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ABSTRACT: Ag−In−Se/ZnSe core/shell nanocrystals exhibit good photoluminescence
quantum yield (PLQY), yet intriguingly, the maximum PLQY is first reached after several
days of storage. We hypothesize that this may be due to cationic rearrangement in the
nanocrystal post-synthesis. To test this hypothesis, we computationally generated ternary
Ag−In−Se and quaternary Ag−In−Zn−Se nanocrystals with varying degrees of cationic
disorder, as quantified by the distribution of the metal cation valence electrons in the
tetrahedra around Se anions. We then used density functional theory-parametrized tight-
binding simulations to study the electronic structure and optical properties of these
systems as a function of the homogeneity of the valence electron distribution in a
tetrahedron. We found that homogeneous distribution of cations leads to a larger band gap
and optical coupling, and that, in the presence of AgIn or InAg antisite defects, the
introduction of intermediate valence Zn cations decreases the variance in valence electrons
and improves the optical properties. We further simulated the impact of a Zn-gradient shell
and rearrangement of cations in the outer layers of the nanocrystals and find that diffusion of Zn into the nanocrystal and cationic
rearrangement can explain the post-synthetic increase of PLQY. This work highlights the importance of developing syntheses for
multinary nanocrystals that result not only in size and composition uniformity but also in nanocrystals with a uniform distribution of
charge.
KEYWORDS: nanocrystals, Ag−In−Se, I−III−VI, core/shell, PLQY, defect calculations, tight binding

■ INTRODUCTION
Semiconductor chalcogenide nanocrystals offer a wide range of
compositions with size and shape tunability,1 tailored surfaces,2

and the ability to form heterostructures such as core/shell
nanocrystals,3 spanning a vast library of functional materials.
Historically, the first and the most studied binary chalcogenide
nanocrystals contain toxic elements, such as Cd, Hg, or Pb,
motivating the development of less toxic nanocrystals with
more complex ternary and quaternary compositions.4 We have
previously proposed a synthesis of I−III−VI nanocrystals,
utilizing amide-promotion of the nucleation stage and thus
enabling a composition control of cationic ratios independ-
ently of nanocrystal size.5−7 The additional complexity in the
synthesis of I−III−VI nanocrystals due to a higher number of
elements is overcompensated by an increased tunability of
nanocrystal properties, where both the size and cationic ratio
can be tuned.8 In this paper, we focus on Ag3In5Se9
nanocrystals,9 which have a tunable photoluminescence (PL)
emission spectrum between 800 and 1100 nm,6 and are
suitable for several applications including water splitting10 and
biomedical imaging.11

As with many nanocrystals, the growth of an inorganic shell
enhances photoluminescence quantum yield (PLQY).12 In the
case of ternary Ag3In5Se9 nanocrystals, the relatively low PLQY
of approximately 20% can be significantly improved up to
>70% by growing a ZnSe shell.6 Figure 1a illustrates the core/
shell synthesis via a cation exchange reaction, during which Zn
ions enter into the Ag3In5Se9 nanocrystal without a significant
change of nanocrystal diameter. Consequently, the Ag3In5Se9
core shrinks, resulting in a blue shift of the absorption with
increasing shell thickness (Table S1 and Figure S1).13 This has
been confirmed by the anomalous small-angle X-ray scattering
(SAXS) measurements, revealing a temperature-dependent
radial Zn gradient, namely, a deeper penetration of Zn ions
into the nanocrystal at higher synthesis temperatures.14
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However, the record PLQY values are not reached
immediately after the shell growth but rather after a couple
of days of storage at room temperature (Figures 1b and S2).
Once reached, however, the Ag3In5Se9/ZnSe core/shell
nanocrystals maintain this high PLQY.6

In contrast to significant change in PLQY, we observe minor
or no change of the other properties of the Ag3In5Se9/ZnSe
core/shell nanocrystals. Both absorption and PL spectra
(Figure 1c) exhibit only a small blue shift during the 5 days
of storage (for example, the peak PL shifts by 20−30 meV,
Figures 1d and S3). Furthermore, the increase of PLQY cannot
be attributed to structural changes either. For example, daily
EDX measurements on fresh Ag3In5Se9/ZnSe core/shell
nanocrystals show the same composition ratios, thus excluding
the post-synthetic leaching processes (Figure 1e). We therefore
hypothesize that the increase in PLQY in the days following
the ZnSe shell growth stems from an atomic rearrangement
within the cationic lattice in a way that is favorable for radiative
recombination. The significant change in PLQY can stem from
multiple processes linked to radiative and nonradiative
recombination, such as defect trapping or changes in
vibrational coupling, which are linked to the atomic structure
in the nanocrystal and thus can be best studied through theory
calculations.

In this paper, we use density functional theory (DFT)-
parametrized tight-binding simulations to investigate whether
the observed increase in PLQY can be explained by post-
synthetic cationic ordering. Previously, the PLQY of I−III−VI
materials has been linked to the ordering of cations and
cationic vacancies. In bulk Cu−In−Se, ordered vacancies can
occur for stoichiometries described by Cun−3Inn+1Se2n with n

between 4 and 9.15 For sub-10 nm nanocrystals, these indium-
rich I−III−VI compositions stand out within the broad solid
solution as having particularly high PLQY.16 Similarly, peak
PLQY values manifest in indium-rich Agn−3Inn+1Se2n nano-
crystals for n = 5 and 9.6 At the same time, aliovalent
chalcogenides are prone to cation disorder, which limits their
optical performance.9

In our previous study for Cu−Zn−In−Se nanocrystals,17 we
use tight binding18 in order to rapidly assess the effects of long-
range atomic order. Here, we use a statistical approach to
generate nanocrystals spanning the entire range of possible
atomic arrangements to investigate the potential impact of
cationic ordering on the optical properties of Ag−In−Se and
Ag−Zn−In−Se nanocrystals and to simulate the effect on the
optical properties for Zn diffusing within the Ag3In5Se9/ZnSe
core/shell nanocrystal. Finally, we demonstrate experimental
validation of our simulations via time-dependent transient PL
measurements for Ag3In5Se9/ZnSe core/shell nanocrystals.

■ RESULTS

Computer-Generated Ag−In−Se Nanocrystals
In accordance with our previous work,17 we create an
expanded hexagonal unit cell containing 18 Se atoms, 2
vacancies, 6 Ag cations, and 10 In atoms (Figure 2a). We
assume a fixed anion lattice, so that each Se anion is

Figure 1. (a) Scheme showing PLQY evolution of Ag3In5Se9
nanocrystals from 20% for cores to 50% immediately after growth
of ZnSe shell at 150 °C and eventually to 70% following two days of
storage at room temperature. (b) Evolution of the PLQY following
thin and thick ZnSe shell growth at 70 and 150 °C, respectively. (c)
Absorption and PL emission spectra of the Ag3In5Se9/ZnSe (thick
shell) nanocrystals after one and five days past the shell synthesis. (d)
Evolution of PL energy shift following thin and thick ZnSe shell
growth. (e) Elemental composition of Ag3In5Se9/ZnSe (thick shell)
nanocrystals measured each day after the shell synthesis.

Figure 2. (a) Hexagonal unit cell of Ag3In5Se9 ordered vacancy
compound with (b) exemplary tetrahedra and corresponding number
of cationic VEs. (c) Dependence of nanocrystal band gap and optical
coupling strength on variance of VEs in tetrahedra. Inset: modeled
Ag3In5Se9 nanocrystal. (d) Calculated absorption spectra of nano-
crystals with increasing ordering of cations (most ordered in dark
green with VE variance of 0.94 and less ordered in light green with VE
variances of 2.0, 3.2, and 6.7). (e) Density of states and selected wave
functions (red/blue for positive/negative sign) for poorly ordered and
(f) well-ordered Ag3In5Se9 nanocrystals. Insets: distribution of VE in
tetrahedra of corresponding Ag3In5Se9 unit cells.
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surrounded by four cations in a corner-sharing tetrahedral
arrangement. Randomly assigning Ag, In, and vacancies to the
18 cationic positions in such a cell, more than one million
different configurations are possible, of which we eventually
eliminate duplicates due to unit cell symmetry.

The Se anion has an oxidation state of −2, which is
compensated by its surrounding cations. For Ag(I), Zn(II),
and In(III) metal cations, the oxidation state is equal to the
number of valence electrons (VEs) of the respective elements.
Since tetrahedra are corner-sharing, the ideal sum of metal VEs
per tetrahedron is 8. While this is given as an average value in
Ag3In5Se9, it is not possible to satisfy this condition for each
tetrahedron (Figure 2b). The number of VEs in individual
tetrahedra can vary significantly. For example, the tetrahedron
with two vacancies and two Ag(I) possesses 2 valent electrons,
while the tetrahedron with four In(III) has 12 valent electrons.
To classify the randomly generated unit cells, we extracted the
number of metal VEs for the 18 tetrahedra of each unit cell and
computed the statistical variance from the mean value of 8. A
low variance indicates that the VE numbers in tetrahedra do
not vary widely from the mean value. The smallest variance for
Ag3Se5In9 unit cells is 0.94 (Figure 2a) and may reach values
up to 9.6 for most inhomogeneous distributions. A histogram
of the variances for each unit cell is shown in Figure S4.

From the above computed configurations, we select one unit
cell for a given value of variance, resulting in 75 distinct unit
cells. We formed nanocrystals (approximately 3 nm in
diameter) by expanding each of these 75 unit cells and then
cutting along 100 and 110 crystal lattice planes such that each
nanocrystal contains 512 atoms (Figure 2c).
Optical Properties of Ag−In−Se Nanocrystals
For each of the 75 nanocrystals, we compute the energy of
electronic states and their wave functions using the OMEN
package (Figure S5).19 We also calculate the optical coupling
strength between valence and conduction states and simulate
the absorption spectrum by applying a Gaussian broadening of
50 meV on each transition accounting for experimentally
broadened PL peaks from finite size distributions and
variations in configuration.17 We find that for all nanocrystals,
the optical coupling of the valence band maximum (VBM) and
conduction band minimum (CBM) is weak compared to that
from valence band (VB) states to a set of triplet states slightly
above the CBM, analogous to previous findings.9 In the text
below, the band gap energy refers to the electronic band gap
(i.e., the energy difference between the VBM and CBM) and
the optical coupling describes the sum of couplings from
transitions between the highest five VB states and lowest five
conduction band (CB) states (details of DFT parametrization
and tight-binding parameter fitting are given in the
Experimental Section and in the Supporting Information).

Band gap energies and optical couplings calculated for the
nanocrystals with 75 different configurations are plotted in
Figure 2c as a function of the variance in the number of VEs in
tetrahedra for the respective unit cell. The optical coupling is
proportional to the summed-up overlap of simulated valence
and conduction band wave functions. As the average deviation
from 8 VEs per tetrahedron increases, the band gap and optical
coupling strength decrease. To estimate the impact of this
trend and explain it, we show the simulated absorption (Figure
2d), the electronic structure, and wave functions of two
nanocrystals with different distributions of VEs in tetrahedrons
(Figure 2e,f). The absorption is derived from the wave

function overlap and the transition energy of simulated valence
and conduction band states, broadened with a Gaussian curve,
and summed up over all transitions within the considered
energy range. For the nanocrystal with better order, a narrower
distribution of tetrahedra and more tetrahedra containing 8
VEs are characteristic (Figure 2f), and the wave functions are
more symmetric and evenly distributed across the nanocrystal,
leading to improved optical coupling and increased absorption.
We note that the calculated band gap varies over a range of 1
eV, which is significantly larger than the experimentally
observed PL peak energy shifts of 20−30 meV as an average
of multiple nanocrystals. This suggests that small structural
changes are already sufficient to enhance the PLQY of
nanocrystals.

To understand this discrepancy, we look at the inhomoge-
neity in cation distribution as spatial distribution of antisite
cationic defects, which are known to occur.17 If we randomly
exchange 5% of Ag with In cations in the configuration with
minimal tetrahedron distribution, we find an increase in
tetrahedron deviation (from 0.94 to >1.5) as well as a decrease
of band gap (green data points in Figure 3a) and optical

coupling (Figure S6). We conclude that the uniformity in
cationic distribution at the level of individual tetrahedra in
Ag3In5Se9 is key to the optical properties of the nanocrystal.9

The broad PL and absorption spectra measured for these
materials,16 which cannot be fully explained by size or
composition variation in the nanocrystals in the ensemble,
are therefore indicative of different extents of variance in the
nanocrystal assembly. We note that the impact of antisite
disorder in the surface layer on the band gap and optical
coupling is significantly lower than that of deeper lying layers
(Figure S7). This implies that wave functions are mostly
influenced by the arrangement of core atoms and may
correspond to a lower wave function density in the surface
layer for wave functions around the band gap.

Figure 3. (a) Band gap versus variance of VE in cationic tetrahedra
upon the introduction of 5% random cationic antisite defects (green)
and their replacement with Zn cations (blue). The black diamond
indicates the simulated nanocrystal with the optimal unit cell. (b)
Calculated absorption of Ag3In5Se9 with antisite disorder and Zn
repair. (c) Tetrahedron types in (Ag2In4Se7)(ZnSe) with optimal VE
variance in tetrahedra. (d) Dependence of band gap and optical
coupling strength on VE variance in tetrahedra of (Ag2In4Se7)(ZnSe)
nanocrystals generated from periodic unit cells.
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Quaternary Ag−Zn−In−Se Nanocrystals
We now replace the introduced 5% antisite defects from the
example above with Zn cations (i.e., Zn in InAg = ZnAg and Zn
in AgIn = ZnIn), resulting in randomly distributed Zn inside the
nanocrystal (Figure 3a). This significantly reduces the variance
in the distribution of VEs in tetrahedra from a mean value of
1.8 to 1.1, since adding Zn(II) in place of exchanged Ag(I) and
In(III) means that the average number of VEs in tetrahedra
becomes closer to 8. For example, the value of a single
tetrahedron may be reduced from 10 (i.e., Se surrounded by
In, In, InAg, and Ag) to 9 (In, In, ZnAg, and Ag). The electronic
density across the nanocrystals also becomes more uniform
with Zn replacement (Figure S8), which is reflected in an
improvement of optical coupling strength and enhancement of
the absorption (Figure 3b). This is consistent with
experimental measurements, showing higher PLQY for
quaternary Ag−In−Zn−S nanocrystals.20

To systematically study the behavior of quaternary Ag−In−
Zn−Se, we assume a solid solution of Ag2In4Se7 and ZnSe,
such that each unit cell contains 8 Se atoms, 1 vacancy, 1 Zn
atom, 2 Ag, and 4 In atoms. In this unit cell, the variance
reaches numbers between 0.57 and 5.1. Interestingly, the
minimal variance value of 0.57 is smaller than that achievable
in ternary Ag3In5Se9 (Figures 3c and S4b). As for the case of
ternary unit cells, we compile all 840 possible configurations
and model three nanocrystals of selected unit cells per given
value of variance (Figure 3d). The same trend as for ternary
compositions applies, revealing the largest band gaps and
strongest coupling for minimal tetrahedron deviation. In the
literature, we find that quaternary Ag−In−Zn−S nanocrystals
have a larger band gap than Ag−In−S,20 which is in agreement
with our calculations. Furthermore, DFT calculations of Ag−
In−Zn−S thin films show an increase in CB edge energy and
total band gap with increasing Zn content band structures
calculated, again consistent with our tight-binding simulations
(Figure S9).21

Defect Repair in Ag−In−Se/ZnSe Core/Shell Nanocrystals
We create a gradient Ag−In−Se/ZnSe nanocrystal containing
a surface layer (outer shell) with a thickness of half of a unit
cell as well as an inner shell with a thickness of one unit cell.
The total nanocrystal size is equal to the sizes of the simulated
ternary and quaternary nanocrystals. We use an optimal
arrangement of cations in the core (variance of the VE
distribution equal to 0.94). For the inner shell, we employ the
same unit cell and replace one Ag and one In with two Zn
(11% Zn), and for the outer shell, we replace two Ag and two
In with four Zn (24% Zn) by minimizing the variance in the
respective modified unit cells (Figure S10 and Table S2).

To simulate nonuniform Zn distribution, in a first step, we
exchange Zn cations in the shells with neighboring cations,
excluding Zn diffusion into the nanocrystal core (Figure 4a).
We executed and tracked 90 exchanges, leading to an antisite
concentration of 42% in the layers containing Zn. This
increases the variance from 1.2 to 2.1 (Figure 4b). We reverse
this exchange to model a stepwise antisite defect repair by
exchanging three antisite cations per time step until the
original structure is restored. As the variance reduces, the band
gap as well as the optical coupling and absorption increases
(Figures 4c and S11).

The distribution of wave functions within the nanocrystal
depends on the potential landscape of the heterostructure and
affects the optical properties. To study the wave function

distributions in the core/shell nanocrystal, we calculate the
partial wave function densities in each of three nanocrystal
layers (Figure S12). The values are normalized by the number
of atoms present in each layer. In the arrangement with
uniform Zn distribution, approximately 50% of the CBM wave
function is located in the nanocrystal core, while approximately
80% of triplet states are in the core and inner shell. Approx.
50% of VB states are localized in the inner shell of the
nanocrystal (Figure S13a and Table S3).

As for homogeneous ternary and quaternary nanocrystals,
disorder leads to less symmetric wave functions (Figure S13b).
In particular, disorder affects the CBM wave function density
distribution across the nanocrystal with more wave function
density at the nanocrystal surface. Improving the valence
distribution leads to a depletion of the electronic density in the
outer shell and an increase of the wave function density in the
nanocrystal core (Figure 4d). Similarly, we find a depletion of
wave function densities of CB triplet and VB states in the outer
shell (Figure S14).

■ DISCUSSION
Our computational findings on the impact of cationic ordering
support the initial hypothesis that the origins of the PLQY
increase come from Zn rearranging within the cationic
sublattice of the nanocrystal (Figure 1a), resulting in a more
homogeneous distribution of VEs. First, our computations
predict that the cation rearrangement results in an increased
band gap by 300 meV (Figure 4). Experimentally, we observe
blue shifts of 30 meV for the thicker shell grown at higher
temperature (150 °C) and a 20 meV shift for the thin shell
grown at lower temperature (70 °C; Figure 1). This indicates
that the extent of cationic rearrangement is significantly lower
than simulated. In Figure 4c, we mark the configuration at
which 5% of the antisite defects remain. A band gap change of
30 meV corresponds to merely one time step equivalent with
three antisite defect repair steps, which in turn matches the

Figure 4. (a) Schematic of disorder introduction by exchange of
cations in the inner and outer shells of the nanocrystal. (b) Increase in
variance of VE number in tetrahedra for 90 cation exchanges. (c)
Simulated recovery of band gap and optical coupling, as well as (d)
increasing localization of CBM in nanocrystal core upon cationic
antisite disorder repair averaged over five disordered nanocrystals.
Each time step represents the exchange of three neighboring antisite
cations until no antisite defects remain.
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small change in absorption. While cation diffusion is relatively
slow at room temperature,22 already small changes in the
crystal lattice cause significant changes of optical properties.
According to previous anomalous SAXS measurements,14 Zn is
mostly present at the nanocrystal surface for low-temperature
shell synthesis and diffuses deeper into the nanocrystal core
during synthesis of a shell at high temperature. We also know
that cation rearrangement in deeper nanocrystal layers is
slower than at the surface due to a higher activation energy for
diffusion.22 According to simulations on ternary nanocrystals
(Figure S7), rearrangement of cations in the nanocrystal core
has a higher impact on optical properties than diffusion in the
outmost layer. Taken together, this explains why the measured
changes in PL and PLQY in the thick shell nanocrystal are
more extensive than those in the thin shell nanocrystals
(Figure 1).

Time-dependent optical spectroscopy further elucidates the
post-synthetic changes. Analysis of transient PL measurements
of Ag−In−Se/ZnSe core/shell nanocrystals shows two distinct
recombination paths (Figures S15a and S16a).6 The fast
(approximately 10 ns) yet relatively minor contribution to
luminescence is likely due to recombination between states
with particularly strong optical coupling. The slower
(approximately 100 ns) and dominant recombination path
occurs between the valence and conduction band edges
(Figure S16a).23,24 Once excited, the hole self-traps via
phonons to a lower energy state which, analogously to Cu−
Zn−In−Se nanocrystals, we associate with localized VB states
due to the presence of Ag and vacancies in the same
tetrahedron.17 These radiative recombination paths compete
with phonon-mediated nonradiative recombination. Due to
broad PL emissions, the two radiative recombination paths
cannot be filtered to measure separately.

We conduct time-dependent transient PL measurements
starting 1h after the end of synthesis and evaluate the collected
spectra with the machine-learning LumiML algorithm to
ensure nonbiased data fitting (Figures S15b,c).25 In short, the
algorithm fits the spectra to a discrete basis without a prior
assumption of recombination mechanisms. The relative decay
contributions remain mostly unchanged such that the PL decay
may be approximated with just the slow recombination path
throughout storage time. No change of recombination rate is
detected (Figure S16b,c), indicating that the mechanism does
not change but only the relative efficiency of the self-trapping
and recombination process over other nonradiative processes.
This matches previous findings that the recombination rate is
dominated by nonradiative processes, which are composition-
independent.17 An increase in cationic homogeneity in
nanocrystals leads to an increase in optical coupling and thus
better overlap between conduction and VB states. Indeed, a
comparison of recombination rates reveals a pronounced
increase in the radiative recombination compared to a weaker
decrease in the nonradiative recombination for both samples
(Figure S17).

Furthermore, we expect a higher radiative rate of self-
trapped holes in the absence of disorder analogous to
calculations for Cu−Zn−In−Se nanocrystals.17 At the same
time, localizing the CBM away from the nanocrystal surface
reduces the influence of potential surface defects on exciton
recombination, thus favoring the dominant recombination path
between the CBM and a localized state over nonradiative
recombination and reducing nonradiative rate. This enables

the self-trapping of more holes, resulting in an ultimate
increase in radiative recombination.

In general, our findings highlight the strong effects of even
small composition inhomogeneity in multinary nanocrystals,
which may negatively or positively impact the optical
properties. Examples of self-healing are known in nanocryst-
als,26−28 and the small crystallite domains in nanocrystals
promote the spontaneous return to the energetically more
favorable structure with homogeneous cation distribution,
which may be accelerated with a tailored annealing step.26 In
the case of the small Ag3In5Se9/ZnSe core/shell nanocrystals
studied here, we show that introduction of a cation of
intermediate valence at elevated temperatures leads to a finite
antisite defect concentration. Sufficiently long storage at room
temperature thereby allows cation diffusion for improved
PLQY.

■ CONCLUSIONS
DFT-parametrized tight-binding modeling of chalcogenide
nanocrystals provides valuable insight into the impact of the
cationic distribution and of adding a shell. In particular, we
demonstrate a systematic approach to understand the optical
properties of nanocrystals by looking at the statistical
distribution of charge around each anion, as quantified here
by the variance of the VE distribution. We note that this
perspective on charge distribution is equivalent to the valence-
octet or Grimm−Sommerfeld rule, which has been successfully
applied to model related ternary29,30 and quaternary31

chalcogenide materials with aliovalent cations.
Moving forward, our findings point toward the potential to

develop synthetic approaches to control cationic distributions
in the nanocrystals and thereby achieve superior optical
properties. On one hand, this work shows that careful selection
of time and temperature promotes atomic diffusion toward a
homogeneous distribution of constituent elements. Addition-
ally, by performing studies to gain detailed understanding of
reaction mechanisms and kinetics which indicate how cations
enter the nanocrystal,32 it may be possible to obtain insights
into how to control cation homogeneity through the choice of
precursors, concentrations, and reaction parameters.

■ EXPERIMENTAL METHODS

Materials and General Remarks
Silver(I) iodide (anhydrous, 99.999%) and indium(III) iodide
(anhydrous, 99.999%) are purchased from Alfa-Aesar; selenium
(99.99%) and tri-n-octylphosphine (TOP, 97%) are purchased from
Strem; diethylzinc (1 M in hexane), oleic acid (techn. 90%), toluene
(99.7%), ethanol (99.9%), and methanol (99.9%) are purchased from
Sigma-Aldrich; lithium bis(trimethylsilyl)amide (LiN(SiMe3)2, 95%)
and oleylamine (80−90%) are purchased from Acros. LiN(SiMe3)2 is
recrystallized from a hexane solution at −20 °C. Oleylamine and oleic
acid are purified from water residues by heating to 100 °C under
vacuum for at least 1 h and then transferred into the glovebox. All
other chemicals are used as received. Stock solutions of silver(I)
iodide (0.25 M), indium(III) iodide, and Se (1 M), as well as
LiN(SiMe3)2 (approximately 1.6 M) are prepared. Injection mixtures
and stock solutions are prepared in a N2-filled glovebox. All syntheses
are carried out in an air-free environment using the standard Schlenk
line technique.

Synthesis of Nanocrystals
The synthesis and purification of ternary Ag−In−Se as well as the
growth of ZnSe shell via a cation exchange are described in detail in
previous publications.5,6 The temperature of the thin ZnSe shell
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growth synthesis is kept at 70 °C, while 150 °C is used for the thick
ZnSe shell.

Basic Characterization
TEM images are acquired on a Hitachi HT7700 and on a JEOL JEM-
1400 Plus, both operating at 100 keV. Size distributions are evaluated
by measuring >100 particles per sample with ImageJ software. Energy-
dispersive X-ray spectroscopy (EDX) data are measured with FEI
Quanta 200 FEG SEM microscopes, operating at 30 keV. Absorption
spectra are obtained with an Agilent Cary 5000 UV−vis−NIR
spectrophotometer by measuring diluted nanocrystals in tetrachloro-
ethylene. For PL and PLQY, diluted nanocrystals are illuminated with
blue lasers (405 nm, World star, 10 mW; 450 nm, Thorlabs, 5 mW),
and the signal is recorded with an Ocean Optics QE65000
spectrometer. PLQY of core/shell nanocrystals is measured repeatedly
for two days starting 1 h after synthesis completion. Quantum yield
values are computed according to the published protocol33 using
rhodamine B in ethanol as a reference solution.34

Transient Photoluminescence and LumiML
Core/shell nanocrystals dissolved in toluene are placed in a 1 mm
thick quartz cuvette and illuminated for 20 s with a picosecond pulsed
laser (405 nm, Hamamatsu C10196) over 44 h with 40 min intervals,
starting 1 h after synthesis completion. The transient photo-
luminescence signal is collected with an avalanche photodetector
(Excelitas Technologies, SPCM-AQRH-TR). Significant signal decay
is noticed after 20 h, and measurements beyond this time are
discarded.

Transient photoluminescence spectra are analyzed with LumiML, a
python-based machine-learning software.25 The same starting
parameter set is used for all measurements of one sample. A
histogram basis over a decay frequency range between 0.002 ns−1 and
0.49 nm−1 with logarithmic spacing (total of 17 frequency points) is
used with an ω of 3π and five cross validation steps per measurement.

Band Structures of AgInSe2, ZnInSe2, and Vacancy
Compound
DFT + GGA calculations are performed with the Vienna ab initio
simulation package35−38 using HSE06 hybrid functionals to accurately
reproduce the band gap.39 Tetragonal chalcopyrite unit cells of
AgInSe2, ZnInSe2, and CuIn2Se4 are fully relaxed (ionically relaxed for
CuIn2Se4 containing one vacancy), and electronic and ionic potentials
are optimized for a grid of 8 × 8 × 8 k-points (4 × 4 × 4 k-points for
CuIn2Se4) with Perdew−Burke−Ernzerhof functional. Spin polar-
ization is not considered. The cutoff energy for the plane wave basis
set is set to 350 eV (500 eV for CuIn2Se4). The break condition is set
to 10−6 for the self-consistent iterative calculation and 10−5 for the
conjugate-gradient algorithm of ionic relaxation. AgInSe2 has
calculated lattice parameters a of 6.149 Å, η of 1.9284, u of
0.258852, and a band gap of 1.24 eV, matching previous studies.40

Tight-Binding Parametrization
For tight binding, only localized orthogonal wave functions and
nearest neighbor interactions are considered. Cu, Ag, Zn, and
vacancies are modeled with a sp3d5 atomic orbital configuration, while
In and Se are represented with sp3. Least squares fittings are applied
to the DFT band structures. In−Se bonds are computed globally to
ensure consistency. The parameters (Table S4) are added to OMEN
for nanocrystal calculations. Since ZnInSe2 is an artificial composition,
Zn may be introduced as a dopant with concentrations up to 25% of
cations.

Nanocrystals are created by first expanding the relaxed unit cell to a
bulk structure and then carving out a crystal with well-defined cutting
planes along (100) and (110). Tight-binding simulations are
performed with the OMEN tools19 using 100 eV dsp3 hybridization
for dangling bonds.41

The outputs include the top VB and bottom CB as well as the
corresponding wave functions and the CB−VB optical coupling
matrix. The optical coupling figure of merit is defined to be the total
coupling strength of the first five valence and conduction band states.

The output of the OMEN is evaluated with Mathematica and
MATLAB software.
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