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ABSTRACT: We report a theoretical study of CdSe nanoplatelets

aimed at identifying the main factors determining their photophysical
properties. Using atomic configurations optimized with density
functional theory calculations, we computed quasiparticle and exciton
binding energies of nanoplatelets with two to seven monolayers. We
employed many body perturbation theory at the GW level and solved
the Bethe-Salpeter equation to obtain absorption spectra and excitonic
properties. Our results, which agree well with recent experiments, were

Strain

then used to design a model that allows us to disentangle the effects of

quantum confinement, strain induced by passivating ligands, and

dielectric environment on the electronic properties of nanoplatelets. We found that, for the model to accurately reproduce our first
principle results, it is critical to account for surface stress and consider a finite potential barrier and energy-dependent effective
masses when describing quantum confinement. Our findings call into question previous assumptions on the validity of an infinite
barrier to describe carrier confinement in nanoplatelets, suggesting that it may be possible to optimize interfacial charge transfer and
extraction by appropriately choosing passivating ligands. The model developed here is generalizable to core—shell platelets and
enables the description of system sizes not yet directly treatable by first-principles calculations.

B INTRODUCTION

Colloidal CdSe nanoplatelets (NPLs) are highly anisotropic,
quasi-two-dimensional semiconductor nanostructures.”” Much
like epitaxially grown quantum wells, they exhibit optoelec-
tronic properties that are governed by their tunable thickness
of a few atomic layers. As a result, NPLs display absorption and
emission line widths much narrower than spherical quantum
dots (QDs). These optical properties make NPLs promising
candidates as photoabsorbers in photovoltaic devices or in
applications which require high color purity such as light-
emitting diodes,’ displays,4 and lasers.’

At present, CdSe NPLs are routinely synthesized with
passivating ligands that have been shown to affect their
photophysical properties.”” Consistent with computational
reports,”” experiments also suggest”’ that NPLs exhibit ligand-
dependent strain profiles. However, a detailed understanding
of the relationship between ligands, atomic structure, and
photophysical properties is still missing. This is due, in part, to
discrepancies between different computational methods
adopted to model the properties of NPLs and interpret
experiments, for example, their optical transition energies.”” ™"

In general, the optical gap (E,) can be expressed as the
difference between the quasiparticle (QP) gap Eqp (i, the
difference between the ionization potential and electron
affinity; also known as the fundamental gap) and the exciton
binding energy, E,. While optical transitions are routinely
measured using, e.g, UV—vis spectroscopy, theoretically, E, is
most often obtained by computing Eqp and E,, separately. On
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the experimental side, an independent measure of quasiparticle
and exciton binding energies is often challenging to obtain,
particularly for nanoparticles and nanoplatelets in colloidal
solutions, where photoemission measurements suffer from
scattering due to the solvent. For colloidal NPLs, measure-
ments of the QP energies have only recently become
"7 through either photoacoustic'” or scanning
tunneling'® spectroscopies. Due to the lack of data on QP
and exciton binding energies, previous efforts have mostly
compared theoretical results directly with optical transition
energies. However, different methods were used to compute E,
and QP energies,z’g_18 with results that differ significantly from
each other, especially for the values of Eqp. Discrepancies
between different methods may originate from both the level
of theory adopted (e.g, effective-mass approximation, tight-
binding, density functional theory (DFT) or many-body
perturbation theory) and the choice of parameters (e.g,
specific basis sets and pseudopotentials used in DFT
calculations). Parametric discrepancies are easier to reconcile,
while identifying the effects of theoretical assumptions on
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computed properties is more challenging and has profound
implications on our physical understanding of NPLs.

Here, we use a combination of first-principles calculations to
rationalize how the photophysical properties of CdSe NPLs are
affected by ligand-induced strain, quantum confinement, and
dielectric contrast between the NPL and its environment. We
focus on zincblende CdSe NPLs capped with atomic chloride
ligands, as these are the simplest NPLs studied experimen-
tally.”'*'” Using atomic configurations optimized with DFT
calculations, we compute quasiparticle (QP) and exciton
binding energies using Many Body Perturbation Theory at the
GoW, level and by solving the Bethe-Salpeter equation (BSE),
respectively. Our results compare favorably with recent
experimental reports17 and are, to the best of our knowledge,
the first calculations at this level of theory for NPLs. We then
build a model of the quasiparticle gaps that reproduces our
first-principles results. Such a model allows us to isolate the
effects of quantum confinement, strain, and dielectric environ-
ment on the platelets’ electronic properties. We show that to
obtain good agreement between the model and first-principles
descriptions of the NPLs, it is critical to account for surface
stress effects and consider a finite, rather than infinite, potential
barrier when describing quantum confinement. The model
developed here not only allows one to disentangle the main
effects determining the quasiparticle energies and hence optical
gaps of the NPLs, but it also enables the description of system
sizes not yet treatable directly by first-principles calculations. In
addition, we show that the model can also be generalized to
describe NPL heterostructures.

B COMPUTATIONAL METHODS

We used Density Functional Theory (DFT) calculations to
obtain structural models of chloride-passivated NPLs. DFT
calculations were performed using the open-source plane-wave
code Quantum Espresso”’ with the Perdew—Burke—Ernzerhof
(PBE) exchange-correlation functional’' and using Pseudo-
Dojo pseudopotentials.”” We used 2 X 2 X 1 supercells (28—
68 atoms) with 3 X 3 X 1 k-points, allowing both the in-plane
lattice constants and the atom positions to relax until forces
were below 107° a.u.

GW, quasiparticle energies were calculated for the 2, 3, and
5 ML NPLs using the West code,” which does not require
explicit calculation of empty states and avoids inversion of
dielectric matrices. GoW,, calculations were performed on a
primitive unit cell of 7—13 atoms for each NPL, using at least a
5 X § X 1 k-point mesh. GyW,, quasiparticle gaps were then
extrapolated to infinite number of k-points in the lateral
dimensions and to infinite number of projective dielectric
eigenpotentials (PDEPs) to ensure converged results. The
long-range Coulomb interaction was truncated to properly
converge with respect to the vacuum spacing between periodic
images in the axial direction, using the method discussed in
ref.”* We also showed that the G,W, quasiparticle gap of the
thinnest NPL (2 ML) obtained from the West>’ code was the
same as that computed using the Yambo*>*® code.

The exciton binding energy and absorption spectra of CdSe
NPLs were calculated through the Bethe-Salpeter Equation
(BSE) using the Yambo code’”® and using PBE wave
functions and a scissor correction equal to the difference
between the GyW, and PBE gaps at the chosen k-point density
for the 2 and 3 ML NPLs. The final spectrum for the 2 ML
NPL was calculated with a 15 X 15 X 1 k-point mesh and
includes transitions between 10 occupied and 10 unoccupied
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energy levels near the band edges. Exciton binding energies for
the larger NPLs were extrapolated from smaller k-point
densities. We provide thorough convergence studies in Section
S1 of the SI and emphasize the importance of convergence
with respect to the k-point mesh, as the BSE spectra were
found to require a much denser mesh than that needed to
converge PBE or GyW, band gaps (see Section Sl in the SI for
further details).

B RESULTS AND DISCUSSION

We consider zincblende CdSe NPLs ranging between 2 and 7
monolayers (MLs) in thickness, where we define the number
of monolayers to be equal to the number of layers of Se,
adhering to the formula Cd,,;Se,, with Cd terminating both
the top and bottom of the NPL. We chose NPLs capped with
chloride ligands, as they have been successfully used in recent
experiments,”'*'? with ligands initially placed as bridges
between Cd atoms prior to structural relaxation.”” Structures
of 2, 3, 5, and 7 ML NPLs were then generated by fully
relaxing all atomic positions and lattice constants using DFT
calculations; we found that the relaxation of lattice constants in
addition to atomic positions was essential to recover accurate
strain profiles.

In Figure 1b,c, we show DFT results for the in-plane and
out-of-plane strain for NPLs passivated with Cl~ and H™ (the
latter results are from Zhou et al,” who used the same level of
theory as adopted here). We define the strain to be relative to
the bulk lattice constant computed at the PBE level of theory.
Consistent with previous reports,” " our results show that
NPLs are in a state of biaxial stress; they are subject to in-plane
(&,) and out-of-plane (¢,) strain, whose magnitude depends on
the thickness and type of passivating ligands. We note in
particular that different passivating ligands lead to different in-
to out-of-plane strain ratios.

We analyze the strain observed in our first-principles
calculations by using a continuum elastic model that includes
surface stress (solid lines in Figure 1b,c), originally proposed
for thin films.”*** The model shows that the in- and out-of-
plane strain is determined by a subtle interplay between
deformation energy of the bulk crystal, and surface stress (see
Section S2 in the SI for details). We emphasize that neglecting
the effect of the surface would not reproduce correctly our
first-principles results. The model also rationalizes the
observed overall contraction across all layers of c-ALD
grown NPL heterostructures reported in recent experiments.30

We now turn to the electronic properties of the nano-
platelets, and we start by computing the quasiparticle energies
of NPLs passivated with CI” ligands using the GyW,
approximation and PBE wave functions. Results are given in
Figure 1d. GyW, calculations were performed using the West
code.”” We did not include spin—orbit coupling (SOC) in our
GoW, calculations but expect SOC to lower the quasiparticle
gaps by approximately 0.1 eV, as was found for bulk CdS G,W,
gaps in ref 31 as well as in our own PBE calculations of bulk
CdSe.

We find the GyW, quasiparticle gaps to be 3.52 eV for the 2
ML NPL, decreasing to 3.05 eV for the 3 ML NPL and to 2.43
eV for 5 ML. Our results are in good agreement with the only
experimental reports of quasiparticle gaps for these materi-
als,'*'” as shown in Figure 1d. However, we note that the
experimental samples were capped with carboxylate ligands
and were measured either on a microscope coverslip'” or Au
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Figure 1. (a) Drawing of a 2 ML NPL labeling the in- and out-of-
plane directions used throughout the text. (b) Out-of-plane and (c)
in-plane strain as a percentage relative to the bulk lattice constant, for
NPLs passivated with Cl~ ligands (blue) and H™ ligands, the latter
using PBE data from Zhou et al.” Calculations were carried out at the
DFT/PBE level of theory. Structural properties from DFT are
analyzed using a continuum elastic model (red and blue solid lines).
See text for details. (d) Quasiparticle gaps of CdSe NPLs calculated
using GoW,, starting from PBE wave functions (empty blue circles),
and estimated using the model described in the text (filled blue
circles). Model and GyW,, results are compared to experimental data
from photoacoustic17 or scanning tunneling“’ spectroscopies.

substrate,'® both with a dielectric constant different than that
of vacuum.

To interpret our GyW, calculations and extrapolate them to
larger sizes, we developed a model aimed at disentangling three
main effects: strain, quantum confinement, and dielectric
contrast between the NPLs and their environment. We first
consider the effect of strain using an eight-band k-p-
Hamiltonian; we then compare two separate effective-mass
models to estimate the change in gap due to quantum
confinement. Finally, we describe the change of the gap as a
function of the dielectric environment based on the results of
ref 32. We mainly focus on the electron and heavy-hole
energies, which are the states involved in the lowest optical
transition energies in NPLs.”

We describe changes in the CdSe bulk band structure, and
thus the band gap, as a function of strain using an effective
mass k-p-Hamiltonian.>* For zincblende crystals, such as CdSe,
this Hamiltonian describes the energies of the electron, heavy
(hh), and light-holes (lh), as well as the spin—orbit (SO) hole
bands. At fixed momentum-vector k, the band-energies, and
therefore also Eqp i, are simply obtained by diagonalizing the
k-p-Hamiltonian. Changes to the I'-point energies of the
heavy-hole and electron due to strain are given by’

4822
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AE, = ap(l - 21’])€z (1)
AE, = —a(l — 2n)e, — b(1 + n)e, (2)

where g, b, and a, are the material-dependent deformation

potentials. Out-of-plane (¢,) and in-plane strain (sy =¢,) are

related through n = —¢,/¢e,. The difference between electron

and heavy-hole energy due to strain is then given as
AEMS = AE, — AE,,

strain

3)

In Figure 2a, we compare the pristine (unstrained) bulk
band dispersion obtained from DFT calculations at the PBE
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Figure 2. (a) Band structure of unstrained bulk CdSe, plotted as a
function of the out-of-plane momentum (k,), showing agreement
between our DFT results (blue) and k-p model (solid lines). (b) The
change in electron (top) and heavy-hole (bottom) energies of the
bulk upon applied strain. The k-p model (orange solid lines) was
parametrized using DFT data of strained bulk with a strain ratio of # =
0.72 (orange dots). The blue solid lines show predictions of the k-p
model for a strain ratio of # = 1.25. See text for details. Model
predictions agree well with DFT calculations that use 7 = 1.25 (blue
dots).

level of theory to the results of the eight-band model which has
been parametrized using our DFT results. We also plot the
bulk I'-point energies of both the heavy-hole and the electron,
computed for different out-of-plane strains (Figure 2b). The
deformation potentials (a, b, and ap) were determined by using
eqs 1 and 2 and by fitting DFT data obtained for the strained
bulk, where the strain ratio was fixed to 0.72 (shown in
orange). In a state of biaxial stress, 57 equals C,,/(2C,;)*” and
therefore, the strain ratio of 0.72 is obtained using bulk elastic
properties, Cl-l-.}4 The blue lines, in contrast, are an
extrapolation of the model to # = 125, average strain-ratio
in our CI” passivated NPLs, computed using the same
deformation potentials. We compare the extrapolated model
to DFT data of strained bulk with a fixed strain ratio of 1.25
(blue dots). The favorable comparison between the two
indicates that the eight-band model accurately describes strain-
induced changes in the electron and heavy-hole energies of the

bulk, AE>"K

strain*®
To describe the effect of charge-carrier confinement
(“quantum confinement”), we first consider an infinite
potential-well that is often used in the literature to predict

https://dx.doi.org/10.1021/acs.jpcc.0c10559
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QP energies of NPLs.”'"'>'®'® The presence of infinite
barriers forces the wave function (envelope) to vanish at the
top and bottom of the NPL, thus leading to a discretization of
the out-of-plane momentum (k, = nz/Lypy, 7 = 1,2,...). Most
importantly, the smallest k, is nonzero and increases with
decreasing NPL thickness (Lypr). In this case, we define the

confinement energy, E_,.; as the difference between the band-

confy

energy at finite k, obtained by diagonalizing the eight-band

model and the respective I'-point energies.
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Figure 3. (a) Charge carrier confinement energy in NPLs; comparing
the finite (blue) and infinite (red) potential-well models to DFT
calculations of CI™ passivated NPLs (blue dots). (b) Charge carrier
confinement energy as a function of strain for the 2 ML NPL using
increasing finite potentials between 2 and 14 eV. Results are
computed by combining eq 3 and 4.

. DFT DFT DFT bulk
In Figure 3a, we show E_ ¢ = Exp. — Epye — AE i,

computed at the PBE level of theory for NPLs of different
thickness and passivated with chloride ligands. Our DFT
results for the confinement energy differ considerably from
those obtained with a model assuming an infinite barrier; in
particular, the infinite potential model strongly overestimates
the PBE results, suggesting that the hypothesis of an infinite
barrier needs to be revisited.

We thus modified the model by including the effect of a
finite potential (V) on the confinement energy. For this
purpose, heavy-hole (hh) and electron (e) are considered
separately.”” We approximate the heavy-hole dispersion
assuming a constant effective mass [my, = (y, — 27/2)_1] ,
where 7; are the modified Luttinger parameters of the bulk.”’
To account for the nonparabolicity of the electron dispersion,
we use an energy-dependent electron effective mass
m,(E),"****" as this has proven to be effective in modeling
confinement of electrons in epitaxial quantum wells with
zincblende crystal structure™ (see Section S3 in the SI for
further details).

The heavy-hole (Ej, ) and electron (E,.,¢) confinement
energies for a finite potential are then obtained by solving an
implicit equation for m; = myy, and m; = m (E, .., respectively,
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LNPL )
tan| —— . /2m.E. =
( 2 i"~i,conf

(4)

Equation 4 is obtained by imposing continuity and current-
conserving boundary conditions™ for the wave function at
both ends of the NPL. As done in models of quantum-dots®’
and NPLs,'” a free-electron mass is assumed for heavy-hole
and electron in the ligand shell and the vacuum region
surrounding the NPLs. Strain-induced changes in the effective
NPL-thickness are accounted for by Lyp;.

Figure 3b plots the confinement energy of a 2 ML-thick
NPL as a function of out-of-plane strain, for different values of
the confinement potential (V). Note that E,, includes both
E,cont and Eypp, conr Bulk parameters entering the model are
extracted from DFT calculations which we carried out for the
pristine and strained bulk. However, using experimental
parameters for the bulk’ yields similar results. We find that
both out-of-plane strain and, to an even greater extent, Vj
remarkably affect the confinement energy. In Figure 3a, we
show that it is only when considering a finite V, between 2
and 4 eV, that the model of eq 4, combined with changes in
the electron and heavy-hole energies of the bulk due to strain (

AESE;‘;;, eq 3), agrees with our DFT calculations. These results
call into question many literature assumptions of an infinite V.

We note that the strength of the confining potential is
related to the extension of single particle wave functions
associated with the platelet core, i.e., to their “leakage” into the
ligand shell. Hence our results suggest that by using different
passivating ligands, one may be able to optimize interfacial
electronic coupling in NPLs and, therefore, engineer charge
transfer and extraction.*”*!

We also emphasize that since NPLs are only few monolayers
thick, wave functions are strongly confined—even for V; of a
few eVs—Ileading to quantized out-of-plane momenta (k,) far
from the Brioullin zone center. At these large momenta, the
conduction band dispersion is nonparabolic (as shown in
Figure 2a), and the assumption of parabolicity leads to
significant errors when predicting the confinement energy.
Although emphasized by Efros and co-workers,”"® this aspect
has been largely neglected in the NPL modeling litera-
ture.'"'»'>'® Using an energy-dependent electron effective
mass'*°™** (as done in this work) is a simple but effective
way to overcome the limitations of many current models of
NPLs.

Having discussed quantum confinement, we now focus on
how the dielectric environment affects the quasiparticle
bandgap of NPLs. The quasiparticle gap measures the
difference between ionization potential and electron affinity.
In the presence of dielectric contrast, the creation of a hole in
the valence band (ionization potential) or an electron in the
conduction band (electron affinity) polarizes the interface
between the NPL and the environment. This polarization, not
present in the bulk, leads to a renormalization of the
quasiparticle gap which can be described by the method of
image charges'”*” and accounted for by an additional self-
energy, E. . We compute E.y using the simple expression
recently proposed by Cho et al.*”

1 _
——[2tanh '(L;,) — In(1 = Ly,)]
inlNpL

Eself =

()
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where Lyp,, is the NPL thickness and L, = (&, — €,..)/ (&1, +
€out)- € and €,y equal to the dielectric constant of the NPL
and environment, respectively.

We are now in a position to combine the effects of strain,
quantum confinement using a finite potential well model, and
the self-energy due to the dielectric contrast to estimate the

quasiparticle energy of NPLs, Exy, . We write the quasiparticle
energy as

bulk

QP _
ENPL - EQP,bulk + AEstrrain + Econf + Eself

(6)
where AESI:;];I;, E ..y and E ¢ are defined as in eqs 3—35. A value
of 2.5 eV for V,, was assumed for all NPL thicknesses, as this
was the average value found to best match our DFT data over
the entire thickness range. It also corresponds to what has been
used in the calculations for chloride-passivated NPLs by
Christodoulou et al."* We further use our DFT calculations of
NPLs to determine the strained NPL thickness (Lypr),
entering E ¢ (eq 4) and E. (eq S), as well as the strain-

profile entering AERX (eq 3). We take ¢, to be the bulk
dielectric constant of CdSe (6.2), following Zhou et al,* and
assume €., to be that of vacuum. Finally, we use the
experimental value of 1.66 eV for EQP‘bulk.43 Further details can
be found in the SI, Section S3.

In Figure 1d, we compare the quasiparticle gap computed
using eq 6 to our GoW,, results and experimental reports.'®"”
The close agreement between the results of the model and our
GoW, calculations, as well as experimental reports, suggests
that the quasiparticle gap is correctly described only when
strain effects, dielectric contrast between NPL and environ-
ment, and charge-carrier confinement are all properly taken
into account. For charge-carrier confinement, we emphasize
the importance of considering both the presence of a finite
(rather than infinite) barrier and accounting for electron
effective masses that are not constant but rather dependent on
the confinement-energy. The model for charge-carrier confine-
ment presented here (eq 4) unifies both effects in a simple
fashion.

Although derived and validated for “core-only” NPLs, eq 6
can be generalized to describe core—shell heterostructures, in
particular, the ones grown using c-ALD techniques’>** that
allow for shell-thickness control with monolayer precision. The
presence of a shell affects the dielectric environment as well as
the charge-carrier confinement, due to the band offset between
core and shell. In addition, the difference between the lattice
constant of core and shell causes core—shell NPLs to exhibit
additional strain. As shown in the SI (Section S2.1), this can be
accounted for by using a generalization of the continuum
elastic model discussed above for core-only NPLs.

As a result, the shell affects AEDUE

strains Econp and Eg e entering
eq 6. Changes in the bulk band gap due to strain (AE::E:};) and
dielectric-contrast effects (E) can be incorporated using eq 3
and eq S (see Section S4 in the SI for further details).
However, charge-carrier confinement in core—shell NPLs is
determined by the interplay of multiple confining potentials
and thus cannot be described using eq 4.

For simple core—shell systems, a core sandwiched between
two shells of the same material and thickness, a closed form
solution similar to the one in eq 4 exists. The confinement
energy of either electron or hole is obtained by solving an
implicit equation (see Section S3.1 in the SI for derivation)
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tanh(k,d;) + mk;
tan(kyz,) = YOIM; =
1 + y,tanh(k,d,) mk; )

Here, m; is the effective mass of both electron and hole in
the core (m,) and shell (m,;) materials. Similarly to core-only
NPLs, m for electrons is energy-dependent. The effective mass
of the ligand shell and environment is given by m,. The core
and shell thickness are 2z, and d, respectively. V; describes the
effect of the band offset and V, the confining potential due to

the ligands (Figure 4a). In addition, k, = \/2myE_, ¢, while
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Figure 4. (a) Schematic of the confining potentials in core—shell
NPLs. (b) Charge-carrier confinement energy, E.., and (c)
quasiparticle gap as a function of shell thickness plotted for different
NPL cores.

k;= 2m(V, — E_;); i =1, 2. Since all k; depend on E_,; eq

7 provides an implicit equation to evaluate the confinement
energy in a core—shell NPL.

Using eq 7, in Figure 4b, we show the confinement energy,
E .5 in CdSe-core and CdS-shell NPLs for increasing shell
thicknesses (see Section S4 in the SI for further details), where
two limiting cases may be identified. For vanishing shell
thickness, E ¢ equals the result of core-only NPLs and is
entirely dictated by the type of ligands. The confinement
energy can then be computed using eq 4, with V;, being the
confinement potential of the ligands. For very thick (larger
than ~S monolayers) shells, the effect of the ligands becomes
irrelevant, and the confinement of the charge carriers is
determined exclusively by the band-offset between the core
and the shell. For all intermediate cases, the confinement
energy is described by eq 7.

For vanishing shell thicknesses, charge carriers in the NPL
core experience only the effect of the dielectric contrast
between core and environment. Instead, for infinitely thick
shells, the dielectric contrast is determined by the shell only.
For simplicity, here, we assume that shell and core have
approximately the same dielectric constant and in Figure 4c,
we plot the quasiparticle gap in CdSe-core and CdS-shell NPLs
for increasing shell thicknesses. Details on the calculations,
including all information on the parameters used, can be found
in the SI, Section S4. Our results show a saturation of the
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quasiparticle gap with increasing shell thickness, which is
consistent with what has been shown experimentally for the
optical gap.so The observed trends in E and E_ intuitively
explain the gap behavior.

In addition to rationalizing experimental results on core—
shell heterostructures, eq 6 can be used to understand the
changes in the quasiparticle energies of NPLs due to different
ligands.”” Passivating ligands have all similar dielectric
constants (&,,) of approximately two; therefore, differences
in dielectric contrast due to ligands can be neglected. However,
the biaxial strain due to surface stress and the barrier height
(V) do vary as a function of the ligand type. The results of
Figure 3b suggest the barrier height to be the dominant effect.
These findings are consistent with a recent experimental report
showing that differences between the optical gap of carboxylate
and halide passivated NPLs cannot be explained considering
stain-effects only.7 However, for a quantitative comparison
with measured optical gaps, E, = Eqp — Ej, the evaluation of
the exciton binding energy (E,) is required, which we discuss
next.

We compute the optical absorption spectra and exciton
binding energy of NPLs using the Bethe-Salpeter equation,
thus obtaining a direct calculation of E, from first principles.
We find the exciton binding energy of the 2 ML NPL to be
approximately 600 meV, reducing to 500 eV for 3 ML. In
Figure Sa, we show the absorption spectrum of 2 ML CdSe
calculated by solving the BSE starting from PBE wave
functions, with a constant scissor correction equal to the
difference between the quasiparticle gaps obtained at the PBE
and GyW, levels of theory. Our BSE calculations explicitly
included spin—orbit coupling, as qualitative agreement with
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Figure S. (a) Qualitative comparison between the BSE spectrum of a
2 ML NPL and experimental data from ref 2. The experimental
spectra is shifted to match the optical gap of BSE. The BSE spectrum
was calculated using 15 X 15 X 1 k-point sampling and is plotted with
a Lorentzian broadening of 0.05 eV. (b) Exciton binding energies
calculated using BSE (filled blue circles) and the Olsen model*
(empty blue circles). (c) Quantitative comparison of our calculated
optical gaps [either GyW, and BSE (filled blue circles), or GoW, and
Olsen’s model (empty blue circles)] with experimental results” of
NPLs passivated either with acetate and oleate (Ac/OA), or bromide
and oleylamine (Br/OLAm) ligands.
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experimental absorption spectra, shown in Figure Sa, could not
otherwise be obtained because the first two peaks originate
from transitions of the heavy- and light-hole.”

Besides providing a value for the exciton binding energy for
CI” passivated NPLs in vacuum, BSE calculations can help
asses the validity of models presented in the literature. While
most calculations use the bulk exciton reduced-mass (u), our
DFT calculations of NPLs, in line with the report by
Benchamekh et al,'® suggest that y differs substantially from
the bulk value due to confinement”®*’ and strain.>

Comparison between Olsen’s 2D Screened Hydrogen
model™ and BSE calculations (Figure Sb, empty and filled
blue circles, respectively) shows that Olsen’s model, where a
2D polarizability is the fundamental variable, overestimates our
BSE results for the 2 and 3 ML NPLs, with better agreement
for the thicker 3 ML NPL. For further details, see Section S1 in
the SI. These findings are consistent with the observation®
that the model performs best for exciton binding energies
below approximately 500 meV. A direct comparison between
our first principle results and other exciton models proposed in
the literature, including both purely 2D’ and hybrid, ° is not
straightforward, due to the use of dielectric constants &, of 2
instead of 1 (vacuum), as intrinsically assumed in our BSE
calculations. Exciton binding energies calculated with &, ~ 2
instead of 1 are expected to be smaller'”*>*° than those
obtained in this work.

Having computed the GyW, quasiparticle gap and exciton
binding energy, we finally compare our calculated optical gaps
with experimental results’ of NPLs passivated either with
acetate and oleate (Ac/OA), or bromide and oleylamine (Br/
OLAm) ligands. The latter (Br/OLAm) have been shown to
exhibit optical gaps similar to chloride and oleylamine
passivated NPLs. The same has been observed for wurtzite
CdSe NPLs.*”*® Indeed, we find good agreement with BSE
and the Olsen model, especially when comparing to the
experimental results for Br/OLAm-passivated NPLs (Figure
Sc). Note that all our calculations assume vacuum (&, 4, = 1),
while the dielectric constant for the experimental environment
is more likely to be 2. However, while the E, and quasiparticle
band gap are affected by changes in dielectric constant between
the material and its environment, the optical band gap may be
less sensitive to these changes.'””” The agreement between
GoW, combined to BSE (g, ., = 1) and experiments (&, =
2) supports these observations; it suggests that the E, and
quasiparticle gap are affected by changes in dielectric contrast
in opposite ways but by similar amounts.

B CONCLUSIONS

We have presented first-principles results for the quasiparticle
gap and exciton binding energy of a series of CdSe NPLs, as
obtained from GyW, and BSE calculations, respectively. Our
GoW,, results are in good agreement with recent experimental
reports, and, when combined with exciton binding energies
obtained by solving the BSE, lead to optical gaps that compare
favorably with experiment. To rationalize our calculations of
the quasiparticle gap, we have presented a simple model that
allows one to disentangle the effects of ligand-induced biaxial
strain, quantum confinement, and the dielectric contrast
between a NPL and its environment. We found that all three
effects play a key role in determining the quasiparticle gap in
NPLs. Importantly, we showed that the quasiparticle gap in
NPLs is correctly described only when quantum confinement
is modeled by a finite (rather than infinite) potential barrier
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and when an energy-dependent (rather than constant) effective
mass is considered for the electron. These findings not only
challenge current modeling assumptions but also imply that
single particle wave functions exhibit a “leakage” into the ligand
shell. In turn, our results suggest that tuning of the
confinement potential, e.g, by using different passivating
ligands, could be an effective approach to engineer interfacial
coupling in NPLs.

The model presented here is not limited to CdSe NPLs, but
it can be applied to any quasi-two-dimensional nanocrystal
with a zincblende crystal structure. Due to its much-reduced
computational cost relative to GyW, calculations, this model
can be easily used to predict the quasiparticle gaps of systems
that are too computationally demanding for first-principles
calculations, including the description of NPL heterostructures.
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