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ABSTRACT: Strong coupling between light and matter can produce hybrid
eigenstates known as exciton—polaritons. Although polariton dynamics are important
photophysical properties, the relaxation pathways of polaritons in different coupling
regimes have seen limited attention. This paper reports the dynamics of hybridized
states from 2D Ruddlesden—Popper perovskites coupled to plasmonic nanoparticle
lattices. The open cavity architecture of Al lattices enables the coupling strength to be
modulated by varying either the lead halide perovskite film thickness or the superstrate
refractive index. Both experiments and finite-difference time-domain simulations of the
optical dispersion diagrams showed avoided crossings that are a signature of strong
coupling. Our analytical model also elucidated the correlation between the exciton/ k Time (ps)
plasmon mixing ratio and polariton coupling strength. Using fs-transient absorption

spectroscopy, we found that both the upper and lower polaritons have shorter lifetimes than the excitons and that polaritons
can show faster excited-state dynamics when they have access to additional energy transfer channels.
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hybridization of excitons and photons, are driving 400 meV)."*'*"7 2D lead halide perovskites with phenylethyl-

E xciton—polaritons, quasiparticles associated with the oscillator strengths and exciton binding energies (E, = 100—
advances in polariton chemistry, nonlinear physics, and amine ((PEA),PbX, where PEA = C,H,C,H,NH;" and X =

quantum electrodynamics.' > Because light—matter mixing is Br or I) strongly coupled with Fabry—Pérot (FP) cavities'* ™'
possible with different time scales,6 understanding the effect of have shown polariton lasing21 at room temperature. Single-
coupling on excited-state dynamics is important for applica- crystalline 2D perovskites without an external cavity but
tions of strongly coupled systems. When organic emitters such structured with flat surfaces that support optical modes can
as J-aggregates with lifetimes on the ps/ns time scales hybridize also exhibit strong polariton—polariton interactions.”> Despite
with cavities such as gold gratings that show much faster decay the demonstration of polariton formation and their collective
rates (tens of fs), the coupled system usually supports polariton properties, the excitation dynamics of strongly coupled 2D

lifetimes that are faster than their uncoupled excitons.” Upper
polaritons tend to decay faster than lower polaritons because of
faster thermal relaxation; the decay rates of lower polaritons,
however, are more complicated and depend on the detailed
energy states of the system.”” The presence of trapped states
or phonon bottleneck effects can also limit excited-state decay
channels and extend lifetimes of both upper and lower
polaritons beyond those of the uncoupled exciton and cavity
modes.' ™"

Recently, two-dimensional (2D) hybrid organic—inorganic
perovskites have emerged as an attractive optoelectronic
material for quantum information and communication
studies.'®" Their multiple quantum-well structures composed
of inorganic slabs separated by organic cations support both
strong quantum and dielectric confinement, resulting in large

perovskites are less known.

2D plasmonic nanoparticle (NP) lattices have an open cavity
architecture that can mediate strong light—matter interac-
tions.”>™*' In a uniform refractive index environment,
periodically arranged plasmonic NPs with an optimized
photonic spacing exhibit surface lattice resonances
(SLRs)**** with high quality factors Q (>400)** and relatively
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Figure 1. Structure and transmission spectra of CSN2-I film-coated Al NP lattices. (a) Scheme of C5SN2-I film-coated Al NP lattices. (b)
Photograph of Al NP lattices with a 20 nm think CSN2-I film. (c) Scanning electron micrograph of 20 nm thick film-coated Al NP lattices at
45°. (d) Simplified energy diagram explaining hybridization of W;-SLR and exciton modes, resulting in the formation of upper and lower
polaritons separated by Rabi splitting. (e) Simulated transmission spectra of lattices with different perovskite film thicknesses. The refractive
index of oil is 1.45. (f) Experimental transmission spectra under the same conditions as part e. All spectra in parts e and f are shown with the
signal from not strongly coupled perovskites removed and are offset manually for better presentation. Dashed red lines depict the perovskite

exciton mode.

long, few-ps lifetimes.>>™>” When the superstrate/substrate
index is highly mismatched such that waveguide conditions are
met, NP lattices can support waveguide-coupled SLRs (W-
SLRs); Wqpp-SLRs and Wry-SLRs result from coupling
between SLRs and transverse electric (TE) and transverse
magnetic (TM) waveguide modes, respectively.”*” Since SLR
properties can be tuned by lattice design and refractive
index,""~*" NP lattices offer more opportunities than FP
cavities for tailoring polariton Gproperties, such as spatial
coherence or group velocity.””*>*® Moreover, since NP lattices
show negligible absorption at most energies except at the SLR
and localized plasmon wavelengths, they enable a wider range
of wavelengths for ultrafast time-resolved studies compared to
FP cavities having distributed Bragg reflectors.””*’

Here, we report the dynamics of hybridized states from 2D
Ruddlesden—Popper (RP) lead iodide perovskites strongly
coupled to plasmonic Al NP lattices. The formation of
exciton—polaritons was confirmed by Rabi splitting in the
optical transmission spectra and anticrossing behavior in the
dispersion diagrams. The coupling strength was first tuned by
perovskite film thickness, with the experiment agreeing with
finite-difference time-domain (FDTD) simulations. By chang-
ing the superstrate refractive index, we achieved more precise
as well as reversible control over the degree of coupling, and
the W-SLR/exciton mixing ratios of the polaritons were
characterized by an analytical model. Finally, ultrafast transient
absorption spectroscopy revealed that both upper and lower
polaritons have faster excited-state dynamics compared to
pristine excitons.
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RESULTS AND DISCUSSION

Figure la depicts the scheme of our system composed of an Al
NP lattice and a 2D perovskite, (PA),(MA)Pb,I, (PA =
CH,(CH,),NH,", MA = CH;NH,"). Since the number (1) of
inorganic layers is 2, we denote the perovskite as CSN2-I by
convention.** We fabricated square Al NP lattices with spacing
ay = 350 nm, diameter d = 70 nm, and height h = 60 nm on
fused silica using SANE and PEEL (Methods and Experimental
Section).”” ™' We selected Al because Al NP lattices can
support SLRs that are higher-quality than those that Au or Ag
NP lattices can support at wavelengths below 600 nm.”> At
normal incidence (6 = 0°), bare Al NP lattices with an oil (n
1.45) superstrate index matched to the silica substrate
supported a [-point SLR at 517 nm (Figure S1).

Perovskite precursor solutions in dimethylformamide spin-
cast on the NP lattices formed CSN2-I thin films over cm*
areas (Figure 1b). Scanning electron microscopy (Figure 1c)
and atomic force microscopy (Figure S2) confirmed the
conformal nature of the perovskite films. Increased concen-
trations of precursor solution (from 2.5% to 20%) resulted in
film thicknesses () from ~10 to ~80 nm (Figure S3); X-ray
powder diffraction patterns matched calculated CSN2-I, with
thicker films having higher crystallinity (Figure S4). The
transmission spectra of CSN2-I perovskite films on silica
substrates showed a strong excitonic resonance at 568 nm from
the n = 2 inorganic layers and a weak resonance at 610 nm
from a small fraction of n = 3 layers (Figure S5).*
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Figure 2. Optical band structures in Wy;-SLR—exciton hybrid systems. Experimental angle-resolved transmission of (a) bare Al NP lattices
with spacing a, = 350 nm, diameter d = 70 nm, and height & = 60 nm and (b) lattices with different film thicknesses under s-polarized light
(ny; = 1.45). Simulated spectra of (c) bare Al NP lattices and (d) lattices under the same environment as in part b. Dashed red lines in parts
b and d depict the perovskite exciton mode. It should be noted that the signal from unhybridized perovskites was removed in parts b and d.

FDTD simulations with a Lorentz model allow for selective
manipulation of excitonic materials via the oscillator strength S
that quantifies the probability of excitonic absorption (see the
Methods section in the Supporting Information). When
perovskite films with S = 0 are added on top of the plasmonic
NP lattices, uncoupled W-SLRs are formed due to the
relatively high refractive index of the perovskite film (ngy,
~2.26 @ 568 nm) (Figure S6). As t is increased, the effective
refractive index of the waveguide mode increases, and the W-
SLRs shift to longer wavelengths (Figure S7a). From the
calculated near-field distributions, we confirmed that Wop-
SLRs resemble pure SLRs while Wry-SLRs have stronger
waveguide effects (Figure S7b). In this study, the Wrp-SLRs
hybridize with exciton modes to form upper polariton (UP)
and lower polariton (LP) states with an energy separation
known as the Rabi splitting (€2) (Figure 1d).

FDTD simulations using empirically determined optical
constants show transmission spectra with peak splitting at ¢ =
10, 20, and 40 nm (Figure le; the dashed red line at 568 nm is
the exciton wavelength). It should be noted that we removed
the signal from perovskites not hybridized with the NP lattice
by subtraction (see the Methods section in the Supporting
Information). Experimental results agreed with simulations; in
the t = 20 nm film, where W-SLR—exciton detuning is the
smallest among four thicknesses, the coupling is expected to be
the strongest, with the measured wavelength difference Al =
37 nm corresponding to AE = 143 meV (Figure 1f). Since our
perovskite films can be readily removed from the NP lattices
by dissolution in hexane, we used the same NP lattice to
compare thickness effects of the perovskite films. The relative
intensities of the UP and LP features can be changed by small
differences in film thickness (18—22 nm) (Figure S8).

Angle-resolved transmission measurements revealed how the
optical band structure of the NP lattices changed after coupling
to the perovskite films. Under s-polarization, bare Al NP

3919

lattices support two dispersive SLR bands™ (Figure 2a). Figure
2b depicts that an Al NP lattice coupled to a t = 10 nm
perovskite film showed two polariton bands with an avoided
crossing, where the LP bends ca. k; ~ 2 yum™". Bending was
more pronounced for t = 20 nm films at ca. k; ~ 1.5 yum™*
when the LP approached the exciton energy. As t increased
more, the higher effective refractive index of the perovskites
continuously moved the Wrg-SLR (=1, 0) to lower energies.
For t = 80 nm films, the Wy-SLR shifted beyond the exciton
energy, and strong coupling with the (—1, 0) mode was no
longer possible. The UP band for ¢ = 40 and 80 nm films could
not be resolved because of the strong perovskite absorption at
higher energies.

FDTD-simulated dispersion diagrams showed hybridization
between the plasmon mode and the exciton more clearly than
the experiment. As expected, bare Al NP lattices support two
linear dispersive bands (Figure 2c). The coupled systems with
empirically determined perovskite optical constants showed
clear LP band-bending approaching the exciton resonance
(Figure 2d). The t = 40 nm case also showed some but less
distinct bending near ky = 0 gum™". For the ¢ = 80 nm film, the
exciton mode could couple to the Wyz-SLR (1, 0) mode at
large k. The quality factor Q of the polariton branches
decreases as t increases since Q depends on the coupling
between their parent modes, and the Q of uncoupled W-
SLRs decreases at larger t. Simulated dispersions of Al NP
lattices with a dielectric slab of the same index as the
perovskite film only showed W-SLR bands (Figure S9), which
confirms that the band-bending in Figure 2b,d originates from
strong coupling between Wp-SLR and exciton modes.

The open geometry of plasmonic NP lattices offers a simple
approach to tailor the coupling strength. Since the Wg-SLR
wavelength depends on the surrounding index, detuning can be
precisely and reversibly controlled by changing the superstrate
refractive index n,; at a given perovskite film thickness. Using
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the same t = 20 nm film as in Figure 1f, we increased n.; from
1.29 to 1.70 (Figure 3a). We observed a gradual shift of both
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Figure 3. Precise control over the coupling strength and Rabi
splitting. (a) Schematic illustration of repeated addition and
removal of oil on top of the perovskite film. (b) Experimental
transmission spectra of lattices with a 20 nm film at varied oil
index values. (c) Energy of UP and LP extracted from part b.

the UP and LP to lower energies until the UP eventually
disappeared at higher indices (Figure 3b). Anticrossing
behavior between the UPs and LPs as a function of refractive
index revealed Q ~121 meV at ny = 1.55 (Figure 3c).
Simulated optical dispersion diagrams confirmed that the Wog-
SLR at k;; = 0 shifted to energies lower than the exciton at n =
1.70 (Figure S10); hence, increasing n.; from 1.55 to 1.70
tuned the coupling from stronger to weaker.

To analyze the coupling quantitatively and determine the
relative contributions of the exciton and Wipp-SLR in the
polaritons as a function of refractive index, we first calculated
the lattice—perovskite system without coupling (see the
Methods section in the SI). With S = 0, only uncoupled
Wig-SLR [Ew.gir(f101)] modes formed (Figure 4a). Using S =
0.072S, which yields the same splitting as in experiments (Q
~121 meV at n,; = 1.55), we calculated the energies of the UP
(Eyp) and LP (Ep) at different indices (Figure 4b and Figure
S11). As nyy increased from 1.29 to 1.70, Ey.g r(n,y) (Figure
4c, dashed black line) shifted from 2.34 to 2.05 eV and crossed
the exciton resonance at n.; = 1.55. The Eyp and E;p (A and
WV in Figure 4c) agreed with the experiment (Figure 3c) and
validated the Lorentz model for describing the excitonic
character of our perovskite film.

Using an analytical two-state model (see the Methods
section in the SI), we then built a linear response model from
uncoupled modes to calculate the energies of the UP and LP
branches (Figure 4c, solid lines):
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1
EUP,LP—branch = E[EW—SLR(noi]) + Eex + 4g2 + A(noil)z]

where the detuning parameter A(n.;) = Ey.g r(f161) — Eep and
g is the coupling strength. The g = 65 meV value produced the
best fit of the polariton branches with the FDTD-calculated
Euprp and Rabi splitting (Q ~ 2g)54 of ~131 meV at ny =
1.55. Adding losses to the model did not affect the energy
eigenvalues because both the exciton and the W-SLR modes
have relatively low losses, and damping is negligible in the
overall energy of the system. From this model, we also
determined the quantitative Wrpg-SLR and exciton mixing
ratios of the polariton branches. At ny; = 1.55, both UP and LP
in the ¢t = 20 nm film have equal contributions of Wz-SLR and
the exciton. As n; increased from 1.29 to 1.70, the UP became
mostly excitonic, and the W-SLR character decreased from
~88% to ~15% (Figure 4d, top); in contrast, the LP became
mostly photonic, and the W-SLR character increased from
~12% to ~85% (Figure 4d, bottom).

Finally, using ultrafast transient absorption (TA) spectros-
copy, we compared how tuning of the coupling strength by
either perovskite film thickness or superstrate index affected
energy relaxation of the polaritons. Figure Sa shows the TA
spectra of pristine perovskite films of different thicknesses
pumped with a 410 nm fs laser and probed between 390 and
700 nm. The most prominent features are ground state
bleaching (GSB) at 570 nm (from n = 2 perovskites) and 610
nm (from n = 3 perovskites), which is consistent with the
excitonic features in the steady-state transmission spectra
(Figure SS). Although the exciton bleach for the n = 2
perovskite reached a maximum amplitude at 0.5 ps, the signal
from the n = 3 was strongest at 1 ps. This slower rise of the
bleach for n = 3 (Figure S12) is likely from an energy cascade
in 2D perovskite films that funnels the photoexcitation from
higher-energy states (1 = 2) to lower-energy states (n = 3).”%
The bleaches overlaid a broad excited state absorption (ESA)
that spans much of the visible spectrum (<560, ~580 nm, and
>620 nm).

In the lattice—perovskite systems (Figure Sb), we observed
new GSB signals with the same energy as the polaritonic
features in the steady-state measurement (Figure 1f). In the
TA spectra of the t = 10, 40, and 80 nm films, we only resolved
a new GSB from UP for t = 10 nm and LP for ¢ = 40 and 80
nm, but not both because of the overwhelming GSB signal
from nonhybridized perovskites. The t = 20 nm film shows the
most distinct change; the intensity of the excitonic GSB at 568
nm decreased considerably, and two polaritonic GSBs at 550
nm (UP) and 584 nm (LP) clearly appeared, even with
overlapped features from the uncoupled excitons. We also
acquired TA spectra for t = 20 nm films at n,; = 1.29 and 1.70,
and both cases also showed either UP or LP features, but not
both (Figure S13).

After scaling the kinetic profiles for comparison, we found
that the dynamics of the UP, LP, and exciton show distinct
differences in the first 10 ps and are indistinguishable after
~200 ps (Figure 6a, Figure S14). Although strongly coupled
organic molecules and organometal halide perovskites used bi-
and triexponential terms,””*® we used tetra-exponential decays
to best fit each kinetic trace (Table S1). Based on carrier
dynamics of perovskite nanocrystals, 2D halide perovskite
nanoplatelets, and 2D RP perovskites,"**”" each decay
component can be assigned to exciton—exciton/polariton—
polariton scattering, exciton—phonon/polariton—phonon scat-
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Figure 4. Interpretation of index-dependent coupling using FDTD simulation and a two-state model. Schematic illustrations and simulated
transmission spectra of lattices with £ = 20 nm for FDTD simulations when the oscillator strength is (a) S = 0 and (b) S = 0.0725 in the
Lorentz model. (c) Index-dependent uncoupled W;-SLR energies (Ey.g g, dashed black line) and UP/LP energies (Eyp, E;p, A and V)
obtained from FDTD simulations and UP/LP branches (solid lines) from a two-state model. (d) Relative mixing fraction of the exciton and

Wire-SLR of the UP and LP branch as a function of index.

tering, Auger recombination, and radiative recombination from
the fastest to slowest decay components (7,—7,). Since these
excitonic materials are similar to 2D RP perovskites, and
polariton formation does not change available decay pathways
for excited states, these assignments are consistent. We did not
observe Rabi oscillations in the kinetic profiles due to the
relatively long instrument response function (IRF) in our TA
experiments (250 fs). The amplitude-averaged lifetimes of
excitons increased as t increased from 10 to 80 nm (44 + 3 to
125 + 7 ps) (Figure 6b); this increase may be attributed to
thinner films having lower crystallinity and a higher density of
grain boundary defects that induce fast nonradiative decay.”"**
When excitons hybridize with Wg-SLRs, the polaritons have
shorter lifetimes than their corresponding excitons, and
experimentally, we only measured the lifetime of pure SLRs
(~8.1 £ 0.4 ps) (Table S2). The reduction of lifetime was
most significant in the ¢ = 20 nm film, with the LP having a
lifetime of 24 + 2 ps and the exciton 52 + 3 ps. This result is
unexpected because the LP at ¢+ = 20 nm has a smaller
contribution from the Wrz-SLR than other UPs and LPs
observed in TA spectra (Figure S15 and Table S3). This faster
relaxation suggests additional relaxation pathways, such as
energy transfer from the LP to the n = 3 exciton mode since
their energy difference is small. This observation is consistent
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with previous work,”> where a smaller energy gap between
polaritonic and nonpolaritonic states enabled faster decay of
LPs through ultrafast internal conversion in molecules. For
perovskite films surrounded by different indices, the UP of t =
20 nm films at n,; = 1.29 and the LP at n,; = 1.70 both have
over 80% W5-SLR (Figure 4d). However, while the UP at n
= 1.29 decayed faster compared to the exciton (from 64 + 6 to
26 + 1 ps), the LP at ny; = 1.70 exhibited a longer lifetime
(from 65 + 6 to 91 = 1 ps) (Figure S16). The extended
lifetime may be attributed to a phonon bottleneck,” but further
work is required to explain why the effect is observed only for
the LP at n,; = 1.70.

CONCLUSIONS

In summary, we investigated strong coupling between 2D
hybrid perovskites and plasmonic NP lattices and their
polariton dynamics. Tailoring the coupling strength controlled
the energy difference between the LPs and excitons, which
resulted in polariton lifetimes as fast as half that of pristine
excitons because of additional ultrafast energy transfer
pathways. The observed polariton dynamics enables the design
of hybrid-emitter systems that exhibit desirable photophysics
properties for diverse applications, including solar cells, where
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Figure 6. Polariton dynamics analysis. (a) Normalized kinetic
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1.45. (b) Comparison of the amplitude-averaged lifetimes for UPs
and LPs with those of their excitons.

longer excited-state lifetimes and diffusion are advantageous,
and lasers, where faster radiative decay is beneficial. We believe
that the open cavity architecture of 2D plasmonic NP lattices
will facilitate the development of polariton devices with on-
demand tunability.

METHODS/EXPERIMENTAL SECTION

Fabrication of Al NP Lattices. Al NP lattices were fabricated on
fused silica by a soft nanofabrication process. We first make square-
type periodic photoresist posts on Si wafers by solvent-assisted
nanoscale embossing (SANE*?). Then, 8 nm thick Cr was deposited
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by thermal evaporation, followed by the liftoff of photoresists and Si
etching by reactive ion etching. Au deposition by thermal evaporator
makes Au hole masks, and the Cr layer between the Si wafer and Au
mask is removed by wet etching. We floated the Au hole masks on
water and transferred them to a fused silica substrate. To fabricate Al
NP lattices, we deposited 60 nm of Al through a Au hole mask,
removed the Au hole mask with tape, and thermally annealed the
sample®® at 500 °C for 30 min.

C5N2-1 Film Fabrication. Starting materials (single crystals of
C5N2-1) were synthesized according to published procedures.*® The
crystals were filtered and dried under vacuum for 14 h. A suitable
amount of dried crystals was dissolved in anhydrous dimethylforma-
mide to create a final concentration of 2.5-20% (w/v). All substrates
were pretreated for 10 min using the ultraviolet ozone (UVO)
treatment method. Then, 40 uL of the precursor solution was spin-
cast on the lattices at a speed of 3000 rpm for 1 min. The resulting
films were then annealed at 100 °C on a hot plate for 30 s in air.
Before transmission measurements, we added one drop of oil and
covered it with thin microscope glass coverslips.
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