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Colloidal semiconductor nanocrystals (NCs) are believed to strongly absorb resonant light; this property is
key to ongoing applications of NCs as phosphor in light-emitting diodes (LEDs) for lighting, in displays, and
photodetectors. However, it has been realized that NCs in a low dielectric medium suffer from a weak permeation
of the electromagnetic field in the solid due to formation of depolarization fields, strongly reducing light absorp-
tion, as quantified by the local-field factor. For low-dimensional semiconductors, such as one-dimensional (1D)
rods and two-dimensional (2D) superlattices, this depolarization field depends critically on the electromagnetic
field direction versus the long direction of the material. Here we present atomistic calculations of the screening
of the electromagnetic field for individual NCs and technologically important architectures, i.e., 1D and 2D
superlattices of epitaxially connected NCs. We also investigate the combined effects of epitaxial connections
and excitonic interactions in the particular case of dimers of NCs. Even if it can be improved by a matrix of
high dielectric constant, the local-field factor of individual NCs is very low but can increase more than an order
of magnitude in NC chains or NC superlattices for an in-line or in-plane electromagnetic field. The calculations
of the optical absorptance agree with recent experimental results obtained on superlattices of PbSe and CdSe
superlattices. The reduced screening of the electric field in the case of strong epitaxial connections between
the NCs was recently invoked to explain that the absorptance of a 2D superlattice approaches the absorptance
quantum (7o, where « is the fine structure constant) observed with semiconductor quantum wells [P.T. Prins
et al., Nano Lett. 21, 9426 (2021)]. We conclude that atomically coherent superlattices have a strong light
absorption and emission, even in the NC monolayer limit, and are primary candidates for polarization-selective

photodetectors and LEDs.

DOI: 10.1103/PhysRevB.107.245413

I. INTRODUCTION

A main strategy in nanomaterial science is to assemble
nanoscale building blocks into unique materials to generate
physical, chemical, or biological properties which cannot be
found in materials synthesized by more conventional routes
[1-6]. In self-assembled systems, some properties can be di-
rectly retraced to those of the building blocks, while other
properties, called collective properties, emerge from the inter-
actions between the building blocks in the assembly. Here we
demonstrate that colloidal semiconductor nanocrystals (NCs)
[7-12] and their self-assembled lattices form a remarkable
platform to study properties resulting from the dielectric (and
quantum) coupling between the NC building blocks. It is
already known that dipolar coupling between neighbor NCs
strongly influences the optical properties in monolayers of
disconnected NCs [13,14]. The permeation in NCs can also be
enhanced by a matrix with a high dielectric constant. Along
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this line, we show that, in atomically coherent superlattices
obtained by oriented attachment of NCs, the dielectric screen-
ing of in-plane electromagnetic fields can be considerably
reduced due to the epitaxial connections between neighbor
NCs. This results in a strongly enhanced absorptance, ap-
proaching that of semiconductor quantum wells.

Here, we present atomistic calculations of the dielectric
response in one-dimensional (1D) and two-dimensional (2D)
NC superlattices of different geometries. We deduce that the
local field in superlattices is strongly enhanced with respect
to the cases of single NCs and monolayers of unattached
NCs. We also present tight-binding calculations of the opti-
cal absorptance of square lattices of PbSe (CdSe) NCs and
propose a simple analytic model for the lowest-energy absorp-
tion peak. By comparison with measured data [15], we show
that lattices of epitaxially connected NCs are characterized
by approximately the same oscillator strengths as dispersed
NCs but have considerably higher local-field factors. We also
evaluate the excitonic effects in the particular case of NC
dimers. We conclude that atomically coherent superlattices of
NCs are promising materials for cost-effective photodetectors,

©2023 American Physical Society
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FIG. 1. (a) Typical overview bright-field transmission electron
microscopy image on a square superlattice. The average size of
the NCs is 5.6 nm, the width of the connections between NCs is
typically half this value. (b) Model for square lattices of spherical
NCs (diameter D) linked by cylindrical connections (diameter d).
The superlattice parameter a is equal to D. (c) Atomistic view of
a square superlattice of NCs. (d) Atomistic view of a honeycomb
(silicene-type) superlattice made of spherical NCs. The [111] crys-
tallographic axis is perpendicular to the lattice plane. Each NC of
the top layer (sub-lattice A) is attached to three NCs of the bottom
layer (sub-lattice B) along the [-100], [0-10] and [00-1] directions,
the three connections being made with cylinders of diameter d, the
angle between NC-NC bonds being 90° [39]

not only for their tunable energy spectrum and their improved
transport properties compared to assemblies of disconnected
NCs [16] but also for their high absorptance, relatively close
to the upper limit corresponding to the perfectly crystalline
thin film (nanowire) in 2D (1D) systems, thanks to a reduced
screening of the electric component of the external electro-
magnetic field. The present study of the permeation of the
electromagnetic field in low-dimensional semiconductors is
inspired by the recent findings [15] that this upper limit for
band-edge absorptance in 2D systems such as graphene [17],
semiconductor quantum wells [18,19] and atomically coher-
ent superlattices of NCs have a universal character directly
related to the absorptance quantum wo, where « is the fine
structure constant.

II. NC SUPERLATTICES

A. Experimental situation

In the present paper, we consider 1D and 2D materials
obtained by oriented attachment of NCs to form bigger crys-
tals [20-25]. This approach was particularly successful with
the lead chalcogenide family PbX (hereafter, X=S, Se, Te).
As illustrated in Fig. 1(a), monolayers of PbX NCs forming
2D square superlattices can be synthesized using presently
well-established methodologies [11,23,26-30]. The superlat-
tices, formed by the attachment via (100) facets of NCs with
a truncated cubic shape, are characterized by a great homo-
geneity on a large scale, as shown, for example, in Fig. 1(a).

Remarkably, 2D silicene-type honeycomb structures can also
be synthesized using the same building blocks [11,29,31]. In
that case, the axis perpendicular to the superlattice is along
a [111] crystallographic direction but the NCs are still con-
nected via (100) facets, and the adjacent NC-NC bonds form
an angle of 90°. The syntheses of multilayers of square lattices
[32], 3D superlattices [33], linear and zigzag chains [29],
and dimer molecules [34] are also reported. Furthermore, NC
superlattices of CdX can be produced from PbX ones using a
cation exchange process [11,35]. Direct atomic attachment of
wurtzite CdSe NCs to form NC dimers or NC artificial solids
was also reported recently [36].

B. Band structure

Owing to the periodic character of NC superlattices in
the absence of disorder, band-structure theory can be used
to describe their electronic states [37-39]. In the case of
PbX compounds, the highest valence band and the lowest
conduction band can be well understood using an effective
tight-binding model in which each NC is seen as an artificial
atom characterized by hole and electron states with S-like
envelope wave function [40]. In the lattice, the electronic
coupling between neighbor NCs leads to the formation of
minibands, called S bands for those derived from NC S states.
This simple description also holds for the lowest conduction
miniband in CdX or HgX NC superlattices [37-41]. The width
of these minibands is directly related to the NC-NC coupling
strength [37-39,42]. In the following, we will demonstrate
that dielectic screening properties are also strongly influenced
by the epitaxial connections between neighbor NCs.

III. METHODOLOGY

A. Atomic model of the superlattices

Even if as-prepared PbX NCs have a truncated cubic shape,
structural characterizations reveal a substantial atomic rear-
rangement during the oriented attachment process that creates
necking at NC-NC interfaces and final NC shapes are ap-
proximately spherical [21,31]. Like in our previous works on
band-structure calculations [38—41], this effect is taken into
account by modeling the NCs as spheres connected by cylin-
ders to form the superlattice [Fig. 1(b)]. The diameter D of
each NC is equal to 5.5 nm for PbSe, 6.1 nm for CdSe, close to
the experimentally reported sizes [11,21,39,43]. The diameter
d of the cylinders is taken as a parameter (0 < d < D), allow-
ing us to tune the coupling between neighbor NCs. The ratio
d /D is typically of the order of 0.5 in synthesized superlattices
[43]. The atomic structure is defined by considering all the
atoms of the crystal (rocksalt or zinc blende) included within
the spheres of diameter D and the cylinders of diameter d.

B. Calculation of the dielectric response

Our main goal in this paper is to calculate the dielectric
response of single NCs and superlattices of NCs to an external
electric field Ey of angular frequency w. We characterize this
response by the so-called local-field factor F = E /E,, where
E is the average internal field in the semiconductor compound.
F is smaller than 1 because the electromagnetic field pushes
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polarization charges against the outer planes of each NC,
resulting in a depolarization field that partly neutralizes the
driving field.

The calculation of the dielectric response cannot be
done using a quantum mechanical approach because the in-
vestigated systems contain thousands of atoms. Following
Ref. [44], we thus use a semiempirical model in which the
dielectric response is described by polarizable bonds between
the atoms. This methodology was assessed by comparison
with more elaborate descriptions [44—46]. For an isolated NC,
it gives a local-field factor very close to its classical value,

36‘M
2em + &)
where &/ = Re[gi;(w)] is the real part of the dielectric permit-
tivity of the semiconductor compound at the frequency w, and
ey 1s the dielectric permittivity of the surrounding medium.
This atomistic model was also successfully used to describe
the polarizability of optically excited InAs NCs [47].

In this approach, we describe a dielectric system as an
ensemble of N atoms. We define on each atom i the aver-
age (energy) potential V; which is related to the variations
of charge én; on all atoms j, i.e., the induced polarization
charges. As described in Refs. [44,45], each physical quantity
in this atomistic model is thus described by a matrix of size
N. The bare potential V; induced by the external field Ej,
the screened potential V, and the charges én are all defined
by a column matrix of length N. The potentials and charges
are linked by the linear relation én = xV, where x is the
N x N polarization matrix that describes the noninteracting
density response function. The screened potential, from which
we derive E, is also given by V =V, + vdn, where the ma-
trix v represents electron-electron Coulomb interactions, i.e.,
Vpm = ez/ R, — R,,|, where R, is the position of atom n.
Combining these equations leads to V = &~'V;, where ¢ is
the N x N dielectric matrix equal to I — vy, where [ is the
identity matrix. As described in Ref. [44], the nondiagonal
terms of x are restricted to nearest neighbors, and the bond
polarizability is adjusted to give the correct dielectric constant
g/ for the bulk semiconductor.

Since superlattices are usually deposited on a substrate,
polarization charges in the semiconductor are accompanied
by their image charges in the substrate. We thus add their
contribution to the Coulomb matrix v. In the present paper, we
consider a quartz substrate (refractive index n, of 1.46). How-
ever, we have found that the substrate has a minor influence
on the local-field factor (except for the effect of the reflection
of the light, see next section)—image charge effects could
be safely neglected. When we consider infinitely extended
periodic systems, the matrix equations are rewritten in Fourier
space [45]. In that case, N represents the number of atoms per
unit cell. The matrix elements of the potentials are calculated
using the Ewald summation method [48].

F (isolated NC) = €))]

C. Tight-binding calculations of the absorptance

The optical absorptance is the ratio between incident and
absorbed light. For a superlattice of NCs deposited on a
substrate of refractive index ny, it can be written as

A(w) = F*F* Ay(w), )

where the first term F? = 4/(n; 4+ 1)* accounts for the re-
flection of the light by the substrate [15,18]. F is here the
local-field factor defined with respect to the external field
composed of the incident and reflected fields. Ay(w) is the
internal absorptance given in the single particle (SP) approxi-
mation by [46]

7 hie?

2mceoS

Ao(w) = Y £k — Eik) + E;(K)),
kK i

3)
where k is the crystal momentum and i () runs over conduc-
tion (valence) states [i, k) (] j, k)) of energy E;(K) (E;(k)), S
is the surface of the 2D sample on which we apply periodic
boundary conditions, e is the unit charge (electron charge =
—e), I is the reduced Planck’s constant, m is the electron
mass, c is the light velocity and &y is the vacuum permittivity.
In addition, f; ;(k) is the oscillator strength of the optical
transition given by

2m . . 2
Jij(K) = ?(Ei(k) — E;j(K))[{J, klx|i, K)| (€]

for the optical electric field polarized along x.

The electronic states |i, k) (|j, k)) are calculated in tight
binding using a sp>d>s* basis of atomic orbitals for each spin.
We used the model of Ref. [49] (derived from Ref. [37]) for
CdSe and Ref. [50] for PbSe. We checked that very simi-
lar results are obtained with the tight-binding parameters of
Ref. [51] for PbSe. The dipolar matrix elements in Eq. (4) are
calculated as described in Refs. [46,52]. In the following, we
will also show calculations in which the absorptance spectrum
is convoluted by a Gaussian function to account for size dis-
persion and disorder present in the experimentally synthesized
superlattices.

D. Two-level model of the absorptance for
the lowest optical transition

In addition to the tight-binding calculations, it is also in-
teresting to consider a simple two-level model for the lowest
optical absorption peak of NC superlattices. We assume that
the total oscillator strength f, summed over all transitions con-
tributing to this peak at the energy /iwy, is the same as in single
NCs. f was deduced from optical cross sections measured on
PbSe [53] and CdSe [54] NCs in solution. For the NC sizes
considered in the present paper, f is of the order of 16 for
both PbSe and CdSe.

From Eq. (3), the internal absorptance line shape is written
as

2 _ 2
Ag(w) = e ! [_M} 5)

—  f——ex
2m08050fn«/2n P 2n?

where Sy is the surface occupied by a single NC in the lattice.
In this equation, we have replaced the delta function by a
Gaussian characterized by the broadening energy n. Com-
bined with Eq. (2), the previous equation leads to

1.75F% f [_(hw—ha)o)z]’ ©)

hoy= -1
Alhw) = T Son 2

where Sy is given in nm?, fiwy and 7 in eV.
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FIG. 2. (a) Evolution of the local-field factor F' with the distance dnc_nc between centers of neighbor NCs in a monolayer of PbSe NCs
characterized by an hexagonal lattice. The results are obtained for in-plane (red) or perpendicular (green) fields for uncapped NCs (circles or
triangles) or NCs capped with 1.4-nm-thick shell of dielectric permittivity of 2 (+ or x). The horizontal dashed lines represent the limits at
infinite distance. (b) Same for a square lattice. (¢) F in a square lattice of epitaxially connected NCs versus the normalized width d/D of the
connections between neighbor NCs for perpendicular (green) or in-plane (red) field. + or x: F for a superlattice embedded in 6.4-nm-thick

layer of dielectric permittivity of 2.

E. Excitonic effects

To estimate the excitonic effects on the optical absorption
spectra, we performed calculations using a configuration in-
teraction (CI) approach. The results of these calculations in
the case of dimers of NCs are discussed in Sec. VII. The start-
ing point is the calculation of SP states by the tight-binding
method as described above. These SP states are used to con-
struct a basis of Slater determinants. The excitonic states are
obtained as linear combinations of the form

Wi = d, ve)
vc

where [¥,.) is the Slater determinant that describes the ex-
citation of a single electron from the valence state v to
the conduction state ¢ from a reference state where all va-
lence (conduction) states are full (empty). The matrix of
the excitonic Hamiltonian is written in this basis taking into
account the terms resulting from the Coulomb interactions
(self-energy, Coulomb and exchange terms). The details of
this CI method have been published in Refs. [55-57].

In the case of the dimers of PbSe NCs (Sec. VII), we
consider a basis of 144 valence states and 144 conduction
states corresponding to the set of S, P, and D states of each
NC taking into account the eightfold degeneracy of the val-

(N

leys in the conduction and valence bands of PbSe [51]. We
consider 36 conduction states and 400 valence states in the
case of CdSe NC dimers, with the disymmetry in the number
of states reflecting the disymmetry in the effective masses in
light conduction and heavy valence bands.

IV. DIELECTRIC SCREENING IN SUPERLATTICES OF
PbSe NCs

In this section, we discuss the specific case of PbSe but the
conclusions are valid for other semiconductor compounds. We
consider the dielectric screening at frequencies close to the
lowest interband transitions (fw = 0.7 eV). In this frequency
range, it was shown that the dielectric constant in PbSe NCs
is close to its bulk value, we therefore use &/ = 23 [58].

A. Monolayers of disconnected PbSe NCs

Before looking at NC superlattices, it is interesting to con-
sider monolayers of NCs in which the NCs are disconnected
but are assembled on a periodic lattice. By comparison, this
will allow us to reveal the effects of epitaxial connections in
superlattices synthesized by oriented attachment. We present
in Fig. 2(a) results of our calculations for hexagonal lattices

245413-4



DIELECTRIC AND OPTICAL PROPERTIES OF ...

PHYSICAL REVIEW B 107, 245413 (2023)

of PbSe NCs. Such monolayers can be prepared by interfacial
assembly in the presence of excess oleate capping, in order to
prevent oriented attachment [59].

Figure 2(a) shows the evolution of the local-field factor F'
for an in-plane field when we vary the distance between the
NCs, i.e., the hexagonal lattice parameter. At large distance, F
is close to F (isolated NC), the expected value for a single NC.
Our calculations also demonstrate that F is increased when
each NC is surrounded by a dielectric shell which simulates
the response of capping ligands [14]. In any case, the inter-
nal electric field increases when the distance between NCs
decreases due to dipolar coupling between nearest-neighbor
NCs [14]. For the close-packed monolayers considered in
Fig. 2(a), the enhancement factor compared to the single-NC
case can be of the order of 2, which corresponds to a factor
of 4 for the absorption (oc F2). We show in Appendix A that
the results of Fig. 2(a) can be quantitatively explained by the
analytical theory of Ref. [14] in which each NC is described as
a point dipole. Physically, within each NC, a dipole is formed
under the action of the external electric field which, in isolated
NCs, is strongly decreased by the depolarization field. In the
2D lattices, the depolarization field is reduced by the presence
of the dipoles located in the neighboring NCs, and this effect
is amplified when the NCs get closer.

Very similar results are obtained for square lattices of
disconnected NCs [Fig. 2(b)]. This type of array appears as
an intermediate phase during transformation of hexagonal
lattices into square superlattices of epitaxially connected NCs
by oriented attachment of the NCs [27,60,61].

B. Square lattices of epitaxially connected PbSe NCs

The case of square lattices of epitaxially connected NCs is
presented in Fig. 2(c). When the connections between neigh-
bor NCs are very narrow (e.g., d/D = 0.1), the local-field
factor for a field in the lattice plane is in the range of 0.2-0.3,
close to the value found for close-packed square monolay-
ers of disconnected NCs [Fig. 2(b)]. In other words, narrow
connections have a small effect on dielectric properties. The
presence of a thin embedding layer (dielectric permittivity of
2) mimicking capping ligands tends to reduce the screening
but F remains around 0.4. Increasing the width of the con-
nections leads to a significant enhancement of the local-field
factor, which reaches a value close to 1 for d/D = 1. In that
case, we recover a situation close to a pristine PbSe quantum
well. In a dielectric film, an in-plane field is totally unscreened
(F = 1) since the polarization charges are repelled at infinity
(in reality, at a distance of the order of the light wavelength,
large compared to d). On the contrary, for a field perpendicu-
lar to the film, screening is very efficient, F = 1/¢] (0.04 for
PbSe). This is also found in square superlattices of NCs for
which we find values of F' well below 0.1 for a perpendicular
field. In this case, F varies from 3/(2 + ¢] ) for d/D — 0 to
~1/e; ford/D — 1.

From the three panels of Fig. 2, we see that the local-field
factor varies from 0.11 (0.15 with a shell) for PbSe NCs
dispersed on the substrate to 0.71 (0.72 with a shell) for
PbSe NCs in a square superlattice with d/D = 0.5. The term
F? contributing to the optical cross section (absorption) thus

1.0 .
Field: ®
® Parallel °
0.8 | A Perpendicular ®
)
0.6 f ®
[
w
0.4r¢ e
)
0.2r¢
A A A A A A A A A A
0.0 : : : : :
0.0 0.2 0.4 0.6 0.8 1.0
d/D

FIG. 3. Local-field factor F in a linear chain of PbSe NCs versus
the normalized width d /D of the connections between neighbor NCs
for a field along the chain (red dots) or perpendicular to it (green
triangles).

varies by a factor of 42 (23 with a shell) between the two
situations, which represents a broad range.

C. Chains of epitaxially connected PbSe NCs

The same effects are predicted in 1D systems. Figure 3
shows that the local-field factor strongly increases with d/D
for a field applied along a chain of epitaxially connected PbSe
NCs. F is exactly equal to 1 for d/D = 1, when the chain
becomes a cylindrical wire and the totality of the polarization
charges is pushed at the edges of the cylinder (here infinity).
On the contrary, F' remains small for a field perpendicular
to the chain. If the chain is irradiated with linearly polarized
light, we thus predict a huge dependence of the absorption on
the angle 0 between the electric field and the chain axis. In-
deed, the oscillator strength contains a term |(E - p)|?, where
E is the mean internal electric field, p is the momentum
operator, and () represents the matrix element between the
initial and final states of the transition. This term thus behaves
as (Fy(p)cos(@) + Fi{p1) sin(9))?, where Fy (FL) is the
local-field factor for parallel (perpendicular) polarization, (pj)
and (p, ) are the transition matrix elements of the momentum
operator along the two directions. In experimental situations
where d /D < 0.8, the matrix elements (p)) and (p, ) are very
close (see below), so the oscillator strength varies approxi-
mately as cos®(9) since Fj > F|.

D. Bilayers of square superlattices of epitaxially
connected PbSe NCs

The case of square superlattices made of a bilayer of PbSe
NC:s is also interesting (Fig. 4). We have considered the case
where NCs are epitaxially connected not only in the lattice
plane but also between the two superposed layers, since this
is realized experimentally [32,33,40]. We find that local-field
factor remains close to its value for single square lattices
[Fig. 2(c)]. We conclude that the amount of absorbed light per
layer is the same in bilayer superlattices than in single layer
ones, in agreement with experimental observations [15].
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FIG. 4. Local-field factor F' in a bilayer of square superlattices
of PbSe NCs versus the normalized width d/D of the connections
between neighbor NCs for a field along the bilayer (red dots) or
perpendicular to it (green triangles).

E. Honeycomb lattices of epitaxially connected PbSe NCs

In silicene-type honeycomb lattices of epitaxially con-
nected PbSe NCs, the two NCs of the unit cell are not in
the same plane. The connections between neighbor NCs are
not parallel to the (111) lattice plane. As a consequence,
we expect a smaller effect of the epitaxial connections on
the dielectric screening than in square superlattices. This is
confirmed in Fig. 5 showing that, for an in-plane field, the
local-field factor F still increases with d /D but with a smaller
slope than in Fig. 2(b). The maximum value attained for
d/D =11s 0.79, due to the presence of polarization charges
which remain in each unit cell due to the buckled atomic
structure of the lattice, characterized by NC-NC bonds along
[100] directions and which result in a nonzero depolarization

1.0
Field:
® In-plane
0.8} A Perpendicular °
[ ]
0.6 °
W
[ ]
0.4+t o °
[ ]
0.2¢
[ ]
A A A A A A A A A A
0.0 : : : : :
0.0 0.2 0.4 0.6 0.8 1.0

d/D

FIG. 5. Local-field factor F in a honeycomb (silicene-type) su-
perlattice of PbSe NCs versus the normalized width d/D of the
connections between neighbor NCs for a field in plane (red dots)
or perpendicular to it (green triangles).

field. The values of F for a perpendicular field (along [111])
remain small, like in the case of square lattices.

V. CALCULATIONS OF THE OPTICAL ABSORPTANCE IN
2D SUPERLATTICES

Absorptance spectra of superlattices were measured in
Ref. [15]. Those for square lattices of epitaxially connected
PbSe and CdSe NCs are reproduced in Figs. 6(a) and 6(b),
respectively. Those for a bilayer of square lattices and a hon-
eycomb lattice of epitaxially connected PbSe are depicted in
Figs. 6(c) and 6(d), respectively. They are representative for
a series of measurements recorded independently by different
research groups (see Supporting Information S3 of Ref. [15]).
Figure 6 also shows the results of tight-binding calculations
for comparison (Table I). Relatively good agreement is ob-
tained when we take into account some broadening which can
be attributed to disorder and size dispersion. It should be noted
that we chose the d/D ratio to have the lowest energy absorp-
tion peak in good agreement with the experiment. A slightly
larger value of d/D (e.g., 0.6 instead of 0.5) would allow us to
have better agreement at higher energy by globally increasing
the absorption intensity, at the expense of the concordance at
low energy. In any case, this ratio d /D remains close to what
was obtained by structural analysis [42,43].

Remarkably, as partially shown in our previous study [15],
Fig. 6 also demonstrates that the lowest peak in the measured
absorptance spectra can be very-well described by the two-
level model of Sec. III D, for both PbSe and CdSe, for square
(monolayer or bilayer) or honeycomb lattices. This means that
total oscillator strength in this peak is approximately the same
for NC superlattices as for NCs in colloidal solution, which
can be understood by the origin of the superlattice minibands
in terms of NC states (Secs. IIB and VII). Therefore, the
increase in optical absorption in superlattices compared to
isolated NCs comes mainly from the significant increase in
the local field factor.

The discrepancies between tight-binding calculations and
experiments could be due, in principle, to inaccuracies of
tight-binding parametrizations, the lack of excitonic correc-
tions in the calculations, or a limited description of the
complex dielectric environment of NC superlattices. However,
the calculations presented in Sec. VII and in Appendix B show
that excitonic effects are probably too small to explain the ob-
served differences. Since the theory-experiment agreement is
good with the two-level model, we can also infer that the local
field effects are rather well-described. We conclude that the
errors more likely come from the tight-binding description.
The agreement with the experimental results is neverthe-
less already very satisfactory considering the approximations
inherent to this semiempirical method and the differences
between the different measurements (Supporting Information
S3 of Ref. [15]).

The scales on the right of the panels in Fig. 6 represent
the absorptance A divided by F?F*ra. A/(F?F?) is in fact
the internal absorptance Ay [Eq. (2)], i.e., the response to the
internal field. As discussed in Ref. [15], we see that A at the
lowest peak is close to 2w« for the square and honeycomb
superlattices of PbSe NCs, o for the square lattice of CdSe
NCs, corresponding to the limits obtained for the quantum
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FIG. 6. Absorptance of square superlattices of PbSe NCs (a), square superlattices of CdSe NCs (b), bilayers of square superlattices of PbSe
NCs (c), and honeycomb (silicene-type) superlattices of PbSe NCs (d). Red and grey dots: Representative sets of experimental results [15].
Blue solid lines and black dashed lines: Tight-binding calculations for superlattices deposited on a quartz substrate and embedded in a layer
of dielectric permittivity of 2. Green solid lines: Calculations using the two-level model. The parameters used for the calculations are given in
Table L. In all panels, the right-hand scale represents the absorptance A divided by F2F*ra, i.e., the internal absorptance Ay [Eq. (2)] divided
by the absorption quantum w«. By definition, the two-level model (green solid line) describes only the S, — S, transitions forming the lowest

energy absorption peak.

wells of PbSe and CdSe, respectively [19]. A value close to
4ra is found for the bilayer of PbSe NCs [Fig. 6(b)]. The
physical origin of this remarkable behavior is discussed in
Refs. [15,19].

VI. ABSORPTION ENHANCEMENT IN LATTICES OF
EPITAXIALLY CONNECTED NCs

We conclude from the previous section that NCs in solu-
tion or in superlattices are characterized by similar oscillator
strengths for the lowest optical transition. However, NCs in
atomically coherent superlattices absorb a considerably larger

amount of light (about a factor of 10) than in solution because
the local-field factor is larger, i.e., the electric field component
of the light is less screened. This is demonstrated in Fig. 7,
where we plot the absorption enhancement factor for a square
lattice of epitaxially connected NCs (d/D = 0.5) compared
to the same NCs dispersed at the surface of the substrate,
i.e., in the absence of NC-NC coupling. This enhance-
ment factor is defined as the ratio between the optical cross
sections obtained in the two situations. Assuming similar os-
cillator strengths, transition energies, and peak broadening,
this factor simplifies into the ratio of the squared local-field
factors.

TABLE 1. Calculated values of F' and parameters used for the calculation of the theoretical data of Fig. 6.

Tight-binding calculations

Two-level model

Figure Lattice Compound F D (nm) d/D n (V) hawy (V) f n V)
Fig. 6(a) Square PbSe 0.71 5.5 0.5 0.04 or 0.08 0.70 16 0.05
Fig. 6(b) Square CdSe 0.87 6.1 0.6 0.02 or 0.06 1.97 16 0.065
Fig. 6(c) Square bilayer PbSe 0.70 5.5 0.5 0.04 or 0.08 0.70 16 x 2 0.05
Fig. 6(d) Honeycomb PbSe 0.60 5.5 0.6 0.04 or 0.08 0.70 16 0.05
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FIG. 7. Enhancement factor of the optical absorption in a square
NC superlattice (D = 6 nm, d/D = 0.5) with respect to the same
NCs present as individual NCs on the substrate surface, as function
of the dielectric permittivity of the NC semiconductor compound. To
simulate the effect of the ligands, each individual NC is surrounded
by a 1.4-nm-thick shell and the square lattice is embedded in a 8.8-
nm-thick dielectric film (dielectric permittivity = 2).

The enhancement factor is the largest when the NCs are
composed of a semiconductor compound characterized by a
high dielectric permittivity (Fig. 7). Then it can reach very
high values, above 20. In any case, we conclude as in Ref. [15]
that lattices of epitaxially connected NCs are very appealing
materials for the realization of efficient photodetectors, in
particular, since the enhanced absorption can be combined
with a higher carrier mobility.

VII. EFFECT OF EXCITONIC CORRECTIONS: THE CASE
OF A DIMER OF PbSe NCs

One can wonder if the epitaxial connections between NCs
have a great influence on the electron-electron and electron-
hole interactions, thus on the excitonic effects, since they
have some on the dielectric screening. One can also wonder if
excitonic effects contribute to the discrepancy between experi-
mental results and tight-binding calculations in Fig. 6. Dealing
with this question goes far beyond the objectives of the present
paper, especially since the calculation of excitonic effects in
NC superlattices is complex due to their large size and infinite
extension in two dimensions. Nevertheless, we considered a
simpler case consisting of a dimer of PbSe NCs because it
allows us to study the effect of a variable diameter connection
while being numerically treatable by the CI method described
in Sec. Il E. The results of this section are presented taking
into account a low broadening (n =5 meV) which reveals
the main structures of absorption peaks but does not allow
us to distinguish fine structures of excitonic transitions as in
Ref. [62]. We have shown previously that much higher values
are needed to represent the experimental situation character-
ized by a substantive inhomogeneous broadening.

Figure 8(c) shows that, even if it is less than in NC chains
(Fig. 3) and especially in square lattices of NCs [Fig. 2(c)], the
effect on the dielectric screening of the epitaxial connection

between neighboring NCs is still important in the dimer case.
This explains on the one hand that the optical absorption is
much more important for a light polarized parallel to the dimer
axis [Fig. 8(a)] than perpendicularly [Fig. 8(b)], on the other
hand that the absorption for a parallel polarization increases
in intensity when d/D increases [Fig. 8(a)]. This behavior is
the same with or without excitonic effects.

The influence of excitonic effects on the optical spectra
is relatively minor, resulting mainly in a shift towards low
energies [Figs. 8(a) and 8(b)]. The behavior of the spectra
is quite similar with and without excitonic effects, although
differences in shape are clearly visible. The low energy ab-
sorption peaks (0.6 — 0.8 eV) correspond to transitions from
the eight S}, states originating from the L valleys of the valence
band to the eight S, states coming from the conduction band
valleys, and this for each NC. These states (valence or conduc-
tion) are not degenerate because of the intervalley couplings
whose intensity depends not only on the size of the NCs but
also on their symmetry and surface structuring [50,51,62—-64].
The situation becomes even more complicated in the dimer
case due to the fact that each S, (or S;,) state of a NC couples
to its equivalent in the neighboring NC to form a symmetric
(bonding) and an antisymmetric (antibonding) state. These
states are then coupled together by the Coulomb and exchange
terms of the excitonic Hamiltonian.

The obtained spectra resulting from (2 x 8) x (2 x 8)
transitions depend quite significantly on the shape and the
surface of the NCs. Nevertheless, for d/D — 1, the dominant
effect becomes the coupling between neighboring NCs and
the low-energy spectrum is limited to two main peaks corre-
sponding on the one hand to transitions between symmetric
states (valence-conduction) and on the other hand to transi-
tions between antisymmetric states. For intermediate values
of d /D, the effect of the epitaxial connection between NCs is
a broadening and a shift towards low energies of the S, — S,
peak, as observed experimentally and modeled in a simplified
approach [34]. Figure 8(d) presents an experimental spec-
trum for a NC sample containing ~23% dimers formed by
the fusion of monomers of estimated diameter 5.8 nm. We
superimpose on these results our calculations for D = 5.5
nm and several values of d/D for comparison. Although the
variability in size and shape is unknown, it is clear that the
experimental results can be reasonably interpreted by our
calculations for relatively wide connections (>0.5).

The weak influence of excitonic effects in dimers of
PbSe NCs is explained by the fact that these systems re-
main in strong quantum confinement regime for which
excitonic corrections mainly result in a shift of the spectra
and in a mixing limited to the states of the same mul-
tiplet coming from different valleys but characterized by
the same envelope function. Mixing between S and P mul-
tiplets, for example, remains weak for d/D values lower
than 0.8.

In the case of coherent NC superlattices of PbSe NCs,
the states of each multiplet (S, P) form energy bands well
separated from each other [37,38,65,66]. The intervalley cou-
plings induce the lifting of degeneracy between subbands but
without preventing this separation. We therefore expect iden-
tical conclusions about the excitonic effects in these 2D
systems.
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FIG. 8. (a) Optical absorption spectrum of dimers of PbSe NCs (of slightly different diameters, D = 5.5 nm and D" = 0.97D), for different
values of the normalized width d /D of the connections between the NCs for light polarized along the axis of the dimer (solid lines: excitonic
calculations; dashed lines: single-particle calculations). (b) Same for a polarization perpendicular to the dimer axis. All curves of (a) and (b) are
plotted using the same vertical scale but data of (b) are multiplied by a factor 3. (c) Local-field factor F' for an electric field along the axis of the
dimer (red dots) or perpendicular to it (green triangles). (d) Experimental spectrum for a sample of PbSe NCs (diameter ~5.8 nm) containing
~23% dimers [34] (black solid line) compared to results of calculations for d/D = 0.1 (red dashed line), d/D = 0.5 (blue solid line), and
d/D = 0.7 (green dotted solid line). In all calculations, the broadening 7 is set at 5 meV to reveal fine structures.

The strong quantum confinement effects that result from
low electron and hole masses and the strongly screened
Coulomb interactions explain the weak excitonic effects in
PbSe NC arrays. Appendix B shows that these effects are
more important in the case of CdSe, a material character-
ized by a lower dielectric constant and much heavier hole
masses.

VIII. CONCLUSION

In this paper, we have shown that the epitaxial connections
in superlattices of semiconductor NCs have a profound effect
on the dielectric properties. The local-field factor F, defined
as the ratio between internal and external fields, strongly in-
creases with the diameter d of the connections between NCs

for in-plane fields. While F is of the order of 0.2-0.3 in 2D
close-packed arrays of disconnected (d — 0) PbSe and CdSe
NCs at their optical threshold, F increases to about 0.7-0.8 in
square superlattices presenting a strong epitaxial connection
between neighbor NCs (d/D =~ 0.5), which is supported by
the good agreement between calculated absorptance spectra
and experimental data. Owing to their high optical absorp-
tance (ox F?) and electrical conductivity, atomically coherent
superlattices of NCs are promising materials for the realiza-
tion of low-cost photodetectors. This conclusion is supported
by our recent work showing that the optical absorptance of
these superlattices approaches the semiconductor quantum
well limit which, when corrected for local field factors, is
directly related to the universal quantity wo, where « is the
fine-structure constant [15].
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FIG. 9. Evolution of the local-field factor F with the distance
between centers of neighbor NCs in a monolayer of PbSe NCs
characterized by a hexagonal lattice (uncapped NCs). Blue triangles:
Present numerical calculations [same as in Fig. 2(a)]. Blue solid line:
Analytic formula [Eq. (A7) with &), = 1] derived from the dipolar
model of Ref. [14]. Black dashed line: Same curve shifted 0.75 nm
to smaller NC-NC distance.

APPENDIX A: CROSS SECTION OF NCs IN A
MONOLAYER OF DISCONNECTED NCs

In the case of a monolayer of disconnected NCs, the local-
field factor can be calculated analytically by approximating
each NCs by a polarizable dipole. We assume that the mono-
layer is embedded in a medium of dielectric permittivity &,.
Following Ref. [14], the dipole moment of a NC under the
external field Ey of angular frequency w is given by

P(w) = eya(w)EL, (AT)
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where E; is the in-plane component of the field which
includes, in addition to Ey, the dipolar contribution of neigh-
boring NCs. a(w) is the net polarizability

3 €in () —em
ein(®) + 2en

where R is the NC radius and &;,(w) is the complex permit-

tivity of the semiconductor compound. Since Ej is the same

on each NC (for lattices with one NC per unit cell), E; is a
solution of the following equation:

o(w) = 4mwegR (A2)

E; = Ey + a(w)SE;. (A3)

S is a (dipolar) lattice sum over all contributions from the
neighboring NCs [14],

S 1 Z 3cos(6,)? — 1

- 4meg d3? ’

i 1

(A4)

where d; is the distance of the neighbor i on the lattice and
0; is the angle of the vector d; to the neighbor with respect to
the direction of the external field. £ is thus given by Ey/(1 —
a(w)S). The cross section of a NC in the monolayer is given
by [14]

or(w) =

a(w) ]’ (A5)

WE M
m
ceony 1 —Sa(w)
where ny; = /ey is the refractive index of the host medium.

If So is the area of the surface occupied by one NC, the
absorptance is given by

A(w) = op(w)/So. (A6)

The term 1/(1 — a(w)S) in Eq. (AS) represents the en-
hancement factor of the electric field in a monolayer of NCs
with respect to the isolated NC situation for which the local-
field factor was given by F(isolated NC) [Eq. (1)]. We thus
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FIG. 10. (a) Optical absorption spectrum of dimers of CdSe NCs (of slightly different diameters, D = 6.1 nm and D' = 0.97D), for
different values of d/D, for a light polarized along the axis of the dimer (solid lines: excitonic calculations; dashed lines: single-particle
calculations). (b) Same for a polarization perpendicular to the dimer axis. All curves of (a) and (b) are plotted using the same vertical scale but
data of (b) are multiplied by a factor of 3. In all calculations, the broadening 7 is set at 5 meV to reveal fine structures.
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deduce the local-field factor in a monolayer embedded in a
uniform environment of permittivity &;s:

F= 35M
~ \I —Re[a()IS ) 2epy + ¢,

This equation, and therefore the local-field model dis-
cussed in the present paper, is valid when the imaginary part
of 1 —Sa(w) is small compared to the real part. This is
typically the case for band-edge optical transitions. This is
no longer valid otherwise, in particular, at the resonance, i.e.,
when 1 — Re[a(w)]S — 0, a case which was investigated in
Ref. [14] (see also Ref. [67] for 3D lattices of NCs).

Figure 9 shows that Eq. (A7) explains the variations of the
local-field factor in a monolayer of disconnected NCs with the
NC-NC distance. An even better agreement between analytic
and numerical calculations is obtained when we apply a small
rigid shift (0.75 nm) to the analytic curve. This shift can

(A7)

be interpreted by modifications of dielectric properties that
appear close to the surface of the NCs [46,68].

APPENDIX B: EFFECT OF EXCITONIC CORRECTIONS:
THE CASE OF A DIMER OF CdSe NCs

Figure 10 shows that excitonic effects are more prominent
in CdSe NC dimers than in PbSe ones. The shift of the spectra
to low energies is larger, and the differences in the shape of
the absorption peaks between SP and excitonic models are
more pronounced. This is due to the low dielectric constant
and heavy effective mass of holes in CdSe compared to PbSe.
Since the distance between hole states in the valence band
is smaller, the mixing between states induced by Coulomb
interactions is larger. Nevertheless, the excitonic effects on the
shape and intensity of the absorption peaks remain quite mod-
est overall, in particular, if we consider a larger broadening
compatible with the experimental spectra.
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