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EXPERIMENTAL SECTION

Chemicals: Trioctylphosphine (TOP, 97%), trioctylphosphine oxide (TOPO, 99%),
hexamethylphosphoramide (HMPA, 99%), myristic acid (99%), sulfur (99.998%) and anhydrous
solvents (hexane, toluene, ethanol (EtOH), methyl acetate, isopropanol (IPA), acetonitrile
(MeCN)) were purchased from Sigma Aldrich and used as received. Oleylamine (OAm, technical
grade, 70%) was purchased from Sigma Aldrich and purified by freezing, thawing, and then
centrifuging to remove any insoluble solids. The resulting purified oleylamine was dried under
dynamic vacuum at 100°C overnight and stored in a nitrogen glovebox. 1-Octadecene (ODE, 90%)
was purchased from Sigma Aldrich, dried under dynamic vacuum at 80°C overnight and stored in
a nitrogen glovebox. Dodecylamine (98%) and octadecylamine (technical grade, 90%) were
purchased from Sigma Aldrich and dried under dynamic vacuum before storage in a nitrogen
glovebox. Potassium iodide (ultra-dry, 99.998%), gallium(iii) iodide (ultra-dry, 99.999%),
indium(iii) acetate (99.99%), zinc chloride (ultra-dry, 99.999%) and N,N-dimethylformamide
(DMF, anhydrous 99.9%) were purchased from Alfa Aesar and used as received.
Tris(trimethylsilyl)phosphine ((TMS)3P, 98%, stored frozen) and indium(iii) chloride (anhydrous,
99.999%) were purchased from Strem Chemicals and used as received.

InP nanocrystal synthesis:

Large InP QDs. Large InP nanocrystals (~4.9 nm diameter) were synthesized following a route
established by Micic and others.>? Briefly, 1 g InCls (4.52 mmol), 1.5 g trioctylphosphine oxide
(3.88 mmol) and 15 mL of trioctylphosphine were combined in a nitrogen glovebox and stirred at
room temperature. After complete dissolution of the solids, the solution was filtered through a 0.2
pm PTFE filter into a three-neck flask, which was then sealed and transferred air-free to a Schlenk
line under nitrogen purge. With the contents of the flask at 25°C, 0.75g (869 pL, 4 mmol) of
tris(trimethylsilyl)phosphine was injected. The temperature of the flask was then raised to 270°C
and maintained under stirring for 30 hours. Particles were washed under the inert atmosphere of a
nitrogen filled glovebox by precipitation with ethanol followed by redispersal in toluene. After
another step of precipitation/redispersal, the particles were size selectively precipitated from
toluene by incremental addition of ethanol followed by centrifugation after each addition. The

largest particles contained in the first fraction were used in further steps.
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InP QDs of intermediate size. A consistent sample of nearly monodisperse InP nanocrystals, (4
nm diameter), was obtained from commercial sources as a solution in octadecene (ODE) and stored
in a nitrogen glove box. The QDs were precipitated by addition of ethanol (EtOH), centrifuged,

and redispersed in toluene for further processing.

Small InP QDs. The synthesis of small InP nanocrystals (~3.2 nm diameter) was adapted from a
prior report by the Peng group.® 5 mmol In(Ac)s, 15 mmol myristic acid and 35 mL octadecene
were mixed in a 250 mL flask. After degassing for 1 hour under vacuum at 120 °C, 5 mL TOP was
injected. Into this solution, a solution of 2.5 mmol (TMS)3P in ODE (8 mL) was injected at 150°C.
The reaction temperature was next raised to 270 °C for growing the nanocrystals. After 5 minutes,
the reaction mixture was cooled down, and the synthesized particles were washed three times using
ethanol and methyl acetate with added trioctylphosphine ligands. Finally, the nanocrystals were

stored as a colloidal solution in hexane.

Gals ligand exchange. The Gals ligand exchange was adapted from a previous publication.* A
solution of as-synthesized InP in hexane (15 mL, 1 mg/mL) was layered atop a solution of Gals in
dimethylformamide (DMF) (2 mL, 0.05 M), and stirred until all particles transferred to the DMF
phase. The particles were precipitated by addition of toluene, centrifuged, and redispersed in DMF.
The washing step was repeated 3 times. The particles were then redispersed in acetonitrile, washed
with toluene, and allowed to dry overnight under nitrogen. A stable colloidal solution of Gals
exchanged nanocrystals could be obtained in DMF plus 3 vol% HMPA in order to obtain

absorption spectra.

Molten salt dispersal and subsequent gallium exchange. A KGals salt phase was obtained by
grinding and mixing Galz and Kl in a 1:1 molar ratio and subsequently melting the mixture under
stirring at 250°C on a hotplate (using a glass-coated stir-bar). A portion of 1.2 g of the salt mixture
was combined with the Gals ligand-exchanged NCs by adding them to the salt as a dry powder
and combining them in a mortar and pestle. Next, the particle-salt mixture was loaded into a quartz
ampoule and heated to 250°C under vigorous stirring to obtain a visually homogeneous dispersion.
The ampoule was sealed under vacuum using an oxy-hydrogen torch, transferred into a muffle
furnace, and annealed for different durations at different temperatures. A higher annealing

temperature or longer duration led to higher extents of gallium incorporation.
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QD recovery following molten salt treatment. The salt matrix was dissolved in acetonitrile (~6
mL) at 60 °C, and the QDs were recovered as a solid by centrifugation. The QD solid was washed
with 4 mL fresh acetonitrile to remove residual salt. The particles could regain colloidal stability
in nonpolar solvents through treatment with 1:1 molar dodecylamine/octadecylamine. The amine
recovery was performed by utilizing an adaptation of the entropic ligand mixture concept
introduced by the Peng group.® A solution of dodecylamine and octadecylamine (0.01 M each)
was obtained by dissolving the corresponding ligands in toluene at 80°C under stirring. 2 ml of
this toluene solution was combined with the QD powder and stirred at 60°C for an hour. The
resulting QD solution in toluene was washed with methyl acetate to remove excess ligands and

then stored in toluene.

ZnS shelling. In a typical shelling step using In1xGaxP cores derived from InP particles of the
large (Micic) and medium sizes (commercial), anhydrous ZnCl, (157 mg, 1.15 mmol) was
combined with 5 ml of freeze-thaw purified oleylamine and 2.6 ml of TOP and degassed at 120°C
for 1 hour. The amine capped Ini.xGaxP particles were introduced into the reaction mixture as a
toluene solution (500 pL, ~30 mg/ml) under N> flow, followed by degassing at 120°C for another
30 min. Next, the temperature was raised to 300°C, and 2.4 ml of a 0.4 M solution of TOP-S was
slowly injected into the reaction mixture at a rate of 1 ml/hour using a syringe pump. The reaction
mixture was stirred at 300°C for a total of 3 hours, cooled down, diluted with hexane, and washed
with ethanol. Once separated from the reaction mixture, the particles were redispersed in hexane,
washed using a mixture of methyl acetate and acetonitrile, and finally stored as a stable colloidal

solution in hexane.

While shelling the 4 nm InP particles, native organic ligands were first exchanged with Gals, then
the particles were dispersed in toluene with the addition of dodecylamine/ octadecylamine.
Subsequently, the same synthetic protocol could be followed to grow a ZnS shell on the ligand

exchanged particles.

In order to shell alloyed In1-xGaxP cores derived from small (Peng) InP particles, anhydrous ZnCl;
(628 mg, 2.30 mmol) was combined with 7 ml of freeze-thaw purified oleylamine along with 3 ml
of TOP and degassed at 120°C for 1 hour. The amine-capped In1.xGaxP particles were introduced
into the reaction mixture as a toluene solution (500 pL, ~30 mg/ml) under N2 flow, followed by

degassing at 120°C for another 30 min. Next, the temperature was raised to 300°C, and 4.8 ml of
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a 0.8 M solution of TOP-S was slowly injected into the reaction mixture at a rate of 2 ml/hour
using a syringe pump. The reaction mixture was stirred at 300°C for a total of 3 hours, cooled
down, diluted with hexane, and washed with ethanol. Once separated from the reaction mixture,
the particles were redispersed in hexane, washed using a mixture of methyl acetate and acetonitrile,

and finally stored as a stable colloidal solution in hexane.

Core-shell InP/ZnSe/ZnS nanocrystals. Colloidal core-shell InP/ZnSe/ZnS nanocrystal samples
with near unity PLQY were obtained from commercial sources as a solution in hexane and were

stored in a nitrogen glove box.

Optical characterization. UV-vis spectra were collected on colloidal solutions of QDs with a
Shimadzu UV-3600i Plus UV-Vis-NIR spectrophotometer in transmission mode.
Photoluminescence emission spectra and Excitation-Emission Maps were collected on a Horiba
Jobin Yvon Fluorolog-3 spectrophotometer equipped with a Synapse OE-CCD detector. Time
resolved PL decay profiles were recorded with a Horiba Jobin Yvon Tempro fluorescence lifetime
system with a 392nm pulsed LED source. High temperature PL spectra were recorded using a
dilute colloidal solution of nanocrystals in ODE contained in a quartz ampoule sealed under inert
atmosphere. A custom-built furnace setup interfaced with an Ocean Insight HR4Pro high-
resolution spectrometer was utilized to record the high temperature PL spectra, which were
corrected using a calibrated Ocean Insight HL-3plus precision lamp source. A 450 nm laser
(CPS450, Thorlabs, 4.5 mW) was employed as the excitation source.

PL quantum yield was calculated relative to a dilute solution of the reference dye coumarin 153 in

ethanol. Integrated areas of the recorded PL spectra were used to estimate the quantum yield as

I S fref 7752
¢ _goref I ref fs 77ref ?

Where s is the sample and ref is coumarin 153. The quantum yield of coumarin 153 was taken as
0.53.% | represents the integrated PL intensity, f denotes the absorption factor at excitation
wavelength, and n representing the refractive indices of the solvents. Absolute PLQY
measurements were carried out using an integrating sphere (Labsphere) coupled with a computer-
controlled spectrometer (Ocean Optics QE Pro) together with a 415-nm fiber-coupled LED
excitation source (M415F3, Thorlabs, 14.4 mW).
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Powder X-ray diffraction. Powder x-ray diffraction patterns were collected on a Rigaku Miniflex
X-ray diffractometer. Samples were deposited on (511)-oriented Si low background substrates.
For In1.xGaxP nanocrystals, the lattice parameter was extracted by employing Le Bail refinement
to fit the full XRD pattern using the TOPAS software package (version 5, Bruker AXS). A twelfth-

order Chebyshev polynomial was used to fit the background, and the crystalline phase was

assumed to contain a zinc blende phase (F 4 3m space group) exclusively. The lattice constants of
bulk InP (5.8687 A) and GaP (5.4505 A) were used to calculate the alloy composition x, assuming
a linear relationship between the lattice constant and alloying composition (Vegard’s law) as
follows:

a(In_,Ga,P)=(1-x)ap + Xag.p
Transmission electron microscopy. TEM images were obtained on an FEI Tecnai F30
microscope at 300 kV.
Small Angle X-ray Scattering (SAXS). Colloidal solutions of QDs in toluene were prepared in
sealed Kapton capillaries for small-angle x-ray scattering (SAXS) experiments. SAXS patterns
were collected using a SAXSLab Ganesha instrument with Cu Ko radiation (A = 1.54 A). The
SAXS curves were analyzed by fitting to a quantitative model in Igor Pro using the Irena package
(available at http://usaxs.xray.aps.anl.gov/staff/ilavsky/irena.html).” The scattering curves were fit
in the particle size distribution module using the model-free Maximum Entropy approach. The
particles’ form factor was assumed to be that of a sphere with an aspect ratio of 1. The extracted
size distributions were further fit with symmetric Gaussians to estimate average particle diameters
along with the associated standard deviations.
X-Ray Fluorescence (XRF). XRF elemental analysis was performed using a Rigaku NEX DE
instrument under helium atmosphere.
Transient Absorption Spectroscopy. 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 second harmonic generation of the
fundamental. At these pump energies, we are exciting the samples well above the band gap of the
InixGaxP core, but below the absorption onset of the ZnS shell. All time-resolved absorption
spectra were collected at room temperature from stirred solutions, beginning at low excitation

fluence such that only single-exciton dynamics were observed.
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Solid-State Nuclear Magnetic Resonance (SSNMR). All solid-state NMR experiments were
performed on a Bruker wide-bore 9.4 T (vo(*H) = 400 MHz) NMR spectrometer equipped with a
Bruker Avance 111 HD console. All experiments were performed on the 2.5 mm HXY probe. The
probe was configured in *H-31P-13C mode and the Y channel could be tuned from °In to °Ga. A
MAS frequency of 25 kHz was used. 'H, 3P, ®Ga, °In pulse durations and powers were directly
optimized on the samples. *H chemical shifts were referenced to neat tetramethylsilane using
adamantane (Siso(*H) = 1.82 ppm) as a secondary chemical shift standard. 3!P, 8Ga, and *°In were
directly referenced to the established chemical shift standards using the previously established

relative NMR frequencies.®

IH SSNMR. The H spin echo® was performed with previously described pulse sequences and
with 100 kHz RF fields *H pulses (2.5 ps n/2-pulse).
31p SSNMR. The 3P spin echo spectra were acquired with 90.1 kHz RF field 3P pulses (2.75 ps
n/2-pulse). SPINAL-64 heteronuclear decoupling was applied with an RF field of ca. 100 kHz.1°
In all CP experiments, the spin lock pulses were linearly ramped from 90 to 100% of the
spin lock RF fields.!! *H — 3!P CP-HETCOR experiments used spin lock pulses with RF fields at
91 kHz RF and 116 kHz RF for *H and 3P, respectively, and contact times were 1 ms. SPINAL-
64 heteronuclear decoupling was applied with an RF field of ca. 100 kHz for 3P NMR
experiments.t® eDUMBO1-22 homonuclear dipolar decoupling®? was applied during the indirect
'H dimension evolution to improve *H resolution in the *H — 3P CP-HETCOR experiments. The
initial phase and offset of eDUMBO1-22 was optimized directly on each sample and used 32 us
pulse durations and 100 kHz RF fields.
89Ga SSNMR. The ®*Ga MAS NMR spectrum was acquired using the QCPMG pulse sequence.-
15 The QCPMG spectrum was acquired with a spectral window of 2 MHz and an echo train
comprising 24 echoes of 800 us duration each, and ®Ga n/2 and & pulse lengths of 2.25 and 4.50
us, corresponding to a 55.6 kHz RF field and a 111.1 kHz CT nutation frequency. *H SPINAL-64
heteronuclear decoupling was applied with an RF field of ca. 100 kHz. The simulated *°Ga
spectrum was generated using ssNake!® with a Czjzek distribution (o) in the quadrupolar

interaction parameters presented in the Supporting Information.
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1151n SSNMR. The %°In static NMR spectra were acquired using a spin echo pulse sequence,® and
151n 7/2 and 7 pulse lengths of 1.0 and 2.0 ps, corresponding to a 50 kHz RF field and a 250 kHz
CT nutation frequency. The simulated *°In spectrum was generated using ssNake®® with a Czjzek
distribution (o) in the quadrupolar interaction parameters presented in the Supporting Information.
IH{%Ga}/*H{*%In} S-RESPDOR Experiments. In the S-RESPDOR/S-REDOR experiments,*’-
19 SR4,2 dipolar recoupling®-22 was used. *H spectra with varying recoupling times were acquired
with (S) and without (So) the application of a dephasing pulse on the heteronucleus. The duration
of dipolar recoupling was incremented in a linear manner. For %Ga and/or **In S-RESPDOR
experiments, a saturation pulse with a duration of 1.5 times rotor cycles and a ~ 100 kHz RF field
was centered on the *H refocusing m-pulse. The ®Ga and °In RF fields were experimentally
optimized to give maximum saturation on each sample. The recoupling curves were obtained by
plotting AS/So as a function of the recoupling time and were fitted using SIMPSON simulation v
4112

1H — 31p{89Gaq, 115In} J-resolved Experiments. *H — 31P{*°Ga, 1*°In} J-resolved experiments?*-

2 were recorded with 'H — 3!P CP at the beginning of the experiment. The 3!P{*Ga, *°In} J-

resolved experiments were performed with 3P = pulse and ®°Ga/**°In 1.5 times rotor cycles
saturation pulses. The maximum J-evolution time was 8 ms. The J-resolved curves were obtained

by plotting AS/So as a function of the total J-coupling time.

THEORETICAL MODELING OF InixGaxP NANOCRYSTALS.

Construction of Ini—«Ga,P QD geometries. To construct the alloyed QD geometries, an initial
tetrahedral InP nanocluster was cut from the bulk zincblende InP configuration with In atoms as
the surface terminations. The edge lengths of these tetrahedrons were chosen to match the sizes of
the experimentally synthesized QDs. Since the In;-.GaP QDs are experimentally synthesized from
spherical InP QDs, we converted the diameter (d) of the spherical InP QD to the edge length (a)
of the tetrahedral In;—.Ga.P QDs by equating their volumes. Thus, the tetrahedral In;- Ga,P QDs

constructed from 4.0nm diameter InP QD have edge lengths of around 6.6nm.

Next, In cations were randomly selected from the initial configuration and replaced with Ga
cations. The number of In-to-Ga exchanges was calculated by the desired Ga percentage (14%,

38%, 57%, 65%, 78%, 92%, and 100%). For each Ga composition, three different random-In-to-
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Ga exchanges were considered. In;—.Ga,P QDs with inhomogeneous gallium distribution were also
considered. See the end of this subsection for detailed descriptions.

To account for the local strain effects due to the cation exchange, the structures were then
relaxed using the conjugate gradient descent algorithm implemented in LAMMPS. The Tersoff-
type classical force field previously parameterized for the III-V semiconductors of interest was
used for the energy minimization.?® Lastly, the singly-bonded P atoms at each of the four corners
of the tetrahedron were removed, and the QD was passivated with ligand potentials.

The relevant Ini-.Ga.P structures are tabulated below in Table S1. The geometry of an

Inp.35Gag.esP constructed from 4.0nm InP QD with random gallium distribution is shown in Fig.

S1.

Table S1. The relevant tetrahedral In;-<Ga.P QD structures constructed from 4.0nm InP spherical
QD used in the calculations of this work. The numbers of In, Ga, and P atoms for each gallium
content percentage are tabulated.

In atoms | Ga atoms | P atoms

Spherical InP 727 0 736
Ino.86Gao.14P 829 136 816
Inp.62Gao.3sP 597 368 816
In0,43Ga(),57P 417 548 816
Ino.35Gag.6sP 339 626 816
Ino.22Gao. 7P 211 754 816
Ino.0sGao.92P 78 887 816

GaP 0 965 816
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Figure S1. The configuration of an Ing35Gao.ssP QD used in the electronic structure calculations.
The alloyed QD is constructed from 4.0nm InP with random In-to-Ga cation exchanges. The
pseudo-ligands used for surface passivation in the atomistic pseudopotential calculations are
replaced with H atoms for clarity. Colors: Pink-In, Green-Ga, Purple-P, White-H.

In addition to uniformly distributed Ga, alloyed QDs with a Ga-rich centers or Ga-rich exteriors
were also constructed and calculated. In these cases, at the step of the QD construction where In
cations were replaced with Ga, the cations were categorized into the “center” and the “exterior” by
the sphere that inscribes tetrahedron. Random In-to-Ga replacements were then carried out in each
section, with a higher Ga concentration within (or outside of) the inscribed sphere. The rest of the
theoretical treatments remain the same.

Calculated optoelectronic properties of In;—.Ga,P QDs with inhomogeneous Ga distributions
(particularly the Ga-rich surface QDs) show qualitative deviations from experimental
measurements in this work, further reaffirming the homogeneous alloying of cations during the
cation exchange synthesis step. As shown in Figure 1 of main text, the calculated optical gap of
Ini—.Ga,P QDs with Ga-rich surfaces is very different from those calculated for the homogeneous
gallium distributions as well as the experimental observations. Further, as shown below in Fig. S2,
the oscillator strength and absorption spectra are also qualitatively different for QDs with Ga-rich
surfaces, manifesting in a different first peak energy and more pronounced higher energy peaks.
These theoretical results of optoelectronic properties corroborate the experimental evidence from

ssNMR that homogeneous gallium alloying occurs in the Ini-GaP QDs in this work.
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Figure S2. (A,C) The geometries of the Ini1—xGaxP QDs with Ga-rich exterior for x = 14% and x =
38% are shown. (B,D) The calculated absorption spectra (dash-dot lines) for Ini-.Ga.P QDs with
x = 14% and 38% gallium composition are compared to the experimental measurements (solid
lines). For the theoretical calculations, three QDs with spatially random gallium distributions and
one QD with Ga-rich exterior are calculated and shown. (E) The optical gaps of Ini—xGaxP QDs
with spatially random gallium distributions and with Ga-rich exterior are shown and compared
with the band gaps of bulk alloys.

Fitting atomistic pseudopotentials. The excitonic states and energies of the alloyed In;-<Ga.P
nanocrystals were calculated using the atomistic semiempirical pseudopotential method?®-3?
combined with the Bethe-Salpeter Equation (BSE).**=4 The pseudopotentials of In, Ga, P and As

3536 and bulk deformation

were fitted to accurately reproduce the literature bulk band structures
potentials®” of four binary semiconductors: InP, GaP, InAs and GaAs. Following previous work,*!"
3% we used pseudopotentials with a local form in the reciprocal space with six fitting parameters

{ao,a1,a2,a3,as,a5}:

2 —
7, (a)=a, (1+ a,Tre, +ag(Tre, )3) - ex(;(a;lz)—l (Eq. S1)
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where V, (q) is the pseudopotential around atom u (In, Ga, P, or As) in the reciprocal space. €, is

the local strain tensor around atom u, and its trace is calculated using the tetrahedron volume
formed by the nearest neighbors.*® Parameters ao through a3 were fitted to the bulk band structures
of InAs, InP, GaAs, GaP obtained through high-accuracy electronic structure calculations by
Cohen et al**=¢ The local strain-dependent prefactors (a4 and as) were fitted to reproduce the

literature bulk deformation potentials of the CBM and VBM for each semiconductor material.’’

The parameters for fitted pseudopotentials of As, Ga, In, and P are summarized in Table. S2.
The as parameter for the cubic strain tensor term is only needed for Ga to give well fitted results
to the bulk deformation potentials of Ga-containing binary semiconductors. Fig. S3 shows the bulk
band structures and deformation potentials generated from our pseudopotentials as compared to

literature, in good quantitative agreement.

Table S2. The ao through as parameters for the best-fit atomistic pseudopotentials of As, Ga, In, P.
See Eq. S1 for the function form of the pseudopotential.

C T o T o [ & [ & [ & | & |
As | 25.68513132 | 2.69329915 | 1.63958593 | 0.49218946 | 0.01647533 0
Ga | 48.55247982 | 2.28309682 | 3.77112430 | 0.45685179 | 0.56676447 | 8.09704232
In | 50.52631742 | 1.98680525 | 3.15524320 | 0.43784813 | 0.36378779 0
P 28.76635710 | 2.67994632 | 1.78491672 | 0.46023571 | -0.00357477 0
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Figure S3. The bulk band structures (A-D) and deformation potentials (E-H) calculated using the
fitted pseudopotentials of this work (blue lines and bars) is compared to the literature bulk

properties (gold dots and bars)*-7 for the relevant binary semiconductors: InAs, InP, GaAs, and
GaP.

Calculation of excitonic states, absorption spectra, and radiative lifetimes. The fitted
pseudopotentials were Fourier transformed into the real-space form and used to construct the single

quasiparticle Hamiltonian in the non-interacting electron picture:

ap

1 A
H =—§v2+;v#(|r—Rﬂ|) (Eq. S2)

where V, (r) is the pseudopotential around atom x in the real space. The stochastic filter

diagonalization technique was then used to obtain the electron ¢(r,) and hole states ¢(r,) of the

QD near its band edge. The real-space grid spacing of 0.8 Bohr was sufficient to converge the

solutions. The quasiparticle eigenstates were then used as linear combinations of electron-hole

product wavefunctions and the coefficients ¢, (Eq. S3) were obtained by solving the Bethe-

S13



Salpether equation within the static screening approximation® and the Tamm-Dancof

approximation °

l//n(re’rh)zzcz,i¢a(re)¢|(rh) (Eq S3)

where a and i are electron and hole state indices, respectively. All the BSE calculations were
converged to 0.001eV with the linear combination of 60 electron states and 100-200 holes states,
depending on the size of the alloyed QD. The dielectric constants for the alloyed Ini—<GaP QDs
were chosen to be the same as the InP QDs of the same size.**> Given the similar bulk static
dielectric constants for InP and GaP, gallium composition is assumed to have a negligible effect
on the dielectric constants of the alloyed QDs. For alloyed QDs synthesized from 4.0nm InP, the
dielectric constant of ¢ =11.45 was used.

The oscillator strength for each exciton transition was calculated following the equation given

in the main text, where the dipole moment g, for exciton n was calculated using the

quasiparticle wavefunctions and the BSE coefficients (Eq. S4)
M, =€) Coild, Ird) (Eq. S4)

The absorption spectrum was calculated using the exciton energies and oscillator strength and
broadened with Gaussian functions to reflect the inhomogeneity arising from size dispersion, as

shown in Eq. S5.

ho—E,)?
l(hw) =Y \/%r f exp{—%} (Eq. S5)

where E, and f, are the energy and oscillator strength for exciton n. Eg is the bulk material gap,
which is interpolated between E;” =1.34eV and E* =2.27 eV for alloyed QDs. I', « E, —E_
is the energy-dependent inhomogeneous broadening.*

The radiative lifetimes were calculated using the equations given in the main text. As stated in
the main text, the total rate given in Eq. S6 is given by a canonical average over the Boltzmann

distribution of excitonic states:

. S (Eq. S6)



where Z = Ze_ﬁ (B %) is the partition function. The results for the alloyed Ini;—xGaP QDs are

tabulated, with multiple entries corresponding to different random Ga-distributions during the

construction of the QDs.
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Figure S4. Size analysis: small-angle X-ray scattering (SAXS) data and maximum-entropy fits for
(A) size-selected large InP QDs, (C) medium-sized InP QDs and (E) small InP QDs. (B), (D) and
(F) respectively are volume-scaled size distributions of the same obtained from a maximum-
entropy fit to the SAXS data.
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Figure S5. Comparison of optical absorption spectra of colloidal solutions of the relevant InP
populations before and after Gals ligand exchange: (A) 4.9 nm InP, (B) 4 nm InP and (C) 3.2 nm

InP.

Table S3. Correlation of the molten KGals salt cation exchange conditions with resultant gallium

compositions and optical characterization plots of the corresponding core-shell samples.

Average Annealing | Annealing | Estimated Lattice | Corresponding panel in
diameter of | temperature | duration | Gacontent | Mismatch Fig. S6
the initial InP (°C) (hr) from PXRD | with ZnS | Excitation- | Time-
QDs X : In1xGaxP emission resolved
matrix PL decay
4.92 nm 440 1 0.38 5.5% A B
4.00 nm 420 1 0.35 5.8% C D
3.17 nm 320/350 1+1 0.34 5.8% E F
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Figure S6. Diffraction patterns utilized to estimate the gallium composition in alloyed InixGaxP
samples synthesized in a molten KGals salt matrix starting from (A) large 4.92 nm InP (B) medium
4.00 nm InP and (C) small 3.17 nm InP. Additional peaks appearing before (i.e., at lower 26) the
(111) peak in (B) and (C), likely stem from the ordering of organic capping ligands.**
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Figure S7. Absorption and emission spectra of emissive core-shell In1xGaxP/ZnS samples with
similar gallium contents, along with absorption spectra of the relevant InP and In1.xGaxP cores,
synthesized from (A) 4.9 nm large InP (red emitting post cation exchange), (B) 4.0 nm medium
InP (yellow) and (C) 3.2 nm small InP (green) populations.
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Figure S8. Excitation-emission matrices were constructed to optically characterize the bright In;.
xGaxP/ZnS core-shell samples synthesized from initial InP nanocrystals with different surfaces and
sizes: (A) Ino.s2Gao3sP/ZnS from large 4.92 nm InP QDs, (C) Ino.ssGao.3sP/ZnS from medium 4.00
nm InP QDs and (E) Ino.e6Gao.2sP/ZnS from small 3.17 nm InP QDs. Recording time-resolved PL
and fitting the profile to a biexponential decay allow us to estimate the lifetime of excitonic decay
in the same samples (B), (D) and (F), respectively. The molten salt annealing conditions and
resultant gallium contents are matched with the optical characterization panels in the following
table S2.
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Figure S9. Characterization of the alloyed In1.xGaxP nanocrystalline sample used for solid state
NMR studies: (A) Optical absorption spectrum exhibits a blue shift of the excitonic feature
indicative of an increased bandgap. (B) Diffraction patterns indicate a pure zinc blende phase with
peaks shifted to higher 26 values. The alloyed sample was derived by cation exchange from the
large Micic InP QDs, and a gallium composition of 50% was estimated from PXRD.

Table S4. Summary of Czjzek distributions (o) in the quadrupolar interaction parameters derived
from simulations of the spectra.

diso c Co Ca,  peak | Py Po, peak | Lorentz | Gauss
(ppm) | (MHz) | (MHz) | (MHZ) | (MHz) | (MHz) | (Hz) (ppm)
WIn  of | 750.4 |12.58 |24.953 | 22.449 27.423 | 25559 |0 38.25
InP QDs
BIn of | 7143 |15.03 |29.813 | 26.531 32.764 |30.206 |0 276.4
Inl-xGaxP
QDs
Ga of |311.5 |2.878 |5.709 5.306 6.274 6.041 82.96 32.35
Inl-xGaxP
QDs
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Figure S10. (A) H spin echo spectra, tH{**N} J-INEPT spectra, *H{®*Ga} S-RESPDOR control,
dephasing, and difference spectra, *H{®*In} S-RESPDOR control, dephasing, and difference
spectra of InixGaxP QDs. (B & C) The experimental AS/So intensities as a function of total
recoupling time. Yellow squares, green squares, and blue squares correspond to the respective
ranges of *H chemical shifts in (A). Yellow, green, and blue lines are simulated dephasing curves
for the 'H-%°Ga and *H-%In spin systems. The best-fit distances are indicated on the plots.
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Table S5. Correlation of the molten KGals salt cation exchange conditions with resultant gallium
compositions and optical characterization plots of the corresponding core-shell samples.

Annealing | Annealing | Estimated Estimated Ga Corresponding panel in Fig. S11
temperature | duration | Gacontent | content from Relevant | Excitation | Time-
°C) (hr) from PXRD XRF/ absorption | -emission | resolved
X 1 In1xGaxP Elemental and map PL
Analysis emission decay
X : In1xGaxP spectra
362 1 0.14 0.39 A B C
380 1 0.20 0.45 D E F
400 1 0.27 0.51 G H I
420 1 0.35 0.60 J K L
460 1 0.47 0.69 M N 0]
440 24 0.57 0.78 P Q R
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Figure S11. Optical characterization of individual core-shell In1.xGaxP/ZnS samples with varying
gallium content, synthesized from the 4.0 nm InP QDs. Absorption and emission spectra of the
relevant nanocrystalline core and core-shell samples, along with the corresponding excitation-
emission matrices and time-resolved PL decay profiles are provided. The molten salt annealing
conditions and resultant gallium contents are matched to the optical characterization panels in
Table S5.

Table S6. Correlation of the molten KGals salt cation exchange conditions performed on large
Micic InP with the resultant gallium compositions.

Annealing Annealing duration | Estimated Ga content from PXRD PLQY
temperature (°C) (hr)
x-value : In1.xGaxP
440 1 0.38 ~19%
450 24 0.65 ~2%
450 30 0.78 Non-emissive
450 48 0.92 Non-emissive
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Figure S12. Optical characterization of the core-shell In1.xGaxP/ZnS samples with high Ga content
derived from the large 4.92 nm InP QDs. Absorption and emission spectra of the core-shell
Ino.35Gao.65P/ZNnS sample are provided in (A). The emission is weak, with a solution phase PLQY
of ~2%; (B) the corresponding excitation-emission matrix. Samples with higher gallium content
are completely non-emissive, as indicated in the associated excitation-emission matrices. (C) and
(D) pertain to the core-shell Ino 22Gao.78P/ZnS sample; (E) and (F) pertain to the Ino.0sGao.92P/ZnS
sample.
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Figure S13. Determination of the absorption cross section at 400 nm for InixGaxP/ZnS
nanocrystals. (A) Fluence dependent TA bleach signal for 4 nm core In1.xGaxP/ZnS nanocrystals
with fits to Poissonian single exciton statistics. From this we extract the bleach amplitude scaling
factor and the absorption cross section at 400 nm. (B) These cross sections are used to determine
the absolute absorbance at the band edge for the In1.xGaxP/ZnS nanocrystals shown in Figure 6E.
(C) Fluence dependent TA signal for 4.9 nm core In1.xGaxP/ZnS (bleach for 40% Ga, PIA for 65-
92% Ga) with fits to Poissonian single exciton statistics. From this we extract the bleach amplitude
scaling factor and the absorption cross section at 400 nm. (D) These cross sections are used to
determine the absolute absorbance at the band edge for the In1.xGaxP/ZnS nanocrystals shown in
Figure 6D. We note that 400nm is below the absorption onset for the ZnS shell, so we are primarily
measuring the absorption cross section of the 111-V core.
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Figure S14. Tauc plots pertaining to an indirect band alignment were constructed from the
absorbance values of the optically dark (A) Ino.22Gao7sP/ZnS and (B) Ino.0sGao.e2P/ZnS samples.
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Figure S15. Time-resolved PL dynamics for 4.9 nm core diameter Ing.35Gag.65P/ZnS nanocrystals.
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Figure S16. Transient absorption dynamics for 4.9 nm core diameter In1.xGaxP/ZnS nanocrystals
as a function of increasing Ga content from left to right (40% Ga left to 92% Ga right) and a
function of increasing excitation power from top to bottom. The top plots correspond to dynamics
for single excitons, the middle plots correspond to dynamics for single and bi-excitons, and the
bottom plots contain multi-exciton populations.
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Figure S17. Transient absorption dynamics of 4.9 nm diameter core Ino.35Gao.esP/ZnS pumped
with 640nm light to directly access the ground state. (A) 1.0 mW pump and (B) 0.24 mW pump.
(C) Dynamics of the bleach signal and PIA signal for a 1.0 mW pump and (D) comparison of the
normalized bleach signal for a 400 nm pump and a 640 nm pump, indicating similar dynamics
regardless of pump energy.
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Figure S18. Transient absorption spectra for the 4 nm In1xGaxP/ZnS under high power excitation
((N) ~10) for early times (1ps, blue and 2.5ps, orange) before Auger recombination and after

Auger recombination (1000ps, green). For the samples from x=0-0.35, we do not observe
significant shifts in the lowest energy bleach feature. For the samples with x=0.47-0.57, we
observe the bleach feature redshifts at late times (single exciton per dot) compared to early times
(multi excitons present). For the high gallium content samples, this indicates when there are
multiple excitons in the sample, the additional excitons fill slightly higher energy states compared
to the lowest allowed transition.
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Figure S19. Transient absorption dynamics for 4 nm core diameter InP/ZnS nanocrystals at
excitation fluences which produce primarily single excitons (left), single and bi-excitons (middle),
and multi-excitons (right).
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Figure S21. Transient absorption dynamics for single and bi-excitons in ~4 nm core diameter
In1xGaxP/ZnS nanocrystals with increasing gallium composition.

750

Wavelength (nm)
& 8 & 3
o o o o

3
S

450

750

Wavelength (nm)
a 8 & 3
o o o o

8
S

14% Ga, 1.0mW

-

5% Ga 1 OmW

-

T|me (ps)

Wavelength (nm)

Wavelength (nm)

~
a
=}

~
=}
=}

=)
a
o

3
=)

o
a
1=}

8
=3

450

750

700

650

20% Ga, 1.0mW

0 0 1 10° 10°

Time (ps)
47% Ga, 1.0mW

0 10° ! 107 10°

Time (ps)

750
200
—~ 1700
w00 _ E
g Zeo
w0 £ 2
S Gew
[5)
100 4 T 550
=
500
20.0
450
15.0 .
100
— 700
g
50 7 Zeso
o =
00 E 2
2
[3]
50
g 550
100 500
15.0 450

27% Ga, 1.0mW

-

e (ps)
57% Ga 1.09mW

_—

Tlme ( ps)

AA (MOD)

Figure S22. Transient absorption dynamics for multi-excitons in ~4 nm core diameter
In1xGaxP/ZnS nanocrystals with increasing gallium composition.
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Figure S24. (A) Early time TA bleach signal for ~4 nm diameter core In1.xGaxP/ZnS nanocrystals
plotted on a semilog scale with corresponding single-exponential fits. (C) Extracted biexciton
lifetimes from the fits to the early time bleach signal for ~4 nm In1.xGaxP/ZnS nanocrystals. (B)
Early time TA photoinduced absorption signal for ~4 nm diameter core InixGaxP/ZnS
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nanocrystals plotted on a semilog scale with corresponding single exponential fits. (D) Extracted
biexciton lifetime from the fits to the early time photoinduced absorption signal for ~4 nm In;-
xGaxP/ZnS nanocrystals.
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Figure S25. (A) Early time bleach signal for 34-38% Ga containing In1-xGaxP/ZnS nanocrystals
with increasing core diameter plotted on a semilog scale with corresponding single exponential
fits. (C) Extracted biexciton lifetime versus particle volume using the bleach signal. (B) Early time
photoinduced absorption signal for 34-38% Ga containing Ini1xGaxP/ZnS nanocrystals with
increasing core diameter plotted on a semilog scale with corresponding single exponential fits. (D)
Extracted biexciton lifetime versus particle volume using the photoinduced absorption signal.
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with temperature in In1xGaxP/ZnS samples.
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Figure S29. Evolution of PL spectra at higher temperatures in emissive core-shell (A)
Ino.62Gao.38P/ZNS and (B) Ing.35GaoesP/ZnS samples derived from the large 4.92 nm InP particles.
The trends in PLQY for the same as shown in (C) and (D) are similar to those of the smaller In.
xGaxP/ZnS populations described before. Evolution of the bandgap with temperature is described
in a Varshni plot in (E) and indicates a considerably weaker dependence.
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Figure S31. Representative TEM image of the InP/ZnS sample obtained from 4 nm InP
nanocrystals shows that only one monolayer of zinc sulfide could be grown on InP under similar

conditions. The substantial lattice mismatch likely prevents the shell from growing any thicker.
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core-shell InP/ZnSe/ZnS samples obtained from commercial sources. (B) The presence of a thick
shell which is better lattice-matched, likely leads to better retention of PLQY at elevated

temperatures, as well as near-perfect QY recovery after cooling.
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