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Abstract
Excitons, bound electron–hole pairs, in two-dimensional hybrid organic inorganic perovskites (2D HOIPs) are capable
of forming hybrid light-matter states known as exciton-polaritons (E–Ps) when the excitonic medium is confined in an
optical cavity. In the case of 2D HOIPs, they can self-hybridize into E–Ps at specific thicknesses of the HOIP crystals that
form a resonant optical cavity with the excitons. However, the fundamental properties of these self-hybridized E–Ps in
2D HOIPs, including their role in ultrafast energy and/or charge transfer at interfaces, remain unclear. Here, we
demonstrate that >0.5 µm thick 2D HOIP crystals on Au substrates are capable of supporting multiple-orders of self-
hybridized E–P modes. These E–Ps have high Q factors (>100) and modulate the optical dispersion for the crystal to
enhance sub-gap absorption and emission. Through varying excitation energy and ultrafast measurements, we also
confirm energy transfer from higher energy E–Ps to lower energy E–Ps. Finally, we also demonstrate that E–Ps are
capable of charge transport and transfer at interfaces. Our findings provide new insights into charge and energy
transfer in E–Ps opening new opportunities towards their manipulation for polaritonic devices.

Introduction
Halide perovskites, a class of hybrid organic–inorganic

semiconductors, have garnered considerable attention for
their potential applications in optoelectronic devices1

including solar cells2–4, light emitting diodes5–7, and
lasers8,9. These materials range in dimension from 0D
quantum dots to 3D bulk crystals, each with varying
physical properties as well as their own strengths and
weaknesses with regards to device performance10,11. For
example, 3D perovskites demonstrate high solar cell
performance, but they are also highly susceptible to device
degradation. Recent research has addressed this challenge
facing 3D perovskites, finding enhanced stability in inte-
grated heterostructures of 2D and 3D perovskites12–15.

However, these 2D perovskites have much stronger
exciton binding energy than their 3D counterparts due to
quantum confinement effects, which reduces the prob-
ability of electron-hole pairs disassociating at charge-
separation interfaces which also results in a high emission
quantum yield16–18. Therefore, 2D pervoskites serve as a
near-ideal system for investigating strong-coupling of self-
hybridized light and matter states (e.g. exciton-polaritons)
and their fundamental properties in an open-cavity19,20. In
particular, the extent to which self-hybridized exciton-
polaritons can modify the optical dispersion of a crystal-
line host is an open question. Further, how self-hybridized
exciton–polaritons (E–Ps) transfer charge or energy
between the various cascade of states or to a nearby
electronically coupled layer is also unknown.
Strong light-matter interactions lead to part-light and

part-matter quasiparticle states called E–Ps that modify
the optical dispersion of the system and enable tunable
emission that depends on the detuning between the
uncoupled excitonic and photonic cavity states21,22.

© The Author(s) 2024
OpenAccessThis article is licensedunder aCreativeCommonsAttribution 4.0 International License,whichpermits use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if

changesweremade. The images or other third partymaterial in this article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to thematerial. If
material is not included in the article’s Creative Commons license and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

Correspondence: Surendra B. Anantharaman (sba@iitm.ac.in) or
Deep Jariwala (dmj@seas.upenn.edu)
1Department of Electrical and Systems Engineering, University of Pennsylvania,
Philadelphia, PA 19104, USA
2KBR Inc., Beavercreek, OH 45431, USA
Full list of author information is available at the end of the article

12
34

56
78

90
()
:,;

12
34

56
78

90
()
:,;

1
2
3
4
5
6
7
8
9
0
()
:,;

12
34

56
78

90
()
:,;

www.nature.com/lsa
http://orcid.org/0000-0002-5509-8610
http://orcid.org/0000-0002-5509-8610
http://orcid.org/0000-0002-5509-8610
http://orcid.org/0000-0002-5509-8610
http://orcid.org/0000-0002-5509-8610
http://orcid.org/0000-0001-5785-067X
http://orcid.org/0000-0001-5785-067X
http://orcid.org/0000-0001-5785-067X
http://orcid.org/0000-0001-5785-067X
http://orcid.org/0000-0001-5785-067X
http://orcid.org/0000-0002-8786-3276
http://orcid.org/0000-0002-8786-3276
http://orcid.org/0000-0002-8786-3276
http://orcid.org/0000-0002-8786-3276
http://orcid.org/0000-0002-8786-3276
http://orcid.org/0000-0002-3498-3936
http://orcid.org/0000-0002-3498-3936
http://orcid.org/0000-0002-3498-3936
http://orcid.org/0000-0002-3498-3936
http://orcid.org/0000-0002-3498-3936
http://orcid.org/0000-0003-0917-590X
http://orcid.org/0000-0003-0917-590X
http://orcid.org/0000-0003-0917-590X
http://orcid.org/0000-0003-0917-590X
http://orcid.org/0000-0003-0917-590X
http://orcid.org/0000-0002-5342-0346
http://orcid.org/0000-0002-5342-0346
http://orcid.org/0000-0002-5342-0346
http://orcid.org/0000-0002-5342-0346
http://orcid.org/0000-0002-5342-0346
http://orcid.org/0000-0002-3570-8768
http://orcid.org/0000-0002-3570-8768
http://orcid.org/0000-0002-3570-8768
http://orcid.org/0000-0002-3570-8768
http://orcid.org/0000-0002-3570-8768
http://creativecommons.org/licenses/by/4.0/
mailto:sba@iitm.ac.in
mailto:dmj@seas.upenn.edu


Although these states are typically observed when the
semiconductors are placed inside a dielectric cavity23–27

or on a plasmonic interface28–30, 2D perovskites have
shown self-hybridized E–Ps in the absence of an external
cavity23,31. In the presence of multiple internal cavity
modes, multiple polariton branches form below the band
gap of the 2D perovskite. Each of these branches alters the
relaxation pathway of the E–Ps. Therefore, a proper
understanding of these multiple polariton branch systems
is necessary to understand their effects on charge
separation for photovoltaics and Bose-Einstein con-
densate formation for polaritonic lasing.
In this work, we answer three important fundamental

questions about the optical properties emerging from
strong light-matter coupling in 2D perovskites. Can E–Ps
modify the optical dispersion of a 2D perovskite crystal?
Can these self-hybridized E–Ps undergo polariton con-
densation and/or lasing in an open cavity system? And
finally, is it possible to transduce energy from E–Ps at
energies below the primary exciton resonance? We find
that with an increase of the perovskite flake thickness to
>500 nm, strong light-matter coupling leads to the for-
mation of multiple, self-hybridized E–P branches in the
optical dispersion. We use transfer-matrix calculations to
understand the contribution of the photonic interaction,
and we perform detailed investigations via photo-
luminescence (PL) excitation spectroscopy, temperature-
dependent PL, PL mapping, pump-probe spectroscopy,
and time-resolved PL measurements to understand the
origin of sub-bandgap absorption and emission states.
These measurements conclusively prove the existence of
E–Ps that modify the optical dispersion of the 2D per-
ovskite layers in both absorption and emission. We fur-
ther find these polariton states explain the peak splitting
at the excitonic energy, and the emergence of multiple
emission peaks below the bandgap resulting from sub-
bandgap excitation. Importantly, we also find that there is
energy transfer/funneling from the upper polariton to the
lower polariton branches. This energy transfer into mul-
tiple, lower polariton states prevents condensation and
lasing from polaritons at pump powers below the damage
threshold of the perovskite crystals. Finally, we also use a
perovskite/few-layer graphene van der Waals hetero-
structure to prove that these sub-bandgap polariton states
can, in principle, be electrically harvested and thereby
demonstrate the feasibility of introducing strong light-
matter coupling in energy harvesting applications such as
polaritonic photodetectors and photovoltaics.

Results
We exfoliate micro-scale crystals of 2D Ruddlesden-

Popper (RP) perovskites from ~mm size bulk crystals
grown in a solution as described in earlier works32–36.
A schematic of the exfoliated 2D perovskite

((BA)2(CH3NH3)n-1PbnI3n+1 (n= 1), hereafter RP1, n= 2
as RP2 and n= 3 as RP3) with different flake thicknesses
is shown in Fig. 1a. Photoluminescence signals from
spontaneous emission can be observed in hybrid organic-
inorganic perovskites (HOIPs) thin films of thickness less
than 10 nm on an Au substrate. In our previous work, we
reported that an increase of film thickness to 100 nm is
accompanied by the formation of single-mode, self-
hybridized exciton-polaritons in an open cavity31. In the
present study, we explore photonic bands emerging in
flakes of thickness >500 nm. This increase in thickness
induces higher-order open cavities within the flake. As a
result, the excitons interact with multiple cavity modes
and hybridize to form multiple E–P modes. Previously,
multiple polariton branches were reported from an open
cavity system21. The role of the cavity is clear from the
emergence of multiple polariton branches from micron-
thick perovskite flakes on the glass substrate. In Fig. 1b,
we schematically elucidate the relationship between
increased perovskite flake thickness and emergence of
multiple polariton branches. A critical flake thickness of
100 nm gives way to first-order E–P which form upper
and lower polariton branches, denoted as UPB1 and
LPB1, respectively. Further increases in thickness beyond
100 nm introduce higher-order cavity modes, which
interact with the exciton to form UPB2 and LPB2.
Experimentally, we have investigated reflectance and PL

spectroscopy studies from the RP1 perovskite exfoliated
on an Au substrate (Au/RP1) as shown in Fig. 1c. The
reflectance data shows multiple dips below the bandgap
edge. These dips correspond to the E–P states formed
from strong light-matter coupling as reported elsewhere5.
Upon optically pumping with a 405 nm laser, the emission
from all of the states shows a close correlation with the
reflectance spectrum. The appearance of multiple peaks in
the PL shows that the excited carriers can relax to any of
the lower polariton branches before returning directly to
its ground state and emitting a photon. When the sample
is optically pumped with a 633 nm laser there is small
absorption since the exciton for RP1 is at 509 nm, as seen
in the reflectance spectrum. Therefore, the weak PL peak
around 680 nm that was observed is due to sub-bandgap
absorption and emission. Although sub-gap excitation
induced PL from 2D perovskites have been reported
previously, that emission was attributed solely to
defects37,38. Therefore, this work is the first report of sub-
gap, exciton-polariton excitation induced PL from 2D
perovskites.
To further evaluate the role of strong light-matter

coupling in other perovskites, we investigated RP2 and
RP3 on Au substrates as well. For Au/RP2, reflectance
spectroscopy reveals similar multiple polariton branches
as were observed in Au/RP1, as shown in Fig. 1d. These
reflectance states are in agreement with PL states at room
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temperature, including the 580 nm excitonic peak
observed under excitation from a 405 nm laser, as
reported in our previous work. In these self-hybridized
RP2 systems, we observe multiple orders of emission from
exciton-polaritons, confirming the existence of the UPB,
LPB, and higher order (HO) modes. The HO modes can
exhibit large Q factors (132 in RP1) which are extremely
sensitive to the surrounding dielectric medium such as
polymers and can be potentially used for colorimetric
sensing (see supplementary information Figs. S1 and S2).
In addition, multiple LPB (LPB1, LPB2 etc.) can be

observed upon optical pumping with 405 nm. This
observation confirms the generation of excitons, which
undergo hybridization and lead to emission from the
polariton branches. However, the optical excitation at
633 nm is lower in energy than the exciton peak at
580 nm. As a result, one might expect the absence of
exciton formation and polariton emission. Interestingly,
upon excitation at 633 nm, we can still observe the
emission from multiple LPBs which suggests modulation
of the optical dispersion of the perovskite crystal even
without the ability to directly generate excitons. This also
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Fig. 1 Sub-bandgap photon absorption and emission in RP1, RP2 and RP3 on Au. a Schematic showing the origin of the sub-bandgap photon
absorption states upon strong light-matter interaction in a self-hybridized multi-cavity mode. b Energy band (UPB1, LPB1, UPB2, LPB2) formation
upon strong light-matter interaction with multiple cavity modes (cavity 1 and cavity 2) from the same exciton energy of the semiconductor (i.e. 2D
perovskites in this study). Sub-band gap absorption and emission transitions are shown as arrows. Experimental observation of sub-bandgap
absorption (or reflectance) and emission at 300 K from c RP1, d RP2, and e RP3 flakes exfoliated on the Au substrate. Emission states from the
hybridized system recorded using 633 excitation laser match exactly with the emission upon excitation with 405 nm laser and a corresponding
reflectance state. The hybridized states such as UPB1, LPB1, LPB2, LPB3 etc. from Au/RP1, Au/RP2, and Au/RP3 are labeled in (c–e)
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suggests, in principle, that sub-bandgap photons can be
harvested due to the modified optical dispersion of the
perovskite crystal.
We finally investigate the E–P states in Au/RP3, as

shown in Fig. 1e, which is a more complicated system
than Au/RP1 or Au/RP2 due to the presence of layer-edge
state (LES) emission at lower energies39,40 as well as broad
emission bands at energies below the bandgap that are
found both at the edges of the perovskite crystal and
across the whole flake41,42. Similar to RP1 and RP2, we
observe the emergence of multiple LPBs in reflectance
spectroscopy with corresponding PL peaks when using a
405 nm excitation. When excited below the bandgap
(610 nm) by the 633 nm laser, the LPB emission is still
observed at 680 nm which corresponds to an LPB seen in
the reflectance spectrum. To demonstrate that this is LPB
emission instead of LES or broadband emission, we first
investigated RP3 flakes on Au substrates that are too thin
to support cavity modes (<10 nm). The purely excitonic
nature of the flakes can be seen in both reflectance and PL
from 405 nm excitation spectra since they both have

single peaks near the exciton wavelength (Fig. S3). How-
ever, when excited by light below the bandgap, no emis-
sion was observed except for the excitation peak (Fig. S3).
It can be noted that, a tail emission emerging from the
weak excitonic absorption at 633 nm (excitation wave-
length) broadens the laser cut-off signal up to 680 nm.
Therefore, the sub-bandgap emission reported here is not
caused by LES or broadband emission since both of these
mechanisms are thickness independent and therefore
should be observed in both thin and thick flakes.
From the above discussion, we can postulate that the

LPB2 emission is a polariton state, not due to LES or
broadband emission. However, as discussed above, the
emission from LPB2 upon optically pumping below the
excitonic energy is similar to RP2 which further suggests
modulation of the optical dispersion of the perovskite
crystal under these excitation conditions. The exfoliated
RP3 flake on the Au substrate was used to record PL data
from optical excitation at 405 nm and 633 nm, as shown
in Fig. 2a. Using the Fourier-plane imaging technique, we
recorded the angle-resolved photoluminescence using a
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405 nm excitation source at 300 K and 4 K (Fig. 2b, c). At
300 K, the modes corresponding to LPB1 and LPB2 show
a clearly curved dispersion relation, a signature of strong
light-matter coupling43,44. After cooling down the sample
to 4 K, the modes undergo strong coupling. The disper-
sion from a longer wavelength (660 nm) becomes appar-
ent. The presence of dispersion in the E-k spectra for all
wavelengths confirms these states are E–Ps that arise
from strong light-matter interaction.
After establishing an understanding of the E-k and PL

data, we mapped the perovskite flakes. We spatially resolved
them to understand if these emissions were located only at
the edges or across the entire flake. As seen in Fig. 2d, the
excitation at 405 nm shows that both the UPB and HO
modes are present across the entire flake. Likewise, the LPB
mode is also present across the entire flake. Sub-bandgap
excitation with 633 nm shows no emission from the UPB,
while the LPB still gives rise to emission across the whole
flake (Fig. 2e). A similar observation from another sample of
RP3 is shown in Fig. S5 in the Supplementary Information.
From the above discussion, we confirm that the exciton-
polaritons are the origin of the sub-bandgap emission
observed in HOIP flakes and that these emission wave-
lengths can be tuned by varying the thickness of the flake
and introducing additional cavity modes.
To probe the origin of the emission in the HOIP

occurring at a longer wavelength than the E–P, we per-
formed photoluminescence excitation (PLE) spectroscopy
on Au/RP3 samples. The ground state absorption spec-
trum shows multiple absorption bands corresponding to
lower polariton branches (Fig. 3a and Fig. S7). PL corre-
sponding to 631, 650, 686, and 741 nm was recorded in
the PLE studies. As seen in Fig. 3a, the presence of UPB2,
UPB1, and HO modes were observed in the PLE spectra.
This observation confirms the strongly coupled nature of
the exciton-polariton, as well as energy transfer from the
higher energy UPB to the lower energy LPB states.
Additionally, the presence of UPB2 is clear from the

PLE spectrum, which gets suppressed by the density of
states in the attenuance spectrum. The absorption spec-
trum was obtained from transfer-matrix calculations
using the optical constants of the perovskites10. As
reported before, the non-zero value of k above the
bandgap results in an overestimated value, while keeping
k= 0 underestimates the absorption (see Fig. S6 and
Fig. 3b). A close fit between the experiment and simula-
tion was achieved by fitting the absorption tail with an
Urbach function45, as shown in the inset in Fig. 3b.
Finally, we also probe the presence of multiple LPBs using
transient absorption spectroscopy. Figures 3c, d show that
multiple LPB branches were observed at the same wave-
length, irrespective of the excitation wavelength (450 nm
or 650 nm), confirming the energy transfer between the
polariton branches. The short lifetime of these states

eliminates the possibility of self-trapped exciton defect
states42 or any plexciton states from the Au-HOIP inter-
face28 since similar lifetimes to what we observed have
been reported in glass/HOIP systems23.
The transient absorption data provides an indication of

strongly coupled excited state populations for upper and
lower polariton branches. The shape of the transient
spectra corresponding to lower polariton wavelengths is
very similar for 450 nm and 650 nm excitations. This is
direct evidence that an efficient charge transfer takes
place when excited at upper polariton energy leading to
the population at lower energy states and corresponding
transient spectral changes. Additionally, the time
dynamics for both excitation wavelengths feature very
similar relaxation on a ps scale confirming the strongly
correlated nature of the excited state population for both
polaritonic branches.
To further understand the exciton-polariton dynamics

from above-bandgap and sub-bandgap excitation, time-
resolved PL (TRPL) was recorded from the Au/RP3 sys-
tem at 300 K and 4 K. The TRPL decay trace recorded at
300 K for excitation from 470 to 640 nm is shown in
Fig. 4a, b, respectively. The bi-exponential decay function
is used to deconvolute the decay trace; the resulting fast
decay lifetime (t1) and slow decay lifetime (t2) are sum-
marized in Fig. 4c, d, respectively. We note that the sub-
bandgap excitation (640 nm) leads to a longer lifetime
than the above bandgap excitation (470 nm). As these
hybridized states emerge from strong coupling between
the exciton and photon, we hypothesize that these states’
exciton and photon fractions may be modified depending
on the excitation wavelength. As a result, a higher photon
fraction can lead to a longer lifetime (limited by the cavity
decay rate) than more exciton fraction (limited by radia-
tive rate). Using Hopfield coefficients, calculated for
increasing HOIP flake thickness, we can confirm that LPB
shows a larger photon fraction than exciton fraction,
while the UPB shows vice-versa characteristics (Fig. S9,
Supplementary Information). Based on these arguments,
we confirm the presence of a different fraction of exciton
and photon in these hybrid states. Upon cooling to 4 K,
the lifetime of the multiple LPBs upon excitation at
470 nm remains unperturbed compared to the lifetime
recorded at 300 K. This behavior was also observed in the
HOIP excitons in our previous study31. However, the
lifetime of the multiple LPBs decreases upon cooling from
300 K to 4 K for excitation at 640 nm. A similar lifetime
for excitation at 405 nm confirms the dominance of
excitonic characteristics in the multiple LPBs, while the
excitation at 640 nm indicated a higher photon fraction.
From the above studies, the mechanism behind the

emergence of sub-bandgap absorption and emission is
clear. Additionally, the energy transfer between these
states is apparent from the PLE and TRPL studies.
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Further, PL mapping reveals that the emission from all
these states are seen across the whole region of the flake
suggesting a uniform slab of sample which supports self-
hybridized exciton-polaritons in an open-cavity/external
cavity free structure. Such a sample presents a suitable
opportunity for studying charge transfer from the polar-
itons to an acceptor state (say, few-layer graphene (FLG)
or a metal), which can be fundamentally important for
polariton based energy harvesting applications46. To
investigate this, first reflectance and PL spectroscopy were
used to confirm the existence of the lower polariton
branch in both absorption/emission in the HOIP flakes,
upon which FLG was deterministically transferred to
create Au/RP2/FLG and Au/RP3/FLG 2D hetero-
structures (HS). As seen in the reflectance spectra in
Fig. 5a, the LPB shows an enhanced absorption after
placing this graphene layer while the absorption above the
bandgap decreases. To keep the excitation density
approximately the same for both cases, we recorded the
PL with excitation at 405 nm. At 405 nm, the relative
difference in absorption for the HS is 9.2%, while the

integrated PL decreases by 80.75% in the same region of
the flake (Fig. 5b). Such a drastic decrease in PL intensity
in the Au/RP2/FLG heterostructure system compared to
the Au/RP2 (control) sample, can be explained via an
efficient charge transfer from 2D HOIP to the graphene
which is mediated by the exciton-polaritons. Since gra-
phene has zero-band gap, it has both electrons and holes
within whom the transferred charges recombine non-
radiatively which results in quenching of the PL. In par-
ticular, for future studies, the graphene interface between
the 2D HOIP and a metal contact will be beneficial to
minimize the Schottky barrier in an optoelectronic device
(say, photodetector). PL mapping reveals that PL
quenching occurs in the HS, but not in the Au/RP2 region
(Fig. 5c, d). Similarly, the Au/RP3/FLG HS (Fig. S10,
Supplementary Information) shows a similar trend with
enhanced absorption and PL quenching (Fig. 5e, f). At
405 nm, the relative increase in the absorption for the HS
is 8%, while the integrated PL decreases by 64%. The
above observations confirm that charge transfer occurs via
polaritons at room temperature in an HOIP/graphene HS.
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This experiment suggests that polaritons can also be used
to transport and extract charges from a strongly coupled
excitonic medium, opening a new avenue for harvesting
sub-bandgap photons for polaritonic photodetectors and
photovoltaics.

Discussion
In summary, we have developed an open-cavity system

that supports self-hybridized exciton polaritons in 2D
HOIP crystals and studied their charge and energy
transfer dynamics in detail. The exciton-polariton hybri-
dization modulates the optical dispersion of the per-
ovskite enabling absorption of sub-bandgap photons
which also corresponds to sub-bandgap emission. We
have further identified that the presence of strong light-
matter coupling also supports energy transfer from the
higher energy upper polariton branches to multiple lower
polariton branches that have lower energies. The exciton
and photon fractions in these lower polariton branches
can also be modulated using the excitation wavelength,
opening new avenues for ultrafast control of polaritonic
devices and switches. Finally, by means of polaritonic PL
quenching, we have also shown proof of concept that
polaritons can induce charge transport and transfer in a

strongly-coupled excitonic medium, thereby opening new
possibilities for polaritonic photodetectors and photo-
voltaic devices.

Materials and methods
Sample preparation
The solution processing method described elsewhere was

chosen to obtain single-phase pure 2D perovskite crys-
tals32–35. The powders from this method were chosen to
obtain the micrometer-thick flakes used in this work. Single
crystal perovskite powders were exfoliated onto template-
stripped gold substrates using a the tape method well
known for exfoliation of layered van der Waals crystals.

Steady-state optical spectroscopy studies
Room-temperature reflectance was recorded from Au/

perovskite samples in a vacuum environment to avoid
perovskite degradation. The absolute reflectance was
obtained by normalizing the reflectance from the sample
to the reflectance from a silver mirror. For low-
temperature measurements, the samples were cooled
down to as low as 80 K using liquid nitrogen coolant. The
photoluminescence signals from the perovskites were
recorded using a continuous-wave excitation source at
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405 nm and 633 nm, maintaining a low excitation power
to avoid perovskite photobleaching. Both photo-
luminescence and reflectance spectra were recorded in a
Horiba HR Evolution setup by passing the reflected/
emitted light through a 600 grooves/mm grating before
reaching the charge-coupled detector. Photoluminescence
excitation (PLE) spectroscopy was conducted at room
temperature to further understand the origin of photo-
luminescence from the exfoliated flakes. A tunable laser
source (SuperK Fianium) was used to scan the excitation
wavelength from 420 nm to 664 nm, while recording the
integrated PLE spectra from the Au/perovskite sample for
the various photoluminescence signals. The PL signals
(631, 650, 686, and 741 nm) were spectrally separated
using scombinations of edge pass filters and were recor-
ded using an avalanche photodiode (PDM, micro photon
devices). The samples were kept under vacuum (10-5–10-
6 torr) during PLE measurments.

Transient optical spectroscopy studies
The lifetimes of the exciton-polariton peaks and the

sub-bandgap states were probed using time-resolved

photoluminescence spectroscopy at room temperature
and 4 K using liquid helium. To understand energy
transfer between the light-matter coupled states, the
photoluminescence signals were recorded from the sam-
ple by exposing them to two different laser wavelengths
(470 and 640 nm) with picosecond excitation and
100MHz repetition rate, separately. The wavelength-
selective lifetime was recorded by passing the photo-
luminescence signal through two tunable filters and fiber
coupling the signal to a single-photon detector with a
PicoQuant HydraHarp 400 timing box. The data collected
from the streak camera was used to analyze the lifetime of
the different states with each of the two different wave-
length excitations (470 and 640 nm).
Pump-probe spectroscopy studies are performed on the

Au/perovskite samples at the ambient conditions using a
single-wavelength laser pulse as a pump and a broadband
white-light continuum pulse as a probe. The pump-probe
signal is recorded as a transient reflectivity change for the
probe pulse as a function of time delay between the pump
and probe pulses. The pump pulse is generated using a
Coherent Astrella Ti:Sapphire amplified system centered
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at 800 nm and an optical parametric amplifier (OPA). The
broadband probe beam (400–1000 nm spectral range) is
generated by focusing the output of the amplifier on a
Sapphire crystal. The pump beam is at normal incidence
to the sample while the probe beam is deviated from
normal by a small angle to record the reflected signal.

2D perovskite/FLG heterostructures and perovskite
encapsulation
Charge transfer from the polariton states was investi-

gated by placing few-layer graphene (FLG) on the per-
ovskite, which had already been exfoliated on the Au
substrate. The dry transfer of the FLG onto the perovskite
was performed at room temperature inside a nitrogen-
filled glovebox to suppress perovskite degradation. Addi-
tionally, encapsulation of the perovskites was investigated
by spin coating the polystyrene solution at different rpm.
Nevertheless, the reflectance and photoluminescence
were recorded in a vacuum using the Horiba HR
Evolution.

Atomic force microscopy
The thicknesses of the perovskite flakes exfoliated on

the Au substrates were estimated using OmegaScope
Smart SPM (AIST).

Simulation
Transfer-matrix calculation47 was used to explain the

sub-bandgap peaks emerging below the exciton absorp-
tion as a result of strong coupling31. The optical constants
for the perovskites used here are reported elsewhere35.
The room-temperature experimental reflectance data
from the sample was compared against the simulation
data to identify the value of k below the exciton bandgap.
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