolution times. Regardless, the most important
observation is that at a short J-evolution time of 400 us, the
normalized J-dephasing is already 45% for the InP QDs. In
comparison, the *'P{'"In} J-dephasing curve of In,s,GagsoP
QDs shows a much slower build-up with the maximum
dephasing occurring at approximately 4 ms total J-evolution
time, consistent with the literature-reported values of JEep,
STn) & 250 Hz for InP.>"3768 Comparison of the *'P{'"In}
J-dephasing observed at short J-evolution times for InP and
Ing 50Gag 5oP QD shows a significant reduction in dephasing in
the latter. This reduction in dephasing is attributed to a
displacement of In by alloying of Ga into the phosphide core;
fewer P atoms directly bonded to In atoms will lead to reduced
J-dephasing. Consistent with this hypothesis, there is
significant J-dephasing observed in the '"H — 'P{®Ga} CP
J-resolved experiments performed on Injs,GaysoP QDs. The
maximum J-dephasing reaches a value of ca. 40% at ~5.6 ms of
J-evolution. Considering that ®Ga has only 60% natural
abundance, the observed extent of dephasing is suggestive of
alloying of Ga into the phosphide core. Finally, 'H{'"*In} and
"H{®Ga} rotational echo saturation pulse double resonance
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(RESPDOR) experiments were performed on IngsoGagsoP
QDs to determine if the 'H spins associated with organic
ligands are dipole coupled to both types of metal nuclei. For
both SIn and *Ga, significant dipolar dephasing was
observed, suggesting that both types of metals are present
near the surface of the particles (Figure S10). To summarize,
the ssNMR experiments show that the In, ,Ga,P nanocrystals
we prepared via molten-salt processing are largely devoid of
surface oxidation; the extent of oxidation of the phosphide
phase is overall negligible. Further, the Ga distribution is likely
homogeneous across the breadth of the nanocrystals. While
ssNMR data cannot rule out some local inhomogeneities in the
Ga-to-In ratio, it can be concluded that Inj,GaysP QDs
adopt an alloyed ternary III-V phase rather than a
heterostructured morphology composed of InP and GaP
domains.

Evolution of Optoelectronic Properties as a Function
of Ga Composition. Equipped with an oxygen-free shelling
protocol that yields good-quality emissive samples, we next
seek to understand how the optoelectronic properties of these
core—shell samples evolve as a function of gallium
composition. Starting with the 4 nm InP nanocrystals, we
synthesized a series of alloyed In;_,Ga,P nanocrystals by
performing In-to-Ga cation exchange in a KGal, molten-salt
reaction medium under different combinations of annealing
temperature and duration, as summarized in Table SS. The
amine-capped In,;_,Ga,P nanocrystals were recovered as a
colloidal solution in toluene and characterized via X-ray
diffraction; subsequently, the gallium compositions were
estimated to be between 14 and 60% (Figure 4A). We
performed elemental analysis using X-ray fluorescence (XRF)
on the In,_,Ga,P/ZnS core—shell samples, and the results are
included in Table S5. For each sample, the elemental analysis
method estimates the gallium content at ~25% higher than
that estimated by employing XRD measurement of the lattice
constant and subsequent Vegard’s law interpolation of the
gallium content. We have previously observed a similar
discrepancy in gallium composition reported by elemental
analysis techniques (XRF or inductively coupled plasma
(ICP)) and powder XRD (PXRD) for small nanocrystals
with a large surface-to-volume ratio.** The 4 nm diameter QDs
used in this study have approximately 25% of their atoms at the
surface. Thus, one can imagine that changes in the
composition of the outer surface layer can dramatically change
the QD composition with only a minor impact on the QD
interior. For example, if a surface monolayer of metal-rich InP
exchanges to GaP, the elemental composition could be up to
25% gallium, while the XRD pattern would show only minor
changes, resulting primarily from the surface strain rather than
bulk lattice reorganization. As expected, absorption peaks shift
monotonically to higher energies with an increasing gallium
content, indicative of a widening band gap. Notably, we
observe a continuous decline in the sharpness of the excitonic
feature with an increasing gallium content (Figure 4B). We can
attribute this observation either to the broadening of
nanocrystal size distribution over the course of high-temper-
ature annealing or to the mixing of excitonic states from direct
and indirect valleys in the conduction band. Photographs of
the particles under UV illumination (Figure 4C) show that we
can achieve bright emission in a wide range of colors between
red and green by varying gallium compositions between 0%
and 58% for 4 nm diameter cores. The recorded PL spectra

corroborate our visual observations: a blue shift of the emission
peak accompanies the increasing gallium content (Figure 4D).

To quantitatively rationalize the experimentally observed
optoelectronic properties of In,_,Ga,P QDs, the electronic
structure and optical properties of alloyed In;_ Ga,P QDs are
calculated using atomistic semi-empirical pseudopotential
methods®~"> combined with the Bethe—Salpeter equation
(BSE).”””* To yield a unified description of inter-atomic
interactions in the alloyed systems, single atomistic pseudo-
potentials each for In, Ga, P, and As were fitted to accurately
reproduce the bulk band structures and bulk deformation
potentials of relevant binary semiconductors (ie., InP, GaP,
InAs, and GaAs).”"”® The pseudopotential has a local form in
the reciprocal space, with a prefactor to account for local strain
effects. The alloyed In; .Ga P QD configurations were
constructed by randomly replacing In cations in a regular
tetrahedral InP QD with Ga cations. The QD structures were
then relaxed using a previously parameterized Tersoff-type
force field”® and passivated with pseudo-ligand potentials.
Given the relaxed QD geometry, the single particle
Hamiltonian was constructed with the fitted atomistic
pseudopotentials and diagonalized using the stochastic filter
diagonalization technique to obtain quasiparticle states of the
QD near the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) energies.72 The
Bethe—Salpeter equation was solved within the static screening
approximation to obtain correlated electron—hole pair (i.e.,
exciton) states.”* Our theoretical approach allows for joint
investigations and direct comparisons between theory
predictions and experimental measurements as it permits
accurate atomistic calculations of the optoelectronic properties
for In,_,Ga,P nanocrystals with arbitrary gallium composition
with experimentally relevant sizes. More details on the semi-
empirical pseudopotential method, pseudopotential fitting to
bulk III-V binary semiconductors, the Bethe—Salpeter
equation, and the equilibrium geometries of the alloyed
In,_,Ga,P QDs can be found in the SL

Electronic structure calculations confirm the experimentally
observed peak shifts. As shown in Figure 1B, the calculated
optical gaps for In;_ Ga, P QDs show a monotonic increase in
energy with higher gallium concentration and a similar
dependence on the average lattice constant as compared to
the bulk alloyed In,_ Ga,P. The vertical shift of the optical gap
between the QDs and bulk ternary alloys is attributed to the
confinement energy of QD systems. The slope of the QD
optical gap changes at 65% gallium composition, indicating an
equivalent transition between direct- and indirect-gap regimes
as in the bulk alloy In,_,Ga,P (blue line). And the shift of the
transition point from 75% in the bulk to 65% for 4 nm QDs
can be explained by the quantum confinement and the much
smaller electron effective mass in the I" valley as compared to
the effective mass in the X and L valleys. In addition, spatially
inhomogeneous In-to-Ga cation exchange is studied through
theoretical calculations. As shown in Figure S2, the calculated
optical properties (namely, optical gap, oscillator strengths, and
absorption spectra) for QDs with Ga-rich surfaces differ largely
from experimental and theoretical results for QDs with
spatially random Ga distributions. These results are consistent
with our ssNMR studies, suggesting that Ga is homogeneously
distributed in the particle.

We carried out steady-state absorption and PL spectroscopy
on each sample, and a few representative experimental
absorption and emission spectra from these measurements
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Figure S. (A—H) Experimental absorption, emission spectra (solid-colored lines), and calculated absorption spectra (blue dash-dot curves) of
representative core—shell In;,_ Ga,P/ZnS samples with 0—57% Ga content, synthesized from 4 nm InP QDs. The exciton density of states and
oscillator strengths from theoretical predictions are plotted as gray sticks below the x-axis and black sticks above the x-axis, respectively. The height
of the sticks for the oscillator strengths are on the same y-scale for panels A-E allowing for direct comparson of the change in oscillator strength for
different compositions. (I) PL excitation (PLE) spectra of the same samples were collected at the corresponding emission maxima as well as at half
the maximum emission intensity on the high-energy flank. The inset plot describes the same schematically. (J) Comparison of line widths of the
first excitonic feature on the ensemble absorption spectrum and PLE spectrum of the representative InjgsGag14,P/ZnS sample, collected at the
emission maximum. The line widths are estimated as the FWHM of Gaussian fits (shaded) to the low energy flanks of the respective peaks. (K)
Summary and comparison of absorption and PLE line widths extracted for the representative core—shell In,_,Ga,P/ZnS samples noted in (A)—

(D).

are plotted in Figures 4B,D and S11 for samples in the x range
of 0—58%. InggsGag 1,P/ZnS is the brightest sample among the
alloyed populations, registering a quantum yield of 89% along
with good color purity (57 nm FWHM of the emission peak).
For the 4 nm nanocrystals studied so far, it is difficult to
incorporate larger amounts of gallium (x > $8%) due to high-
temperature decomposition. However, we analyzed all possible
gallium compositions computationally for 4 nm diameter
In, ,Ga,P nanocrystals by calculating the absorption spectra of
InP QD, GaP QD, and alloyed In; ,Ga,P QDs ranging from
14 to 92% gallium content using the atomistic pseudopotential
methods, as shown in Figure SA—H. To generate the
4mE 2
3h222 |ﬂ|
(where p is the transition dipole moment and E is the exciton
energy) for each excitonic state (gray lower lines) is calculated,
and its magnitude is represented by the height of the upper

absorption spectra, the oscillator strength f=
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black lines in Figure SA—H. For all of the samples with gallium
content below 57%, the majority of the low energy states in the
density of states (DOS) have large oscillator strength,
consistent with the strong excitonic emission observed for
each excitonic transition’” (upper black lines).

For In,_,Ga, P QDs with x > 57%, the computation results
show a continued decrease in the sharpness of the absorption
onset as the gallium content increases (Figure SE—H). The
decrease in the magnitude of the absorption onset is a result of
the decrease in oscillator strength of the lowest-energy
excitonic transitions, consistent with indirect-like electronic
transitions. This shows that extensive gallium exchange creates
many low-energy “dim” excitonic states at the band edge,
which is indicative of optical transitions with a more “indirect”
character.

Calculated absorption spectra are consistent with the
experimental observation that the sharpness of the excitonic
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Figure 6. (A) PXRD patterns of In;_,Ga,P cores with high gallium content derived from the 4.9 nm InP population. (B) Representative TEM
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shell growth. (C) Photographs of the relevant core—shell samples derived from the same 4.9 nm InP population in ambient light and under UV
illumination. Absorbance plots were scaled to the measured absorption cross-section at 400 nm (3.1 eV) to yield molar extinction coefficient plots
of representative In,_,Ga,P/ZnS samples synthesized from the (D) 4.9 nm InP population and (E) 4.0 nm InP population.

features declines as gallium content increases. Importantly the
theoretical observations are not convoluted with other sources
of broadening, such as size distribution or composition
distributions. Although ssNMR studies establish that the In
and Ga atoms are randomly distributed at the cation sites of
the ternary III-V lattice, particle-to-particle compositional
variation remains a possible source of added heterogeneity in
alloyed nanocrystals. We have previously established that
ensemble diffraction techniques are insensitive to these subtle
structural differences,>” but the emissive core—shell
In,_,Ga,P/ZnS nanocrystals allow us to explore this optically.
Recording PL excitation (PLE) spectra allows us to selectively
look at the spectral features of a smaller subpopulation instead
of the entire ensemble. We, therefore, seek to compare the
spectral heterogeneity of these alloyed nanocrystals using the
corresponding absorption and PLE line widths for excitonic
transitions. To this end, we constructed excitation—emission
maps (Figure S11), allowing us to extract representative PLE
spectra at the corresponding emission maxima, as well as at the
point of half the maximum emission intensity on the high-
energy flank (Figure SI). We can further quantify the PLE and
ensemble absorption line widths using the full width at half-
maximum (FWHM) of Gaussian fits to the low energy flanks
of the respective peaks. Figure SJ explains this analytic scheme
for a representative sample Injg4.Ga,P/ZnS; the results for
these In;_,Ga,P/ZnS samples are summarized in Figure SK. It
is evident that each individual PLE spectrum becomes broader
at higher gallium concentrations. Ensemble broadening from
population ripening at elevated temperatures alone cannot
explain the broadening of excitonic features in individual PLE
spectra. Previous computational and experimental works have
established that the energy states of homogeneously alloyed
nanocrystals are not simple arithmetic means of their

individual components.”®”’ Instead, atomic disorder-related
symmetry breaking can lead to the formation of additional
mixed states, resulting in broadened spectral features during
excitonic transitions, consistent with our observations.
Furthermore, the theoretical model in this work incorporates
the atomistic details and local strain effects through atomistic
pseudopotentials, and thus, the “mixing of excitonic states” of
the alloyed system is directly captured by our electronic
structure calculations and can be observed from the density of
states in Figure SA—H. Sample inhomogeneity is accounted for
in the calculated absorption spectra through the energy-
dependent Gaussian broadening and is kept the same across
different Ga compositions. Therefore, the theoretical calcu-
lations in this work help conclude that exciton state mixing due
to symmetry breaking is the main contributor to the broadened
absorption features in In;_,Ga,P QDs with high Ga
composition. We probe this in more detail with transient
absorption studies, and the results are summarized in a later
section.

We estimate the PL decay lifetimes from time-resolved PL
studies (Figure 4E). Time-resolved photoluminescence
(TRPL) of the In;_,Ga,P/ZnS samples with varying sizes
and Ga-to-In ratios does not show any fast early-time (sub-
nanosecond) decay components usually associated with non-
radiative recombination channels, which is typical for samples
with high PL quantum yield. The faster radiative decay channel
is the major contributor in each of these high-quality core—
shell samples from a subsequent biexponential fit to the decay
profile, shown in Figures S8 and S11. A comparison of the
TRPL decay profiles of these In;_,Ga,P/ZnS samples in Figure
4E illustrates a remarkable trend: the PL decay lifetime
increases monotonically, while the PLQY decreases with
increasing gallium content, which is difficult to explain by a
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trapping mechanism. We estimate the radiative lifetime by
combining the PL 1/e decay time constant and PLQY,
providing us with an insight into the materials’ intrinsic
radiative lifetime (Figure 4F). Importantly by directly
measuring the radiative lifetimes, the trends we observe are
independent of the quality of surface passivation during
synthesis or other defects, which can lead to non-radiative
recombination.

Radiative lifetimes at room temperature are calculated from
the exciton energy and transition dipole moment for the

3
3meghc
IZ )

calculated exciton states according to the equation 7, = 5|
o’ I

where c is the speed of light, and A is the exciton energy. For
the same gallium percentage, multiple configurations with
random gallium distributions are considered, rendering the
mean and standard deviation of the radiative lifetimes. See the
SI for details on calculating the radiative lifetimes. As
summarized in Figure 4F, the trends are quite evident. An
addition of up to ~30% Ga into the In,_,Ga,P cores has only a
minor effect on radiative lifetime and quantum yield, while a
further increase of Ga content up to 60% is accompanied by a
decline in PLQY down to 48%, along with a more than 3-fold
increase in radiative lifetime, from 54 to 175 ns. The rate of
radiative decay is inversely proportional to the calculated
radiative lifetime, so we conclude that the oscillator strength of
excitonic recombination®” in these systems is independent of
composition when Ga content is below 35% and gradually
decreases with increasing gallium content above 35%.
Theoretical calculations in this work show good agreement
with experimental measurements and demonstrate the same
trend of decreasing absolute absorption intensity (Figure SA—
H) and increased radiative lifetimes (Figure 4F) as Ga
concentration increases in alloyed In;_,Ga,P QDs of the same
size. A direct-gap-like excitonic transition characterized by a
large oscillator strength would be from the I' valley of the
conduction band to the I" valley of the valence band. In bulk
crystals, the oscillator strength for the transitions from X or L
valleys to I' valley is significantly lower. We ascribe the
diminishing oscillator strength of excitonic recombination in
Ga-rich In; ,Ga,P/ZnS QDs to an increased mixing of
electron states originating from the X and I" valleys. In bulk
In,_,Ga,P crystals, the direct-to-indirect transition is observed
at x ~ 0.75 gallium content (Figure 1), thus motivating
exploration of quantum-confined samples with even higher
gallium contents.

Trends at Higher Ga Content. Our studies suggest that
the larger InP nanocrystals are more resistant toward
decomposition under similar reaction conditions as compared
to smaller nanocrystals, whereas higher temperatures and
longer annealing times are required to achieve high gallium
contents. We, therefore, focus on particles derived from the
large 4.9 nm InP population to achieve higher gallium
contents. Bright Inj4,Gag3sP/ZnS samples could be synthe-
sized from 4.9 nm InP cores, as shown in Figures 2B and S7.
We further prepared three populations of cation-exchanged
In;_,Ga,P cores in the 65—92% gallium content range; the
reaction conditions are listed in Table S6. The nanocrystalline
phases were characterized via PXRD, and gallium compositions
were estimated from the diffraction patterns (Figure 6A).
Representative TEM images provided in Figure 6B confirm
that we have grown a widegap ZnS shell on the ternary alloyed
nanocrystals; detailed reaction conditions are provided in the
Supporting Information. Steady-state optical characterization

of the core—shell Ing35GaggsP/ZnS sample (Figure S12A)
indicates that this sample is weakly emissive, with a PLQY of
2%. The corresponding excitation—emission map is provided
in Figure S12B.

An excitonic feature is not resolved in the absorption spectra
of samples with even higher gallium content, Iny,,Ga,;sP/ZnS
and Ing03Gay,P/ZnS (Figure S12C,E). Notably, these are also
completely nonemissive, as the excitation—emission maps
indicate (Figure S12D,F). Visual confirmation can be obtained
from the photographs in Figure 6C. Using fluence-dependent
transient absorption and a Poisson excitation model’
(discussed in more detail in the next section), we determined
the absorption cross-section and, subsequently, the molar
extinction coefficient of each sample®' at 400 nm (3.1 eV)
(Figure S13). The corresponding absorption spectra were
scaled to the extinction coeflicients at 400 nm accordingly
(Figure 6D). A similar treatment of the absorption spectra of 4
nm core diameter In; ,Ga,P/ZnS samples is shown in Figure
6E. This demonstrates that samples with a higher gallium
composition show a decrease in absolute absorbance of the
excitonic feature. This is consistent with a weakened oscillator
strength of excitonic transitions, which was suggested by the
increase in radiative lifetime. We conclude that the optically
dark Ing,,Gag-gP/ZnS and Injo3Gagg,P/ZnS samples obtained
from 4.9 nm InP are potentially behaving as indirect
semiconductors, ie, the I' and X valleys are the highest
valence band and lowest conduction band positions,
respectively. We further performed Tauc analysis to estimate
the corresponding indirect gaps. A baseline correction for the
disorder-induced Urbach tail was performed according to
previously prescribed protocols,” thus allowing us to estimate
the indirect gaps at 2.71 and 2.68 eV for I' to X-valley
transitions in Ing,,Gag,gP/ZnS and IngosGag,P/ZnS, respec-
tively (Figure S14).

Transient Absorption (TA) Spectroscopy. We per-
formed femtosecond transient absorption measurements on
the In,_,Ga,P/ZnS nanocrystals synthesized from 4.9 nm InP
cores, which displayed absorption and PL characteristics of
direct-gap-like behavior (38% Ga), intermediate behavior
(65% Ga), and indirect-gap-like behavior (78% Ga),
respectively. Measurements were performed using a 35-fs, 2-
kHz Ti:sapphire laser with time-delayed white light probe
pulses produced in a 2 mm sapphire plate and 1-kHz pump
pulses centered at 400 nm produced from the second
harmonic generation of the fundamental. At these pump
energies, we are exciting the samples well above the band gap
of the In;_,Ga,P core but below the absorption onset of the
ZnS shell. All time-resolved absorption spectra were collected
at room temperature from stirred solutions, first at low
excitation fluence, such that only single exciton dynamics were
observed. TA data was collected on samples with ZnS shells, so
the TA dynamics better reflected intrinsic carrier dynamics
rather than charge trapping dynamics. The similarity between
the UV—vis absorption feature of unshelled and shelled
samples indicates that the presence of the shell has minimal
impacts on the band-edge absorption spectra of these
materials, in agreement with a type-I band alignment between
the core and the shell materials (Figures S11 and S12). Figure
6A,B shows schematic representations of the expected
transient absorption signals for direct and indirect band gap
materials. The key observation is that a direct-gap semi-
conductor is expected to show both ground state bleach (GSB)
signal and photoinduced absorption (PIA) signal, whereas
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Figure 7. Schematic representation of the expected transient absorption signals expected for (A) a direct-band-gap semiconductor and (B) an
indirect-band-gap semiconductor. GSB: ground state bleach, negative AA; PIA: photoinduced absorption, positive AA. Low fluence transient
absorption dynamics (400 nm pump) are shown for In,_,Ga,P/ZnS QDs with (C) 38%, (D) 65%, and (E) 78% gallium content. Line cuts of the
TA signal at maximum bleach amplitude as well as PIA traces at 750 nm are shown for large In,_,Ga,P/ZnS nanocrystals with (F) 38%, (G) 65%,

and (H) 78% gallium content.

indirect-gap materials are only expected to show a PIA signal.
Figure 7C shows a transient absorption spectroscopy map for
Ing6,Gag3sP/ZnS nanocrystals. We observe a strong ground
state bleach signal (negative AA) peaked at 60S nm, which
develops within ~1 ps after the pump pulse and slowly decays
over the nanosecond timescale of the measurement. The
bleach signal corresponds well to the excitonic feature we
observe by linear absorption of the sample (Figure S7A). This
behavior is consistent with a typical direct-band-gap semi-
conductor nanocrystal where the 1S.—1S; excitonic transition
is bleached once the photoexcited carrier cools to the band
edge. A line cut of the TA signal at the maximum bleach
amplitude (Figure 7F) shows slow decay of the bleach signal,
consistent with the timescales observed by TRPL. We also
observe a photoinduced absorption (PIA) signal at wave-
lengths to the red of the bleach feature, which results chiefly
from electrons in the conduction band undergoing excitation
to the near-continuum of states above the band edge by the
probe pulse.

Next, we turn our attention to the In;,,Gay,sP/ZnS sample,
which showed a diffuse absorption onset and lacked detectable
photoluminescence at room temperature or 77 K. Transient
absorption dynamics for Ing,,Gay,sP/ZnS are shown in Figure
7E,H. Here, we exclusively observe a PIA signal for all
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wavelengths and do not detect any trace of a bleach feature in
the probed spectral range or timescale. This behavior is
consistent with what is expected for indirect-gap materials,
where the photoexcited electron and hole reside in different
valleys of the conduction and valence band; the momentum
mismatch between the electron and hole prevents the
formation of an optical bleach signature. The PIA signals
measured at 750 and 561 nm both form within 1 ps and slowly
decay over the 1 ns measurement window.

Next, we discuss the TA dynamics for the Ing35Gag¢sP/ZnS
sample. This sample showed a diffuse absorption onset and
weak PL at room temperature. Transient absorption shows the
formation of a bleach signal centered at 563 nm, which has a
maximum amplitude at 800 fs. This bleach signal quickly
decays within 20 ps such that at later times, only a PIA signal is
observed across all wavelengths after ~30 ps (Figure 7D,G).
These carrier dynamics are remarkable since they are not
simply a linear combination of direct-like and indirect-like
dynamics of the low and high gallium content samples,
respectively. One possibility is that after photoexcitation and
carrier cooling processes, there is initially a population of
carriers in the direct I'-like valleys as well as a second
conduction band state, which has an X-like character with
similar or slightly lower energy than the I'-like valley.
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Figure 8. State filling in 4 nm core diameter In,_,Ga,P/ZnS nanocrystals. (A) Bleach amplitude (A) at 1000 ps delay as a function of pump fluence
(circles) with fits to single excitation Poissonian statistics to determine the absorption cross-section (¢) and bleach amplitude scaling factor (B) of
In,_,Ga,P/ZnS nanocrystals with varying gallium contents. (B) The normalized TA bleach signal at 1000 ps delay as a function of the initial
average excitation (Ny). The pink line is a Poissonian distribution describing the total number of singly photoexcited nanocrystals that remain after
Auger recombination. (C) The normalized TA bleach signal at 2.5 ps delay (before significant impact from Auger recombination) as a function of
the initial average excitation (INy). The blue, orange, and green lines are model Poissonian excitation statistics for degeneracies of 2, 4, and 6,
respectively, for the ground state bleach signal. (D) The density of states (DOS) for the conduction band-edge electron states of alloyed QDs are
shown. The DOS of each gallium composition is shifted vertically for clarity. Twofold-degenerate I'-valley-like (1Sr, red squares) and sixfold-
degenerate X-valley-like (1S, blue circles) conduction band states and their energies are traced for each gallium content. In the inset, the
conduction band-edge electron wavefunctions of tetrahedral InP and GaP QDs (1S and 1Sy, respectively) are shown. The Bloch wavefunctions are
extracted from the center of each QD. Atom colors: pink—In, green—Ga, purple—P. Isosurface colors: yellow—positive, blue—negative.

Intervalley scattering from the I'-like valley to the X-like valley
within ~20 ps efficiently removes carriers that can undergo
direct transitions, causing the optical bleach signature to
quickly decay. Interestingly, the TRPL of the Ing35Gag4sP/ZnS
sample shows an IRF-limited fast component and also an
extremely long decay component (Figure S15), suggesting that
scattering back into the direct channel at a late time can lead to
PL. The existence of low-energy dark states and higher-energy
bright states is consistent with the exciton manifold for the
65% Ga sample shown in Figure SE.

Fluence-dependent transient absorption dynamics for the
samples discussed here are presented in Figure S16; the 38%
Ga and 78% Ga samples show characteristics of Auger
recombination, as discussed later. The bleach signal of the
65% Ga sample with high pump fluences decays faster than
expected for Auger recombination,'' indicating that these
dynamics originate from a different process. We also pumped
the Ing35GagsP/ZnS sample directly into the lowest energy
states using a pulse centered at 640nm (Figure S17) and found
that the decay of the optical bleach signature follows similar
dynamics as with the 400 nm pump. In this experiment, we
preferentially excited the sample into band-edge states that
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have large oscillator strength. Since we observe similar decay
dynamics starting from the band-edge state, we conclude that
the carrier population transfer occurs directly from the direct-
gap-like state to some other optically inactive state. While the
bleach signature decays on the ~20 ps timescale, the PIA signal
remains relatively constant over the 1 ns measurement
window, indicating that photoexcited carriers are still present
within the nanocrystal but have a momentum mismatch that
prevents optical bleaching. Due to the lighter effective mass of
the electron, the PIA signal is likely sensitive primarily to the
electron population, and thus the retention of the PIA signal
despite the fast decay of the bleach is consistent with the
transfer of the electron population to X-like valleys. Taken
together, the transient absorption results are consistent with
the conversion of these QD emitters from direct-like to
indirect-like band structures at ~65% gallium. Near the direct-
to-indirect transition composition, the excited-state dynamics
can become complicated by nearly isoenergetic states, which
have different oscillator strengths.

State Degeneracy in In,_,Ga,P/ZnS Nanocrystals. The
previously discussed transient absorption dynamics, TRPL,
radiative rate, and molar extinction coefficient measurements
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Figure 9. Multiexciton dynamics of In;_,Ga,P/ZnS QDs. (A) Power-dependent photoinduced bleach dynamics for ~4 nm core diameter
Ings3Gag4,P/ZnS QDs normalized by the signal at long times (1—2 ns average). (B) Difference between high and low fluence bleach dynamics
normalized at long times (1—2 ns average) plotted on a log-linear scale for ~4 nm core diameter In,_,Ga,P/ZnS nanocrystals with varying Ga
contents. The solid lines are single exponential fits to the data from which the biexciton lifetimes are extracted. (C) Measured biexciton lifetime for
4 nm core diameter In;_ Ga,P/ZnS QDs with different gallium contents. The biexciton lifetime displayed is the average of the biexciton lifetime
determined using the bleach signal and the photoinduced absorption signal (Figure S24). (D) Biexciton lifetime for In,_,Ga,P/ZnS QDs with
similar gallium content but different core sizes, showing linear volume scaling. (E) Biexciton lifetimes extracted using the photoinduced absorption
signal for 4.9 nm diameter In,_,Ga,P/ZnS with high gallium content. (F) Effective Auger constants calculated for the samples measured in this
study plotted with literature values for a variety of direct- and indirect-gap semiconductor nanocrystals and the Auger constants of corresponding

bulk semiconductors.

indicate that the band-edge electronic state in In;_,Ga,P/ZnS
with >50% Ga may contain states with indirect-gap-like
character, which have a lower oscillator strength. In bulk
III-V semiconductors, the degeneracy of the conduction band
I"-valley is 2, the conduction band L valley is 8, and the
conduction band X-valley is 6. In strongly quantum-confined
semiconductors, the definition of direct vs indirect transitions
becomes fuzzy owing to translational momentum relaxation.
The presence of multiple states arising from the different
valleys in the band structure may alter the degeneracy of the
band-edge exciton. To understand this effect experimentally,
we probe state filling in the In; ,Ga,P/ZnS QDs synthesized
from 4.0 nm InP cores using fluence-dependent TA. We use
the bleach signal for analysis, which reflects the population of
the electron states due to the high degeneracy of the valence
band and lighter effective mass of the electrons compared to
the holes.®® First, we determine the absorption cross-section, o,
and bleach amplitude scaling factor by fitting the power-
dependent bleach signal at 1000 ps (after Auger recombina-
tion, ensuring that only single excitons remain in the QDs)
according to the equation A = B(1 — e 7) where A is the
magnitude of the TA bleach signal, B is the bleach amplitude
scaling factor, o is the absorption cross-section per dot at the
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pump wavelength, and j is the pump laser fluence (Figure
8A).° Figure 8B shows that all samples fall on a universal curve
for single excitations at long times, using ¢ and B determined
from the fits.”” In Figure 8C, we use B and ¢ to measure the
normalized bleach amplitude for the early-time signal at 2.5 ps
(before significant contribution from Auger recombination).
For In;, ,Ga,P/ZnS samples that have up to 35% Ga
incorporated (red to orange dots), we observe saturation at a
normalized bleach signal of 2, consistent with a band-edge
degeneracy of 2. The blue line is a Poissonian excitation
model®* with a degeneracy of 2 and describes the low gallium
content data well. This result is consistent with the behavior of
a typical III-V direct-gap semiconductor. For samples with 47
and 57% gallium, we observe deviation of the fluence-
dependent bleach signal from excitation statistics for a band-
edge degeneracy of 2. Instead, the bleach amplitude continues
to increase at high excitation densities before eventually
becoming sublinear. The effect is more pronounced in the
highest gallium content sample (green, $7% Ga). The data for
the 47—57% Ga samples approach the excitation statistics of 4
(orange line). Thus, our data suggest that incorporating
gallium into our samples alters the degeneracy of the band-
edge state.
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The evolution of band-edge state degeneracy as the gallium
concentration is increased is further analyzed using atomistic
pseudopotential calculations.*> The main changes observed in
bulk alloys were attributed to changes in the conduction band
minima as the system transitions from InP to GaP. In NCs in
the strong quantum confinement regime, one has to consider
excitonic effects; however, since the calculated excitonic states
near the onset of absorption comprise mainly a single quasi-
electron state at any gallium composition (see the SI for
details), it is sufficient to analyze the quasi-electron structure as
the content of Ga varies. Figure 8D shows the results for
In,_,Ga,P QDs constructed from 4.0 nm InP NC. At 0%
gallium (i.e,, InP QD), the first several electron states are the 2-
fold and 6-fold degenerate states with envelope function of 1S
and 1P shapes, as expected from the effective mass
approximation.” Meanwhile, at 100% gallium (i.e., GaP QD),
the lowest electron states are 6-fold degenerate. These states in
GaP also have spherical 1S envelope functions, but their Bloch
wavefunctions (extracted from the center of the QD) have
significantly different symmetry and spatial attributes (as
shown in Figure 8D insets). Specifically, in the tetrahedral InP
QD, the lowest quasi-electron density is centered on each
atom, while in the GaP QD, it is centered around the
tetrahedral cavity formed by four neighboring P atoms. The
two Bloch functions and their corresponding electron states are
named “T-valley” and “X-valley”, respectively.

Using the symmetry and spatial features of the Bloch
wavefunctions, we identify and track the 1Sr and 1Sy electron
states as gallium content increases. As shown in Figure 8D, the
energy of 1Sr electron states increases faster than 1Sy, leading
to a crossover of the I'-valley-like to X-valley-like band-edge
electron state at 65—78% gallium content, in agreement with
the experimental observations that the direct-to-indirect
transition in In;_,Ga,P QDs occur around x = 65—78% and
helps decipher the atomistic details in its electronic structures.
The electronic structure calculations allow us to better
interpret the observed increase in state degeneracy measured
by TA. Formally the calculations show that the lowest 1S state
is 2-fold degenerate and the 1Sy state is 6-fold degenerate, not
exactly the ~4-fold degeneracy inferred by TA. We notice that
as the gallium content in In; ,Ga,P is increased, the splitting
between the 1S and 1Sy electron states decreases. Both the
1Sy and 1Sy electron states give rise to the manifold of bright
excitonic transitions observed in Figure 5D. Due to the close
spacing of the states, the bleach observed is actually measuring
the state filling of the manifold of closely spaced states with
mixed 1Sy and 1Sy characters. Thus, based on our measure-
ments, in the 57% gallium sample, up to four excitons can
reside near the band edge simultaneously. In support of this
interpretation, we observe a redshift of the bleach feature from
early time to late time, suggesting that as Auger removes the
multicarrier population from higher energy states in the
manifold, only the exciton in the lowest energy state remains
(Figure S18).

Multiexciton Dynamics in In,_,Ga,P/ZnS Nanocryst-
als. In the previous sections, we have elucidated that the band-
edge electronic structure is significantly altered in In;_,Ga,P/
ZnS nanocrystals as more gallium is incorporated. Next, we
aim to understand how multicarrier dynamics®® are modified
by the incorporation of gallium as a function of nanocrystal
composition and size. We probe this by measuring fluence-
dependent early-time transient absorption dynamics. Figure 9A
shows the early-time dynamics of the TA bleach feature in

Ing53Gag4,P/ZnS nanocrystals for pump fluences which give
(Nj), from 0.11 to 1.16. In this figure, the TA signal has been
normalized for the signal averaged at 1000—2000 ps.” We
observe a fast decay component that increases in amplitude for
high pump fluences, indicating significant bi- and multiexciton
populations. The observed decay is consistent with a fast Auger
recombination, which is typical for both direct- and indirect-
gap semiconductor nanocrystals. Next, we measure the
biexciton kinetics for In;_,Ga,P/ZnS QDs with a 4 nm
diameter core and gallium content from 0% to 57%. Data are
extracted from fluence-dependent TA maps (Figures S19—
$23). Figure 9B shows the normalized TA bleach signal as a
function of time on a semi-log scale for all samples with 0—
57% gallium. Single exponential fits to the first 35 ps of the
bleach decay are used to extract the biexciton lifetime from the
bleach signal (Figure S24A,C). Across all samples, we find
biexciton lifetimes of ~30 ps with a significant spread in the
data. Importantly, we do not find a significant trend relating
gallium content with the biexciton lifetime. We also extracted
biexciton lifetimes using the PIA signal for all samples (Figure
S24BD) and found general agreement among the lower
gallium content samples (up to 35% Ga). We measure
significantly longer biexciton lifetimes for the samples with Ga
contents of 47% and 57%, at 57 and 45 ps, respectively, using
the PIA signal. This difference parallels our observation that
the high gallium content 4.0 nm core In;_ Ga,P/ZnS QDs
display excited-state dynamics, which are distinct from those of
typical direct-gap semiconductor nanocrystals. In Figure 9C,
we plot the biexciton lifetime as an average of the lifetimes
measured using bleach and PIA signals. The large error bars
seen for the 47 and 57% Ga samples are a result of the very
different values determined with the two signals. Importantly,
we do not observe a meaningful trend with biexciton lifetime
and increased gallium content, suggesting that simple volume
scaling, discussed later in more detail, continues to be the main
factor governing biexciton lifetimes and Auger recombination
in quantum-confined semiconductors.

The difference in measured biexciton lifetime for high
gallium content samples using the bleach and PIA signals is
perplexing. One possibility is that the bleach and PIA signals
are sensitive to different excited-state populations. The bleach
signal is sensitive only to excitons with a direct-like character,
while the PIA signal is sensitive to all photoexcited electrons
regardless of their momentum match to the holes. As a result,
the photoinduced bleach signal probing primarily biexciton
states in the I'-like valley provides the lower bound on
biexciton lifetimes. Such an observation suggests that the
biexciton lifetime in samples near the direct-to-indirect
transition can be changed by approximately a factor of 2 due
to details of the band structure. This is consistent with an
approximate factor of 2 increase in the biexciton lifetime for
indirect-behaving samples with 78—92% gallium, as discussed
later.

Next, we explore the biexciton lifetime as the core size of
In,_,Ga,P/ZnS QDs is varied but with similar gallium content.
To this end, we measured the biexciton lifetime for In,_,Ga,P/
ZnS QDs with nominal core diameters of 3.2, 4.0, and 4.9 nm
and measured gallium contents of 34, 35, and 38% gallium,
respectively. The measured biexciton lifetime using the bleach
signal for fitting (Figure S25A,C) as a function of particle
volume is shown in Figure 9D. Here, we observe a linear
scaling of the biexciton lifetime with particle volume. This is
consistent with the well-established volume scaling of biexciton

https://doi.org/10.1021/jacs.3c02709
J. Am. Chem. Soc. 2023, 145, 16429—16448


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02709/suppl_file/ja3c02709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02709/suppl_file/ja3c02709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02709/suppl_file/ja3c02709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02709/suppl_file/ja3c02709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02709/suppl_file/ja3c02709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02709/suppl_file/ja3c02709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02709/suppl_file/ja3c02709_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c02709/suppl_file/ja3c02709_si_001.pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c02709?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

A B

O /.
Sealed Quartz InP/ZnS
Ampoule
o
=
©
~
>
=
12
c
2
Heating c
furnace -
-
450 nm laser o
Excitation Spectrophotometer

C

— 296K
— 326K

— 299K
— 326K
—— 379K
—— 426K
—— 476K
526K

577K
—298K
cooling

Ing 65Gay 25P/ZNS

PL Intensity (a.u.)

\

N

T T T T T T T T T
272625242322212019181716
Energy (eV)

27262524232221201918 1.7 16
Energy (eV)
F 100

D Ing 4,Gay 5,P/ZnS —296K E
—325K
375K 1.00 4
= —— 427K —
z ——478K X
= 527K | & 0.98
2 575K I
(72} R
2 0K, |
Qo cooling —
£ i 0961 e Inpizns
- )
o w

* Iny,,Ga,s,P/ZnS
0944 9 IngssGayeP/ZnS
(from 4.9 Micic InP)

—e—InP/ZnS

5| P~e. —8—In, ¢sGa, 55P/ZnS
80d 2| | \ ~%~Ing 4,68, 5,P/ZnS

£ B
© L

=~ 1z & =

X 60 4‘

& ~

6 * \ [}

|

o

404 *\*\

20- N
Heating *\ \-

27262524232221201.9 1817 1.6
Energy (eV)

250 300 350 400 450 500 550 600
Temperature (K)

Cooling *:
0 %

250 300 350 400 450 500 550 600
Temperature (K)

Figure 10. (A) Scheme of a home-built setup for investigating the high-temperature PL characteristics of In;_,Ga,P/ZnS QDs. Evolution of PL
spectra as a function of temperature in emissive core—shell (B) InP/ZnS, (C) IngesGagssP/ZnS, and (D) Ing43Gags,P/ZnS QD samples, all
derived from the 4 nm InP. (E) A Varshni plot (normalized at the room-temperature band gap for all samples) exhibits linear trends in the
evolution of the optical band gap with temperature. (F) Changes in PLQY as a function of temperature were estimated as fractional changes in the

integrated PL intensity.

lifetimes for a variety of direct and indirect-band-gap
semiconductors.'' The linear volume dependence holds
regardless of gallium content (Figure S26). It appears that
for samples displaying clearly direct-like behavior (ie., low
gallium content), Auger recombination dynamics are un-
affected by alloying.

The observed Auger recombination behavior has important
implications for the design of semiconductor nanocrystals for
light emission applications at high powers. For applications
such as color converters for micro-LEDs, active materials in
quantum dot LEDs, and lasers, the non-radiative Auger
recombination of bi- and multiexciton states can limit device
performance at high power. Extending the biexciton lifetime is
thus a key engineering goal for materials design. In a binary
semiconductor, the emission wavelength can be tuned by size,
where smaller particles are necessary to achieve bluer emission
wavelengths. An unfortunate corollary of this is that smaller
particles have shorter biexciton lifetimes due to the volume
scaling of Auger recombination. This would be particularly
acute for green-emitting InP nanocrystals, which require
particles with a ~2 nm diameter to achieve green emission.”®
Alloying with a component that increases the band gap of the
material would enable green emission from a particle with a
larger diameter. This is clearly seen in the cases of InP and
In,_,Ga,P, where green emission for InP requires particles with
a ~2 nm diameter but can be achieved by 3.7 nm diameter
In,_,Ga,P QDs with 57% gallium incorporation. The biexciton
lifetime we measure for our large-size green-emitting
In,_,Ga,P/ZnS QDs is ~40 ps, compared to the expected
biexciton lifetime for green-emitting InP/ZnS of ~2.2 ps based
on extrapolation from experimental data on larger nanocrystals

using volume scaling arguments. Our results show more
generally that alloying can decouple the size/wavelength/
biexciton lifetime relationship for semiconductor QDs and
provide an additional parameter to engineer bright emitters for
high-power applications.

For 4.9 nm diameter In;_,Ga,P QDs, we clearly traverse a
direct-to-indirect-like transition at ~65% gallium content. We
measure the biexciton lifetime for these samples using the PIA
signal (Figure S27) since there is no bleach signal in the
indirect-like samples (Figure 9E). For the sample with 38%
gallium, we measure a 40 ps lifetime. For 65—91% gallium
content, we measure a biexciton lifetime of 70—80 ps. This
represents a significant increase, but it is still far from the
orders-of-magnitude difference expected if four-particle
phonon-assisted models need to be invoked as in bulk
semiconductors."' Nonetheless, our results indicate that the
direct-like or indirect-like nature of the first exciton can
modulate the biexciton lifetimes of materials, which cannot be
explained by simple volume scaling arguments.

We also calculated the effective Auger constants for our
samples, which allow for the comparison of materials with
varying sizes and compositions with their bulk counterparts. In
Figure 9F, we show our samples (solid data point symbols)
compared to several previously studied colloidal nanocrystals
(open data point symbols). Our results fall within the data
spread, which has been observed for II-VI and IV—VI
materials already studied.'" This indicates that alloying does
little to affect the biexciton lifetimes of colloidal nanocrystals,
and volume scaling effects are the key factor for determining
biexciton lifetimes. Our results here provide considerable
guidance for further engineering long biexciton lifetimes in
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II-V/II-VI heterostructures. Alloying with a wider band gap
material to achieve large cores with a given emission energy,
combined with other strategies, such as graded alloy shells®”
and quasi type-II band alignments,*® should enable synergistic
improvement of optical properties.

PL Characteristics at Elevated Temperatures. When
used for on-chip color conversion or incorporated into light-
emitting diodes (LED), emissive materials often undergo
significant thermal cycling in display panels. We employed a
home-built setup to explore the PL characteristics of our
emissive core—shell In,;_,Ga,P/ZnS samples at elevated
temperatures in solution, a schematic of which is presented
in Figure 10A. A dilute solution of QDs in 1-octadecene was
sealed inside a quartz ampoule using an oxy-hydrogen torch
and excited using a 450 nm laser; the PL spectra were recorded
using a fiber-coupled spectrophotometer collecting emission at
90 degrees with respect to the excitation beam. The sealed
ampoule was placed inside a heating block, allowing us to raise
the temperature externally. Figure 10B—D, respectively,
illustrates the temperature-dependent PL spectra of the bright
InP/ZnS, Ing¢GagssP/ZnS, and Ing,;Gays,P/ZnS QD
samples between ~296 and 577 K, all derived from the 4
nm InP population. Minimal changes of the emission
wavelength as a function of temperature are highly desirable
to retain a consistent display color gamut and other
characteristics of optoelectronic devices utilizing QD materials.
To this end, we can empirically establish a Varshni relation for
emissive samples by exploring the dependence of the band gap
on temperature.”” A first-order high-temperature approxima-
tion of the semi-empirical Varshni relation, E,(T) = E,(296 K)
— aT, allows us to employ linear fits to quantify the
temperature dependence of the band gap of the In,_,GaP/
ZnS QD samples. Lattice expansion at elevated temperatures
contributes to a reduction of the direct band gap between the
I"-valley of the conduction band and the top of the valence
band, evident in the associated Varshni plot (Figures 10E and
S28). However, this trend is the opposite for the indirect gap
between the I'-valley of the valence band and the X-valley of
the conduction band, where the band gap increases with
temperature, thus counteracting the previous effect. Indeed,
the linear fits reveal that the dependence of the band gap on
temperature is weaker for the In;,_,Ga,P/ZnS samples with
higher Ga content. We attribute this observation to a mutual
compensation of temperature effects for states with direct and
indirect character and a larger contribution from the X-valley
indirect-like states in samples with a higher Ga content,
consistent with the previously described trends in the
optoelectronic properties.

We also performed temperature-dependent PL studies on
emissive samples derived from the large 4.9 nm InP
nanocrystals, the results of which are summarized in Figure
S29. For the compositions close to the direct-to-indirect
transition, such as Ing35GagsP/ZnS, the emission wavelength
becomes nearly temperature-independent between 296 and
575 K (Figure 10E). Promisingly, these observations indicate
that the alloyed nanocrystals retain their emission color gamut
more efficiently than their binary counterparts at high
temperatures.

We used the ratio of integrated PL intensities at ambient and
elevated temperatures recorded in otherwise similar conditions
to estimate the PLQY of emissive samples at elevated
temperatures. The reduction in PLQY at elevated temperatures
is typically attributed to thermally activated trapping of

photoexcited carriers,””~"* whereas PL attrition post-annealing

is ascribed to the surface reorganization and/or irreversible loss
of ligands from the nanocrystal surface at higher temper-
atures.”>”* We measured the room-temperature PLQY of the
InP/ZnS and a heavily optimized proprietary InP/ZnSe/ZnS
sample to be 89 and 93%, respectively, using an integrating
sphere setup (Figure S30). The trends in PLQY are
summarized in Figure 10F for clarity. We observe a steeper
decline in PLQY of the InP/ZnS sample at higher temper-
atures as well as a poorer PL recovery after cooling as
compared to its cation-exchanged In,_,GaP counterparts,
indicating that the alloy samples provide better high-temper-
ature performance. As observed via TEM, the same reaction
conditions allow for the growth of only one monolayer of the
ZnS shell on InP nanocrystals (Figure S31). The substantial
lattice mismatch between InP and ZnS (7.5%) likely prevents
the shell from growing any thicker. Additionally, persistent
interfacial strain at the core—shell interface can adversely affect
optical performance via the propagation of defects.”” To test
this hypothesis, we further performed temperature-dependent
PL studies on the heavily optimized InP/ZnSe/ZnS
commercial core—shell sample. The ZnSe shell has a lattice
constant (0.5668 nm) between that of InP (0.5869 nm)” and
ZnS (0.5441 nm), thereby reducing interfacial strain from
lattice mismatch, resulting in a near-perfect PLQY recovery
post-annealing (Figure S32). This set of experiments reaffirms
the relevance of In-to-Ga cation exchange as an important tool
for reducing strain at the core—shell interface.

B CONCLUSIONS

To summarize, we have demonstrated a molten-salt-based In-
to-Ga cation exchange and a subsequent oxygen-free shelling
protocol to yield highly emissive In;, ,Ga,P/ZnS colloidal
QDs. Solid-state NMR studies show that the extent of
oxidation of the core phosphide phase is negligible and limited
to the surface. There is no discernible signature of the
formation of segregated In and Ga domains, e.g,, InP/GaP
core—shells, suggesting that the alloy profile across the breadth
of the core is homogeneous. We have performed transient
absorption spectroscopy and photoluminescence studies,
which demonstrate that the incorporation of gallium is
accompanied by a decrease in oscillator strength of excitonic
transitions, as indicated by a decreasing absorption cross-
section and a monotonic increase in the radiative lifetime of
emission. Atomistic calculations agree well with experimental
observations and confirm the trends of optical properties as
gallium composition changes in the alloyed QDs. The
calculations provide direct access to the change in the
degeneracies and wavefunction symmetry at the conduction
band edge as the content of Ga is varied and provides further
evidence for the direct-like to indirect-like transition at around
65% gallium composition. These results inform us that
incorporating more gallium in In;_,Ga,P/ZnS CQDs can
only be part of a strategy to prepare blue III-P emitters since
high gallium contents result in low oscillator strength of
emissive states. We further demonstrate that volume scaling
effects, instead of composition, predominantly determine the
biexciton lifetimes in these alloyed nanocrystals, a promising
indication that deleterious Auger processes are slower in
In,_,Ga,P/ZnS CQDs as compared to their smaller InP-based
counterpart emitting at similar wavelengths. Compared to InP,
a better lattice match between In,_,Ga,P and the ZnS shell
allows for better PLQY recovery during thermal cycling. These
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results establish molten-salt-synthesized In,_,Ga,P nanocryst-
als as a viable alternative to InP for designing next-generation
III-V QDs for displays and other applications. Further, we
establish that alloying can decouple mutually size-dependent
properties, enabling flexible engineering of emitters with
desired properties.
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