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ABSTRACT: Heterostructures often exploit exciton—plasmon
coupling between two materials to enhance various optical
properties, where an essential criterion is the resonant energy
coupling between the two materials. Recently, however, it is shown
that nonresonant exciton—plasmon interaction can take place in a
single semiconductor plasmonic nanomaterial, where the plas-
monic and excitonic absorptions share no energy overlap. Here, we
design a colloidal heterostructure composed of plasmonic Cu,S
and excitonic CsPbBr;, without any spectral overlap to study the
nonresonant interaction across two different materials. The
heterostructure shows different structural and optical properties
such as a strained interface between the two parent components,
higher Urbach energy compared to perovskite, and photo-
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phonon
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luminescence quenching that suggests possible interaction, and its magnetic circular dichroism properties show a clear signature
of strong nonresonant exciton—plasmon interaction. To the best of our knowledge, this is the first demonstration of nonresonant
exciton—plasmon interaction that can open new possibilities in plasmontronics.

Bl INTRODUCTION

Nanocrystal heterostructures, where two or more materials are
blended to form a single entity, introduce new properties that
pristine material lacks. One common example in recent
literature reports is exciton—plasmon coupling by pairing the
transition metal chalcogenides (TMC) with the metal
plasmonic components.'~ This exploits the former’s large
exciton binding energy with the latter’s ability to confine light
in the subdiffraction limit to manipulate light—matter
interaction to create single-atom lasers, all-optical switches,
quantum information processing, and even Bose—Einstein
condensation.” Recent examples of such heterostructures
include ultrathin single-crystalline gold nanodisks on mono-
layers of WS,,” monolayer WS, coupled with a plasmonic gold
nanorod to harvest substantial enhancement in polarized
photoluminescence (PL)," and charged exciton—plasmon
polaritons in a hybrid WS, monolayer—plasmonic silver
nanoantenna system, where the oscillator strengths of neutral
and charged excitons or polariton band gaps can be electrically
tuned.”® More complex geometries include a hexagonal boron
nitride encapsulated WSe, monolayer on top of a single-
crystalline silver substrate, where the tight confinement of the
surface plasmon polaritons (SPPs) in the plasmonic cavity
enables strong coupling between excitons and SPPs when the
WSe, exciton absorption is resonant with the cavity mode,
showing promise as an electroplasmonic modulator by
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electrically tuning the Fermi level of the TMC monolayer.'
Recently, graded colloidal CdSe/ZnS core/shell QDs also
showed promise in demonstrating different regimes of coupling
with plasmonic surface lattice resonance, highlighting the
density-dependent transition from localized to delocalized
coupling.”

It should be noted that all these examples use two important
criteria to achieve the exciton—plasmon coupling—a certain
physical proximity between the two components and a good
amount of spectral overlap between the two bands, which
enables resonance energy transfer.” The principal question we
try to address here is if the exciton and plasmon can interact in
the absence of the spectral overlap. The idea of this so-called
“nonresonant interaction” was first conceived by Radovanovic’s
group back in 2018, who discovered that electron polarization
can take place in degenerately doped n-type In,O; nanocrystals
(NCs) enabled by nonresonant coupling of cyclotron
magnetoplasmonic modes with the exciton at the Fermi
level.” In later years, the same group extended their study to
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understand the role of faceting in field-induced excitonic
splitting by plasmon modes of TiO, NCs,'® and the role of
dopants in plasmon-induced carrier polarization in In,O;
NCs."" Most recently, it was reported that exciton polarization
induced by cyclotron motion of free carriers is a universal
phenomenon in semiconductor plasmonic NCs.'” However, it
is noteworthy that there is a general lack of understanding of
tools to study these interactions. In this work, we probe these
nonresonant interactions using magneto-optics, in particular,
magnetic circular dichroism (MCD) spectroscopy. These
techniques rely on the modulation in the polarization
direction, intensity, and phase of the incident light after its
interaction with the materials."® Under a strong magnetic field,
the spin degeneracy of the system is lifted, which leads to
different absorption of left and right circularly polarized lights,
which makes MCD a universal phenomenon observed even in
achiral molecules having high spin—orbit coupling, unlike CD.
One of the primary origins of MCD spectra is Zeeman
splitting, which strongly depends on the total angular
momentum of the system, which includes both orbital and
spin contributions, where the former comes from spin—orbit
coupling and the latter is from unpaired electrons in the
system. Zeeman splitting of a few peV can be detected through
MCD, which requires a strong magnetic field (several tesla).
This makes MCD a sensitive technique to detect any subtle
changes in the angular momentum within the system. Since the
localized surface plasmons observed in the infrared (IR) region
produce additional angular momenta in the presence of
magnetic field, they induce Zeeman splitting at the visible band
edge which lies at the heart of these nonresonant interactions.

While all of these studies are limited to a single interface-free
material, to the best of our knowledge, there are no
investigations on the possibility of nonresonant interaction in
heterostructures across two different compounds. In our earlier
study on the In—CdO/CsPbBr; heterostructure, we showed
that despite having no spectral overlap between the plasmon
band of n-type In-doped CdO and excitonic band edge of
CsPbBrj, the heterostructure shows higher PL quantum yield
(QY) as a result of the nearly similar direct band gaps of the
two, that allow the charge carrier transfer from the former to
the latter’s radiative recombination channel.'* In this Article,
we investigate the cross-platform nonresonant exciton—
plasmon interaction in the heterostructure composed of
excitonic CsPbBr; and plasmonic p-type Cu,S QDs. The
choice of perovskite as excitonic material is rooted in its
unmatched optical properties—sharp absorption edge with
high absorption coefficient and high PLQY, whose changes are
easily trackable, as well as its easy band gap tunability via anion
exchange. We first study the synthesis and structural and
optical properties of this new material Cu,S/CsPbBr; via
microscopy, X-ray absorption fine structure (XAFS), absorp-
tion, and emission spectroscopies in combination with
ellipsometry and first-principles density functional theory
(DFT) calculations and then investigate the influence of
Cu,S plasmons on the excitonic band edge of CsPbBr; under
variable magnetic field via MCD spectroscopy. Our studies
suggest that plasmons modulate the excitons, although the
effect is weak in absence of external perturbation. Once a
perturbation (magnetic field) is applied, the degeneracy of the
energy states is lifted, which modifies the excitonic MCD signal
in the heterostructure compared to the pristine perovskite.

B EXPERIMENTAL METHODS

Materials. Chemicals used in the experiments include
sulfur powder, Cs,CO; (99.99%), 1-octadecene (ODE, 90%),
oleic acid (OA, 90%), oleylamine (OLAm, 70%), and methyl
acetate (anhydrous, 99.5%), which were used directly after
purchasing from Sigma-Aldrich. Copper(Il) acetate mono-
hydrate was obtained from SDFCL, and PbBr, (98+%) was
purchased from Alfa-Aesar. Hexane and toluene were
purchased from Merck (Emparta). All solvents and reagents
were directly used without further purification.

Preparation of Cs-Oleate. Cs,CO; (405 mg, Aldrich,
99.9%) was loaded into SO mL 3-necked flask along with ODE
(10 mL) and OA (1.25 mL), degassed for 1 h at 120 °C, and
then heated under Ar to 150 °C until all Cs,COj; reacts with
OA forming Cs-oleate. This solution was then cooled and
stored in Ar environment in septum capped vials. Since Cs-
oleate precipitates out of ODE at room-temperature, it was
preheated to 100 °C before using it in nanocrystal synthesis.

Synthesis of Cu,S QDs. A 1 mmol portion of sulfur
powder was dissolved in 5 mL of ODE and dried under
vacuum in the presence of S mL of OLAm at 130 °C for 30
min before cooling to room temperature, resulting in a clear
yellow solution. This solution was dried again at room
temperature for an hour following the addition of 0.5 mmol
of cupric acetate, and slowly heated to 200 °C. This condition
was maintained for 30 min before cooling to room temper-
ature, forming a dark green solution of Cu,S QDs. The
solution was directly centrifuged at 5000 rpm for 6 min in a
centrifuge machine to precipitate the particles, after which the
clear supernatant was discarded, and the particles were
dissolved in 8 mL ODE. Then 3 ml of this solution was
used as the solvent for heterostructure synthesis in the next
step.

Synthesis of CsPbBr; and Heterostructures. The
undoped CsPbBr; and final step of heterostructure synthesis
closely followed the method reported by Protesescu et al."* For
CsPbBr; synthesis, 0.188 mmol of PbBr,, S mL of the ODE, 1
mL of OlAm, and 1 mL of OA were loaded into a 50 mL 3-
necked flask and degassed under vacuum for 1 h at 120 °C. For
heterostructure, the solvent containing Cu,S QDs (3 mL),
OLAm (0.5 mL), OA (0.5 mL), and 0.188 mmol of PbBr,
were dried and digestively ripened at the same temperature.
The temperature was then raised to 120 °C, 150 °C, and 180
°C depending on the reaction after complete solubilization of
PbBr, salt, and Cs-oleate solution (0.4 mL preheated to 100
°C) was quickly injected. Five seconds later, the reaction
mixture was cooled by ice water bath to quench the growth of
the particles.

Isolation and Purification of QDs. Cu,S QDs were
precipitated by centrifuging the as-prepared solution at Sk rpm
for 6 min in a centrifuge machine. The CsPbBr; and Cu,S/
CsPbBr; QDs were washed by directly centrifuging it at Sk
rpm for 10 min in a centrifuge machine, after which the
supernatant was discarded and the QDs were redispersed in
hexane (CsPbBr;) or toluene (Cu,S/CsPbBr;). This solution
was processed in a vortex until colloidally stable and uniform
sample was found. Methyl acetate was then added to this
solution (three times sample volume) and centrifuged at 10k
rpm for 3 min in a microcentrifuge machine. The resulting
supernatant was preserved and used for further optical studies.

Spectroscopic Characterization. Crystal structure iden-
tification of the samples was carried out using XRD, recorded
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on a Rigaku Smartlab and Bruker D8 Advanced Diffractometer
using Cu Ko radiation. The bulk XRD data was obtained from
The Materials Project database.'® UV—visible absorption
spectra were measured using an Agilent 8453 UV-—visible
spectrometer for the QDs heterostructures dissolved in toluene
after dual washing. NIR absorbance spectra were recorded in a
PerkinElmer Lambda 750 UV/vis/NIR spectrometer using a
60 mm integrated sphere. Steady state PL spectra were
collected using the 450 W xenon lamp as the source on the
FLSP920 spectrometer, Edinburgh Instruments. The absolute
QY was determined using an integrating sphere from
Edinburgh Instruments. Trace-metal analysis was carried out
using inductively coupled plasma optical emission spectrom-
etry (ICP-OES) on a PerkinElmer Optima 7000D ICP-optical
emission spectrometer. Imaging of the QDs was done by using
a JEOL JEM-2100 plus transmission electron microscope with
an accelerating voltage of 200 kV. MCD studies were
performed on an Oxford SO 65633 7T magnet with a Jasco
1500 CD spectrometer. Samples were drop casted on a
spectrocil-B slide, and the measurements were done at 2 K
temperature at variable magnetic field.

XAFS Data Measurement and Processing. The XAFS
data were collected at the P64 beamline at PETRA III, DESY
in Hamburg, Germany. All of the measurements were made in
reflection geometry in fluorescence mode on thin films. X-ray
energy was calibrated to 8979 and 13035 eV for Cu_K and
Pb_Ly; measurements, respectively.

Data were processed using Athena'~ software plotting the
EXAFS oscillation y(k) in wavenumber (k) space as a function
of photoelectron wavenumber k and then Fourier transforming
in position (R) space through a Hanning window for the visual
representation of the bond-lengths involved in the system.
After the edge energies were calibrated to the respective metal
foil energies, several scans for each data were merged to get
better-quality data before fitting them to theoretical standards,
which were analyzed with the fitting software Artemis'” to get
quantitative information about the local environment of the
NCs. Throughout the analysis, the theoretical standards to
which the experimental data were fitted were generated from
FEFF6 built into Artemis within a cluster size of 7 A.

Ellipsometry Sample Preparation and Measure-
ments. For the preparation of samples for ellipsometry
measurements, a glass slide, cleaned using hexane and acetone,
was used as the substrate, on which the directly washed
samples were spin-coated at three different steps, respectively,
at 300 rpm for 1 min and 20 s, 500 rpm for 1 min and 30 s, and
finally at 1000 rpm for 30 s. These gradually increasing angular
velocities ensure a smooth film with uniform thickness for
regular reflection from the surface, by minimizing surface
roughness due to sample inhomogeneities. The experimental
parameters Psi () and Delta (A), connected to the Fresnel
;oefﬁcients .RP and Ry for p and s polarized light via
R—p = tan ye'®, were performed in the reflection mode at
three different angles (55°, 65°, and 75°) of incidences in J. A.
Woollam Co. RC-2 ellipsometer. The experimental (Psi (),
Delta (A)) spectra were modeled by Gaussian oscillators (eq
1) in CompleteEASE software provided by Woollam Co. The
real (&) and imaginary (&,) parts of the dielectric function (&
= g + ig,) of the materials were extracted from the
ellipsometry parameters y and A (Figure S5) modeled
respectively using Kramers—Kronig relations and Gaussian
oscillators (eq 1) to provide physical insights into the systems.

The fitting summary is shown in Table S2. The imaginary part
of the dielectric function (&,) extracted gives the real part of
permittivity (¢;). The total dielectric permittivity function can

be written as,
HE-E,
0,

e(w) = € + ie, = €, + Amp

E +E, E-E, Y\
+T = || + i|exp| -] ———
o, o,
E+E \
— exp|— -
o,

(1)
where,

Br,

B 24/In(2) (2)

Here €, is the high-frequency dielectric constant, Amp is the
amplitude, E; is the resonance energy, n is the number of
oscillators, Br is the broadening, and I is a convergence series
that produces a Kramers—Kronig consistent line shape for €.
The real part of permittivity (e,) signifies the optical response
of the material, and the imaginary part of permittivity (g,) is
the optical losses due to interband, intraband transition etc.

Computational Methods. All calculations were per-
formed using DFT as implemented in the Quantum
ESPRESSO package.'® The interactions between the valence
electrons and ionic cores were described using norm-
conserving pseudopotentials.'” The exchange correlation
functional was treated using a Generalized Gradient Approx-
imation of the Perdew—Burke—Ernzerhof (PBE-GGA) form.”’
The Kohn—Sham wave functions and the corresponding
charge densities were expanded in plane-wave basis sets having
cut-offs of 80 and 320 Ry, respectively. Brillouin zone sampling
was done using an 8 X 8 X 8 Monkhorst—Pack mesh,”’ along
with Marzari—Vanderbilt cold smearing” of width 0.001 Ry.
The optical properties of CsPbX; (X: Cl, Br) were calculated
using the epsilon.x postprocessing routine that is a part of the
Quantum ESPRESSO package.'® The imaginary part of the
dielectric tensor €,, was calculated using the Drude—Lorentz
model, using the formula:*®

8re”
ez"‘ﬁ (@) = QNkm2
PP I
neV n'eC k Ek,n/ - Ek,n
wa(Ek,n)
@y, — ce)kyn)2 — 0’ + Mo* (3)

where @, run over the Cartesian directions x,y,z. Q is the
volume of the unit cell, n and n’ index the VB and CB
respectively, k indexes the wave-vectors sampled in the
Brillouin zone, N is the total number of such k-points, @ is
the frequency, E , are the Kohn—Sham eigenvalues, E;, — Ey,
are transition energies, e and m are electron’s charge and mass,
respectively, I is the interband broadening parameter, and
f(Ey,) is the Fermi—Dirac distribution function that accounts
for the occupation of the bands. Here, M,  is the squared
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matrix element of the momentum operator. Only direct
transitions are considered, and contributions from the nonlocal
part of the pseudopotential are neglected. The value of I" was
set to 0.2 eV (to identify the peaks due to individual
transitions) or 0.4 eV (to compare with the experimental data).

B RESULTS AND DISCUSSIONS

The heterostructures were synthesized via a two-step colloidal
process mediated by digestive ripening, as shown in Figure 1.

A

ligands

.
':.. . + ﬂ.

ripened monodispersed seeds

CsPbX, (x: Cl, Br)

Figure 1. Schematic for two-step heterostructure formation.

Briefly, we synthesized Cu-deficit plasmon active Cu,S QDs
following an earlier report”* wherein Cu-acetate was added to
degassed S powder and heated to the required temperature.
The detailed procedure is described in the Experimental
Section. As revealed by transmission electron microscopy
(TEM) (Figure Sla and S1b), as-synthesized Cu,S QDs are
mostly uniform in size with an average diameter of 13.5 nm.
Interplanar distance (d) analysis from high-resolution TEM
(HRTEM) images confirms that the particles are mostly
composed of the plasmon active CuS hexagonal P6;/mmc
phase (Materials Project ID (MPID): mp-504). The presence
of a clear LSPR signal in the near-infrared region in the final
product (Figure Slc) adheres to our requirement of having a
plasmonic material as a starting component of heterostructure
synthesis, where no overlap is expected with the exciton bands
of perovskite. Subsequently, the obtained Cu,S QDs were
dissolved in 1-octadecene (ODE) after washing, along with the
necessary precursor (PbBr, salt) and ligands. The temperature
was successively raised to the required values (120—180 °C)
and after the injection of Cs-oleate, the solution was cooled
with an ice bath, similar to the literature method (see
Experimental Section)."® The resulting particles were dissolved
in hexane or toluene after direct centrifugation and used for
further study. It can be noted that Cl™ based heterostructures
can be obtained in a manner similar to the PbCl, precursor,
which have identical structural and optical properties. Thus,
this article will only focus on Br~ based compounds.

The best synthesis temperatures for all the compounds were
obtained by varying the temperatures at 180 °C, 150 °C, and
120 °C. For future reference, the samples thus obtained will be
termed Br-T, where T corresponds to the synthesis temper-
ature. Br-120 displays particle agglomeration (Figure S2), but
both Br-180 and Br-150 were found to be of good quality and

suitable for studies. As can be seen in Figures 2a and S3
(HRTEM image), particles from the Br-150 sample have
“cube-dot” architecture, that is, a 3—4 nm dot attached to a
bigger cube, similar to previously reported metal chalcogenide-
based”® and oxide-based perovskite heterostructures,'* in
contrast to the regular cube-shaped CsPbBr; particles (Figure
2b). It should be noted that a number of reports demonstrated
dots over pristine halide perovskite cubes, whose origin was
traced to the degraded Pb(o) nanopartlcles formed with the
long exposure time of X-ray % To avoid this degradation, the
HRTEM images were collected at a low voltage of 200 kV and
the particles were exposed to radiation for a short amount of
time. The imaging conditions were identical with both
CsPbBr; and Cu,S/CsPbBr;, and despite that, only the latter
shows a cube-dot architecture, while the former comes in the
simple cube. Instead, the interplanar distance analysis from the
HRTEM images suggests that the dots are composed of a
hexagonal CuS phase, whereas the cubes primarily show the
presence of CsPbBr; phase, similar to the earlier observations
(Figure S3).'"* Notably, the perovskite phases change to
orthorhombic Pnma (MPID: mp-567629) from their pristine
cubic Pm3m phase. The phase transformation is corroborated
via X-ray diffraction (XRD) patterns of the heterostructures in
Figure 2¢ and 2d, which show twin peaks, particularly at small
angles (~15°). The asymmetric broadening and a small shift in
the peak position at higher angles after zero error correction
further suggest the heterostructure formation. Since some
peaks are present in both parent CsPbBr; and Cu,S phases
(marked with diamonds in Figure 2c), their origin is
ambiguous and can originate from either one.

An interface between the cube and the dot is clearly imaged
in Figure S3—The two entities are chemically bonded,
distorting the cube edge. To understand the nature of the
interface between the cube and the dot, we compare the
various bond lengths obtained through XAFS fittings of the
Pb Ly, edges. Figure 3a shows the magnitude of the Fourier
transformed data of CsPbBr; and Cu,S/CsPbBr;, suggesting a
reduction in the dominating interatomic distance. CsPbBr; was
modeled via the theoretical paths generated from the cubic
phase of the same (Figure 3b), whereas the heterostructure’s
data could be well modeled via the orthorhombic phase of
CsPbBr; as suggested by XRD, corroborating the phase
transformation (Figure 3c). Our analysis shows that the Pb—Br
bond length is shortened by ~2.5% in the heterostructure
compared to that of its parent CsPbBr; (Table S1). Although
not obtainable from the Cu_K edge fits because of the
indeterminacy of the exact Cu,S phase, Figure 3d clearly shows
a similar reduction in the average Cu—S bond length in the
heterostructure compared to the same for the parent Cu,S.
The interface between Cu,S and CsPbBry is thus strained,
generated by the presence of two compounds on other sides of
the interface, leading to a compression of the lattice. This
observation strongly suggests heterostructure formation since
the bond length is a fundamental quantity unique to a pair of
ions.

Figure 4a shows the optical properties of the hetero-
structures. The absorption spectra of the heterostructure
precipitated from acetone have two components—an excitonic
absorption originating from the CsPbBr; phase, similar to the
pristine perovskite (2.4 eV), and a plasmon band arising from
Cu,S (peak centered around 1.06 eV), with no overlap
between the excitonic visible band with the plasmonic NIR
one. Heterostructure formation as opposed to a physical

https://doi.org/10.1021/acs.jpcc.3c03331
J. Phys. Chem. C XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03331/suppl_file/jp3c03331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03331/suppl_file/jp3c03331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03331/suppl_file/jp3c03331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03331/suppl_file/jp3c03331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03331/suppl_file/jp3c03331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03331/suppl_file/jp3c03331_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.3c03331/suppl_file/jp3c03331_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03331?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03331?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03331?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.3c03331?fig=fig1&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c03331?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

Intensity (a.u.)

Sl
E

CsPbBr3

(100) 1(110) [(200) (lel) l(lzo)CSPhBr3
1 1 M |

Cuy.

Br-150 Br-150

Intensity (a.u.)

Pm3m
(3f1)

(101) azn (202) (123) @4

CsPbBr3 Pnma

10 20 30 40 50
20 (%

60 4 16 30
20 ()

Figure 2. Transmission electron microscope images of (a) Cu,S/CsPbBr; and (b) pristine CsPbBr;. (c) XRD patterns of Cu,S/CsPBr; along with
the bulk parent phases. (d) Longer scan prominently reveals peak splitting for lowest angle peaks, suggesting cubic to orthorhombic phase
transformation; inhomogeneous broadening of the peak around 32° in case of heterostructures suggests phase change and/or lower size.

mixture was confirmed using selective precipitation with the
appropriate antisolvents. It was observed that Cu,S, CsPbBr;
and their heterostructure respectively precipitated from
methanol, methyl acetate, and acetone maintained their
respective absorption spectra (Figure S4). From the absorption
spectrum, although there is no sign of interaction between the
components, the same of the heterostructure shows an
extended absorption edge below the excitonic band gap of
the material, known as the Urbach tail’’~** Although this
feature can arise from scattering due to size polydispersity of
the sample, TEM images of the heterostructure showed highly
monodispersed QDs (see Figure 2a). In contrast, this inherent
property arises from the amount of intrinsic, atomic, or
electronic disorder present in the system, where the
involvement of phonons in the absorption process is found
to be responsible in some cases.’’ Hence, to quantify the
disorder, we calculated the Urbach energy (Ey) from the slope
of the absorption edge following Urbach’s rule, which, in
logarithmic form, reads,””**

In a(E) = O'(T)ﬂ + In
kT 4)

where a(E) is the absorption coefficient as a function of the
incident photon energy E, E,, and @, are the characteristic
parameters of the material, 6(T) is the steepness parameter,
and kg is the Boltzmann constant. Ey; is defined as (kzT)/o(T)

2932 The Urbach energy (Ey) for heterostructures (>140

meV) is found to be higher than that for pristine CsPbBr;,
(~38 meV). This value for pristine CsPbBr; matches with that
reported in the literature (32 meV).** The photoluminescence
quantum yield (PLQY) of the heterostructure, excited at 3.1
eV (405 nm), is found to be severely quenched, as shown in
Figure 4a. This is consistent with the heterostructure
formation®*™*® where the primary governing mechanism is
identified to be resonance energy transfer (RET). Since there
is hardly any band overlap between the plasmonic band of
Cu,S and the excitonic band of CsPbBr;, the quenching is
likely due to the charge transfer across the interface, which can
neither be ruled out nor proven based solely on the steady-
state measurements and remains beyond the scope of this
work. Taken together, these are some of the preliminary hints
that despite having no spectral overlap between the exciton
and plasmon bands, the electronic structure can be modified,
where optical phonons might play a role.

Steady-state absorption often does not resolve high energy
transitions or is masked by solvent absorption. Hence, we used
variable angle spectroscopic ellipsometry throughout the UV—
visible and NIR range to locate the various transitions and first-
principles DFT calculations to understand the origin. The
imaginary part of the dielectric function &,, that is proportional
to the absorption coefficient of the system was modeled using
DFT to describe the experimentally observed absorption
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Figure 3. (a) Magnitude of Fourier-transformed XAFS spectra of CsPbBr; and Cu,S/CsPbBr; for the Pb_Ly; edge shows a reduction in the
average Pb—Br bond length. Magnitude of Fourier-transformed XAFS spectra (hollow black circles) and fittings of Pb_Ly;; edge (black lines) along
with the theoretical paths for (b) CsPbBr; and (c) Cu,S/CsPbBr;. (d) Magnitude of Fourier-transformed XAFS spectra of CsPbBr; and Cu,S/
CsPbBr; for the Cu_K edge shows a reduction in the average Cu—S bond length.

spectra. As shown in Figure 4b, CsPbBry’s &, spectrum (red
curve) is similar to its absorption spectrum, where the band-
edge transition around 2.55 eV (marked as E,) can be clearly
identified. To enable a fair comparison between theory and
experiment, €, was theoretically calculated with two different
values of the interband broadening parameter I' = 0.2 and 0.4
eV (blue and green curves, respectively, in Figure 4b) and
compared with the experimentally measured &, (red curve).
The reason for introducing two values of I" is to observe the
individual transitions that are not resolved by the experiment
and also to be able to directly compare with the experiment.
Excellent agreement between theory and experiment is
obtained for both the shape and the width of the curve. The
possible transitions were extracted from the second-derivative
spectra of &, using the method of critical point (CP)
analysis.””*® The origin of the transitions was determined
from the band structure of CsPbBr; (Figure 4c and Table 1).
E, in both cases corresponds to the excitonic band-edge
transitions (R — R); the rest originates from the transitions to
the conduction band from different states in the valence band.
We also note that the minimum in the second derivative of ¢,
corresponding to E, for CsPbBr; is rather broad and flat, and
therefore a particularly large error bar is associated with the

reported value of 3.25 eV. As a result, there is a considerable
uncertainty in the value of E, and it is therefore also possible
that it arises from M — M transitions, as claimed in a previous
report.”” Also noteworthy is that the points C,, C;, and C, are
not high symmetry points in the Brillouin zone but correspond
to points where the band structure has inflection points. The
projected atomic orbital contributions suggest that the top of
the valence band comprises of primarily Br-4p orbitals while
the bottom of the conduction bands mainly arise from the Pb-
6p states throughout the Brillouin zone, except in the vicinity
of the zone-center I, where Cs-6s orbitals contribute more.
Thus, the orbital involvement in all the direct transitions is Br-
4p — Pb-6p for all k-points, except in the neighborhood of the
I' point where a Br-4p — Cs-6s transition takes place. Figure
4d shows the experimentally obtained &, for Cu,S/CsPbBr;
along with its plasmonic and excitonic parents, where the
LSPR and band-edge transitions can be distinctively identified
within the precision of the model, similar to their absorption
spectra. The CP analysis points out that except for the plasmon
bands originating from Cu,S, the high energy transitions in the
heterostructure originate from its halide perovskite parent
(Table S3).
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Figure 4. Excitonic and plasmonic absorption (solid lines) of Cu,S/CsPbBr; along with those of parents Cu,S and CsPbBr;. The PL (dashed lines)
of Cu,S/CsPbBr; quenches compared to that of pristine CsPbBr;. (b) Imaginary part of the dielectric function (¢,) of CsPbBr; obtained from
ellipsometry measurements (red curve, right y axis) and DFT calculations (blue and green curves, left y axis). The blue and green curves were
computed using broadening parameter I = 0.2 and 0.4 €V, respectively. (c) Calculated and corrected band structures of CsPbBr;. The allowed
direct transitions in part b are marked as Ey (Y: a, b, ¢). (d) Imaginary part of the dielectric function (g,) of Cu,S/CsPbBr; heterostructure along
with the parent CsPbBr; and Cu,S closely resembles the materials’ directly measured absorption spectra.

Table 1. Optical Transitions in CsPbBr; from Experiment
and Theory

expt. expt. energy transition calc. energy

peak (eV) (calc.) (eV) orbitals involved
E, 2.55 R— R 255 Br-4p — Pb-6p
E, 325 G = G 323 Br-4p — Db-6p
E. 4.56 X-X 4.56 Br-4p — Pb-6p

Although indirect signature of nonresonant exciton—
plasmon interaction was observed from the optical properties
of the heterostructure, it does not provide a direct proof of the
same. We study the effect of external perturbation like a
magnetic field on the optical properties to observe these
signatures. MCD properties of Cu,S, CsPbBr;, and Cu,S/
CsPbBr; at a temperature of 2 K and S T magnetic field are
shown in Figure 5a along with the linear absorption spectra at
that temperature for reference. The derivative feature of the
excitonic band edge feature arising from the 1s,—1s, transition
is observed for both CsPbBr; and Cu,S/CsPbBr; and is a
result of the field induced differential absorption of left and

right circularly polarized light.** This is the R — R transition
obtained from our calculation (E, in Figure 4c). We observed
about a 10-fold reduction in the MCD amplitude in the
heterostructure in comparison to parent perovskite (Figure
Sa), while no detectable MCD signal was observed for pristine
Cu,S in the visible region. In addition, we also observe a
reversal of sign, possibly due to the change in the nature of
carriers.'” It can be noted that this change in the MCD spectra
is fundamentally different from the earlier works, where the
excitonic band-edge and plasmonic absorptions belong to the
same materials, whereas here we probe the perovskite’s band
edge, which shows MCD amplitude reduction upon hetero-
structure formation.

Despite having no visible shift in the optical band-edge
absorption, the zero crossing of the MCD spectra is shifted
toward lower energy by 46 meV for the heterostructure.
Moreover, the splitting of the peaks (energy difference
between MCD peaks) is much lower in the heterostructure
(37 meV) compared to that in the pristine perovskite (73
meV). Given the fact there is no resonant coupling between
CsPbBr; and Cu,S, this modification in the electronic structure
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Figure 5. (a) Excitonic band-edge absorption (top panel) and MCD
spectra (bottom panel) taken at a S T magnetic field and 2 K
temperature for Cu,S, CsPbBr;, and Cu,S/CsPbBr;. The MCD
spectra of Cu,S/CsPbBr; (red curve) are multiplied by 10 for clarity.
(b) Calculated Zeeman energy for the lower energy peaks (at 2.46 eV
for CsPbBr; and at 2.44 eV for Cu,S/CsPbBr;) as a function of
magnetic field for Cu,S/CsPbBr; and CsPbBr;.

of the heterostructure could be due to nonresonant plasmon
absorption of Cu,S. To get a quantitative measure of the
splitting, Zeeman energy (E;) was calculated for the excitonic
peak following standard literature method.* As shown in
Figure Sb, the Zeeman energy for the heterostructure
calculated at S T field is 9 peV, which is an order of
magnitude smaller than the same of the pristine perovskite,
which is about —140 peV. The effective g-factor for the
heterostructure too is substantially smaller in magnitude than
that of the corresponding parent CsPbBr; (Figure Sb). From
the results, it is evident that the plasmons from Cu,S play a
crucial role in the modification of the electronic structure of
the hybrid. When circularly polarized light excites the LSPR
modes in the presence of the magnetic field, the plasmon
modes due to left and right circularly polarized light are
energetically decoupled.”'” The shift in the angular frequency

of LSPR is given by the expression Aw, = <2 where e is the
2m

electronic charge and m* is the effective mass of the charge
carriers. This is reflected as an extra orbital angular momentum
that influences the Zeeman energy at band-edge.” While the
energy space coupling between two materials requires a
spectral overlap between them, the momentum space
interaction can still be achieved through a transfer of
momentum across the materials. Since the angular momentum
is a vector quantity, the additional angular momentum coming
from circular magnetoplasmonic modes can couple in multiple

configurations with the existing angular momentum at the
band edge and the overall Zeeman energy could be reduced.
This is consistent with the higher Urbach energy in the
heterostructures and also from the earlier literature that the
optical phonons supposedly play a crucial role in transferring
angular momentum from plasmon band to excitonic band.’

B CONCLUSIONS

We thus studied the synthesis and structural and optical
properties of a new heterostructure comprising plasmonic
Cu,S and excitonic CsPbBr;, which despite having no energy
overlap between two parent components can have nonresonant
exciton—plasmon interaction. Detailed analysis of the structure
and phase from XRD and electron microscopy revealed that
the heterostructures are formed in a “cube-dot” architecture,
where the dot is the plasmonic component and the cube
primarily shows the excitonic component. We found that at
unperturbed condition, the interaction is weak, which is
supported by the higher Urbach energy associated with the
excitonic band-edge and PL quenching in the heterostructures.
However, under an external magnetic field, when the
degeneracy of the band-edge is lifted, the interaction is strong
and the excitonic band splitting is completely modified in the
heterostructure from the pristine perovskite. A summary of the
properties of the heterostructure along with the parent
compound is shown in Table 2. To the best of our knowledge,

Table 2. Summary of Various Physical Properties of the
Heterostructure along with the Parent Components

properties CsPbBr; Cu,S Cu,S/CsPbBr;

architecture cube pebble cube-dot
visible absorption 2.55 - 2.55

(eV)
source band- - band-edge

edge
IR Absorption (eV) - 0.73—-1.77  0.73—1.77
source - LSPR LSPR
PLQY high - low
MCD signal strong - weak, sign reversed
compared to CsPbBr;

Zeeman energy at —140.00 — 9.00

ST, 2K (gev)
g-factor at 2 K 1.1 - 0.08

this is the first demonstration of nonresonant exciton—plasmon
interaction across two different materials and can effectively
open up new possibilities in the field of plasmontronics, where
the magnetoplasmonic mode can be used as a new degree of
freedom in photonic and optoelectronic devices.
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