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Abstract

The recent surge of interest in polaritons has prompted fundamental questions about
the role of dark states in strong light-matter coupling phenomena. Here, we system-
atically vary the relative number of dark state polaritons by controlling the number of
stacked CdSe nanoplatelets confined in a Fabry-Pérot cavity. We find the emission spec-
trum to change significantly with an increasing number of nanoplatelets, with a gradual
shift of the dominant emission intensity from the lower polariton branch to a manifold

of dark states. Through accompanying calculations based on a kinetic model, this shift
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is rationalized by an entropic trapping of excitations by the dark state manifold, while
a weak dark state dispersion due to local disorder explains their non-zero emission. Our
results point towards the relevance of the dark state concentration to the optical and
dynamical properties of cavity-embedded quantum emitters with ramifications for Bose-
Einstein condensate formation, polariton lasing, polariton-based quantum transduction

schemes, and polariton chemistry.
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Spectroscopy has long served as a tool for studying the properties of matter by perturbing
atoms, molecules, or materials with radiation and measuring their response. Going beyond
the perturbative regime, however, light-matter interactions can act as a means for manipulat-
ing the states of matter, enabled by “strong coupling” for which such interactions outcompete
radiative and nonradiative damping.? Under strong coupling, quantized optical modes hy-
bridize with matter-based quantum states producing half-light-half-matter excitations called
“polaritons”, which manifest as a Rabi splitting of optical resonances into an upper polariton
(UP) and a lower polariton (LP) peak.? This opens up new opportunities for fundamen-

tal science and technology, examples of which include chemical control,®® Bose-Einstein

10-13 14-17

condensation, ™ polariton lasing, and quantum transduction schemes.
The strong coupling regime is accessible by reducing the optical mode volume and in-
creasing the quality factor of the interacting electromagnetic field through the use of optical

resonators such as cavities and plasmonic structures.®!? Under ultra-low mode volume con-

ditions, strong coupling invoking single quantum emitters (matter-based constituents) can
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be realized.?%?! Alternatively, light-matter coupling can be amplified more easily by invoking
a large number of quantum emitters, which is readily implemented using Fabry-Pérot (FP)
cavities. However, distinct for such collective strong coupling is the formation of a manifold
of N — 1 optically-dark states energetically located between the UP and LP peaks,*?%23
where NNV is the number of quantum emitters. Such dark states are delocalized over multiple
quantum emitters yet do not appreciably hybridize with the optical modes of the cavity, 242>
and as such do not assume properties expected from single emitter polaritons. Moreover,
with increasing N, dark states are believed to act as a thermodynamic reservoir that dom-
inate the excited-state properties and dynamics of the matter-cavity system and mitigate
many of the favorable effects of strong coupling.?6

Unfortunately, dark states contribute negligibly to common spectroscopic techniques
based on reflectance or transmission measurements due to their minimal hybridization with
the cavity modes, and as a result, the fate of excitations under strong coupling is challenging
to experimentally study. Early studies on dark states have resorted to pump probe and two-
dimensional infrared spectroscopy?”?® through which relaxation rates from the UP and LP
states into the manifold of dark states have been determined. Alternatively, a means to di-
rectly access the dark state manifold is provided by off-resonant pumping, early implementa-
tions of which have involved cavity-embedded J-aggregates. 2?3 Recently, off-resonant pump-
ing has been applied to cavity-embedded cadmium selenide (CdSe) nanoplatelets (NPLs),3!:32
where subsequent detection of emission unveiled the importance of phonons in mediating po-
lariton transitions.3! These advances notwithstanding, the systematic study of dark states
remains in its infancy.

In this work, we demonstrate a modulation of excited state dynamics and emissive prop-
erties through a systematic increase of the dark state concentration, which to our knowledge
has not been previously observed. This is accomplished by strong coupling of the exci-

tonic states of CdSe NPLs to the modes of a FP cavity.35333% Due to the large transition

dipole strength of the NPLs, strong coupling can be reached without needing to form a
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large manifold of dark states, unlike weak quantum emitters such as molecules that require
high concentrations to achieve strong coupling.3%*” By means of a stacking of NPLs through
layer-by-layer deposition, we increase the number of quantum emitters, and consequently the
dark state concentration. Upon off-resonant pumping, radical changes are observed for the
emission intensity ratio of the LP and a higher energy feature consisting of the UP and dark
state manifold. Good agreement with kinetic modeling reveals that these changes reflect
a concentration-dependent trapping of excitations in the dark state manifold from which
emission is enabled by local static disorder. These results suggest avenues for optimizing
polariton emission by balancing bright and dark state contributions under collective strong

coupling through control of quantum emitter concentration.

Results and Discussion

Cayvity Fabrication and Polariton Characterization

The CdSe NPLs were synthesized following the procedure presented by VanOrman et al. and
had a thickness dimension of 5.5 CdSe unit cells.® To prepare the cavity structure shown in
Figure 1a, an 80 nm thick Ag layer was thermally evaporated onto a Si substrate, followed
by a 35 - 50 nm thick Al,O3 passivation layer applied by atomic layer deposition, where the
thickness was dependent on the number of stacked NPLs. The sample was then submerged,
Al,O3 side up, into a small amount of acetonitrile (an NPL antisolvent) followed by sus-
pension of a thin layer of an NPL-in-hexane colloid onto the acetonitrile.?® An optimized
concentration of the NPL-in-hexane colloid allowed single NPLs to deposit on the top of
the acetonitrile. The acetonitrile was then pipetted out such that the NPLs were left on
the substrate (Figure S1). The microscopic morphology of the deposited NPLs was shown
to produce a compact structure, with the NPLs dominantly having a face-down orienta-
tion (Figure S2). This face-down orientation guarantees the emission originated from only

in-plane dipole components, which rules out spot-to-spot intensity variations due to orien-
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Figure 1: (a) Schematic of the FP cavity constructed with a CdSe NPL film and two Ag
mirrors. A small sample area was not covered with the top Ag layer and was used for
measuring the optical properties of the stacked NPLs when not coupled to the cavity mode,
denoted as "off cavity". (b) Absorption (red) and emission (light blue) spectra of CdSe NPLs
in the "off cavity" region. (c) Reflectance spectra of the NPL-cavity system as a function of
the zero detuning angle where the cavity
photon and NPL exciton energy are equal. AFRg,p; denotes the Rabi splitting between the
upper and lower polariton peaks. (d) AERap; at zero detuning as a function of X. The Rabi
splitting follows a linear scaling with X'/2. Transverse electric (TE) polarized light was used
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tation inconsistencies.’ By repeating this process X amount of times, varying numbers of
NPLs were stacked on top of one another (Figure 1a). The resulting NPL film was topped
with an additional polymethyl methacrylate (PMMA) layer having a controlled thickness
between 48-60 nm by means of spin-coating. To finalize the cavity structure, we thermally
deposited a 60 nm Ag layer on top of the PMMA layer. To maintain a constant cavity
thickness under variations in X, the concomitant increase in the NPL film thickness was
compensated for by decreasing the thickness of the PMMA and Al,Oj3 layers.

We utilized a Fourier-plane spectroscopic technique (Figure S4) to study angle-dependent
reflectance spectra for varying X in the cavity region. Shown in Figure lc, are reflectance
spectra recorded at the detection angle # where polaritonic resonance occurs, i.e., where
0FE = hQeay(0) — Eoxe = 0. Here, Foy is the exciton transition energy and .., (6) is the
frequency of the cavity mode. The dependence of the (1.,, on € is governed by Eq. S1 and
for notational convenience, the dependence is dropped throughout the rest of this work. For
each value of X, two dips were observed, which correspond to the UP and LP states. Note
that there is no angle dependence of the bare NPL film in the "off cavity" region (Figure S6).

For a system with N degenerate quantum emitters (in this case NPLs) identically coupled

to a cavity mode, the energy of the UP and LP states are given by

1 /
EUP/LP = §(Eexc + thav + 4Ng(2) + (5E)2) (1>

where Eyp (corresponding to +) and Epp (corresponding to —) are the energies of the UP
and LP, respectively, and g, is the effective cavity coupling strength of a single emitter. At

0F = 0, the Rabi splitting is
AERapi = Eyp — Erp = 290\/N =2goVaX (2)

with « being the average number of NPLs per deposited layer. By fitting two Lorentzian

functions to the reflectance spectra shown in Figure 1c, AFERa,; was determined for each X
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value. We note that Eq. 1 does not account for homogeneous broadening occurring in optical
measurements. This broadening can cause the apparent UP and LP peak positions observed
in reflectance measurements to differ from the actual polariton energies due to peak overlap.
By fitting Lorentzian functions to the reflectance data in Figure lc, we can determine the
true UP and LP peak positions, validating our use of Eq. 1.

Figure 1d shows that AFERap,; increases linearly with X'/2, as predicted by Eq. 2. This
demonstrates that the number of stacked NPLs scales as the concentration of cavity-coupled
NPLs, with each deposited layer contributing an approximately equal number of cavity
coupled NPLs, and that the coupling constant does not vary across stacked NPLs. In Figure
1d, the averaged values and error bars were determined from measurements at three different
spots on two different samples for each value of X (Figures S7, and S8).

Figure 1 also shows the strong coupling regime is reached for each X value measured.

The strong coupling condition is given by?

AEwRabi > Fcav/2 + Fexc/27 (3>

where [y and I, denote the homogeneous linewidths of the exciton and cavity mode,
respectively. As mentioned, the absorption and emission measurements of the bare NPLs
yielded I'eye = 23 meV. Here, I'¢,, was determined from NPL cavities that were constructed
with cavity modes significantly red detuned from the exciton transition, such that polariton
formation was minimal, yielding I'c,, = 32 meV (Figure S5). Based on these values, Eq. 3
predicts that the strong coupling criterion is given by A Egap; > 28 meV. From Figure 1d, it

follows that the strong coupling regime is reached for all values of X.

Dark-State Concentration Dependent Cavity Emission

The reflectance measurements primarily probe the cavity modes. As such, they inform on

polaritons, as manifested by the UP and LP dips in the spectra shown in Figure 1lc, but
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Figure 2: (a) Experimental and (b) calculated angle-dependent emission for X = 1 within
an optical cavity. (c) and (d) are the same spectra as (a) and (b) but normalized at each
value of sin(f). (e) Experimental and (f) calculated angle-dependent emission for X = 5
within an optical cavity. (g) and (h) are the same spectra as (e) and (f) but normalized at
each value of sin(#). The white dashed lines show the UP and LP branches of Eq. 1 fit to
the emission measurements in (c) for X =1 and (g) for X = 5.

provide little information on the manifold of dark states. On the other hand, matter-based
excitations project predominantly onto the manifold of dark states. To interrogate the latter,
we generated matter-based photo-excitations by using a 473 nm (2.62 €V) continuous-wave
laser to off-resonantly pump the cavity system, populating high-lying excited states in the
NPLs that quickly relax into exciton-polariton. The cavity emission generated by such
exciton-polaritons was then recorded. It is important to note that the polariton eigenstates
are the same in both the reflectance and emission measurements. To optimally compare our
results, the same location was probed in both measurements for a given cavity system.
Figure 2a presents angle-resolved emission measurements for X = 1, while analogs for
X = 5 are presented in Figure 2e. The white dashed lines indicate corresponding fits
of the UP and LP branches to the Jaynes-Cummings model, which are also compared to
the reflectance data in Figure S7. Consistent with earlier observations by Qiu et al.,3!
the strongest emission intensity is seen to occur around dE = 0 meV, and to originate
predominantly from the LP branch. Relative intensity variations render it difficult to analyze
the emission spectra for detection-angles where d E # 0, which shows comparatively much

weaker emission. To better analyze emission across all angles, we normalized spectra at each
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angle to their respective highest intensity values. The result is shown in Figure 2¢ for X =1
and in Figure 2g for X = 5 (emission spectra for X = 2, 3, and 4 are shown in Figures S9, S10
and S11, respectively). Clear variations in the normalized emission lineshape are seen across
different values of X, especially for §F < 0 (red-detuned cavity). For X = 1, emission occurs
predominantly from the LP branch at all detection angles. However, for X = 5, emission
occurs predominantly at energies close to the UP branch when §E < 0. When 0F > 0, weak
emission is observed from the UP branch for X = 1, but not for X = 5. These differences
in emission with varying NPL concentration cannot be understood solely from an energetic
standpoint. Rather, they require a dynamical description of the polariton system driven
by an off-resonant pumping. Accordingly, we constructed a kinetic model to describe such
relaxation dynamics, as detailed below. Figures 2b and 2d show the calculated emission
spectrum resulting from this model for X = 1 and Figures 2f and 2h show the equivalent for
X = 5. Both show strong qualitative agreement with experiment and capture the increase

in emission occurring near the UP branch.

Explaining Relaxation Dynamics Using a Kinetic Model

In order to account for the dynamics that give rise to the experimental emission spectra
shown in Figure 2, we detailed the possible transitions that can occur in the system during
off-resonant pumping, shown in Figure 3. This pumping populates high-lying excited states
of the NPLs that quickly relax to band-edge excitons, which are superpositions of exciton-
polariton eigenstates when coupled to a cavity. These states may delocalize over neighboring
ground state NPLs through cavity-mediated coupling, forming a manifold of dark states along
with the UP and LP states. The dark states have a large excitonic component, as a result of
which high-lying excited states will dominantly relax into them (bold purple arrow in Figure

1.31 Figure 3 also shows the energetic dispersion of the

3), as previously shown by Qiu et a
dark states due to local static disorder of the NPLs causing them to slightly mix with the

cavity mode. This allows for emission from all exciton-polariton states including dark states
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Figure 3: Jablonski diagram showing the radiative and non-radiative transitions that give rise
to the emission spectra shown in Figure 2. Off-resonant pumping of the system into high-
lying excited states is shown by the solid blue arrow; wavy arrows indicate non-radiative
relaxation; blue dashed arrows indicate radiative relaxation that gives rise to emission.

(blue dashed arrows in Figure 3). Along with emission, transitions between polariton states
occur, mediated by exciton-phonon coupling, as also shown in Figure 3. This allows the
population to relax towards the LP state. Despite this relaxation, a large number of dark
states will potentially act as a thermodynamic reservoir which can trap population. Such
population trapping is consistent with the emission maximum occurring near the UP branch
for X =5 when 6E < 0 (Figure 2g). For X = 1, the number of dark states is decreased and
less population trapping is expected to occur, resulting in less dark state emission, which is
observed in Figure 2c.

Our kinetic model (Section 8 of the Supporting Information) is based on a Holstein-type
Hamiltonian including linear coupling of the excitonic states to a 200 cm™! longitudinal

4142 35 well as to a cavity mode. The exciton-phonon coupling

optical (LO) phonon mode
strength in our model—characterized by the displacement (D) between the potential energy
surface (PES) minima of the exciton and ground state—was taken as a free parameter used

to match the calculated polariton emission to the experimental emission. It was kept the
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same for each X value used and all other parameters were experimentally determined. We
found D = 25.4 A to give the closest match to the experimental emission measurements. This
may be compared to D = 7.0 A determined for the 200 ecm™! LO phonon mode in resonance
Raman measurements of CdSe NPLs.*? Other phonon modes* are likely to also generate
coupling between polariton states, accounting for the overestimated D value required to
accurately model the experimental emission. In our kinetic model, we also included variations
in excitonic energies across NPLs in order to account for local static disorder giving rise to
the inhomogeneous broadening of the exciton (Figure 1b). We took each exciton to couple
equally to the cavity mode by an amount gy, since most of the NPLs have uniform orientation
(Figure S2) and likely do not involve appreciable spot-to-spot variations in the coupling
strength.

In the polariton basis (Section 8 of the Supporting Information), the Hamiltonian corre-

sponding to the system as described above is given by

H= ZE ) a|—|—z p"—i— wo —wODan ]oz B, (4)

a,B=0

where z,, and p,, are the mass weighted position and momentum operators, respectively, of
the phonon mode on the nth NPL with frequency, wy, and D is the displacement of the
phononic PES minimum between the excitonic ground and lowest excited state (heavy-hole
exciton). Furthermore, |a) and |) are the exciton-polariton states with energies E, and Ej,
respectively, and Maﬁ = (aley, 0) (e,,0|B) is the associated transformation matrix element
involving the |e,, 0) state, representing the nth NPL in its lowest excited state with no cavity
photon present. It is apparent in Eq. 4 that the NPL exciton-phonon interaction results
in an off diagonal coupling between polariton states, with the coupling strength between
|a) and |B) depending on both the displacement of the PES minimum, D, as well as the
projection of ) and |5) onto each NPL exciton. From this off diagonal coupling, we derived

transition rates between polariton states using a non-Condon type rate expression employing

11
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43745 (Section 8 of the Supporting Information).

the truncated Wigner approximation
Using the calculated rates between polariton states, the dynamics of the system are

determined by the Pauli master equation

Pa = Z(waﬁpﬁ - wﬁozpa)a (5)
B

where P, and Pj are the occupancies of |a) and |3), respectively. The transition rate from
the ground state into each polariton state was determined by taking 7. to be the two-step
excitation rate (outside of the cavity) from the ground state into an exciton state, |e,,0),
which occurs through the manifold of high-lying excited states. This excitation process has
equal probability to excite any NPL, and therefore, creates a mixed state with a uniform
probability distribution between each exciton state. Within the cavity, relaxation from
high-lying excited states into the manifold of polariton states will be proportional to the
projection of this mixed state onto each polariton state. Accordingly, the excitation rate

from the ground state into |«) is given by

wes' = {af Ut ol @) Texe/2, (6)
where
1 N
150 = NZ|GH70> <€n70|’ (7)
n=1

and where U is the unitary transformation matrix composed of the eigenvectors of lf[pol given
by Eq. S3. Each exciton state |e,,0) has a large projection onto the manifold of dispersed
dark states and a small projection onto the UP and LP states. This causes the relaxation
from the high-lying excited states into the manifold of dispersed dark states to dominate
over relaxation into the UP and LP states, as shown by the purple arrows in Figure 4a.

6

Radiative relaxation via leaky cavity luminescence® occurs from all polariton states that

have a non-zero projection onto the cavity photon mode, |g,1). Following the work of Qiu
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et al.,3! the radiative relaxation rate from |a) is given by

wd = | (alg, 1) |2FcaV/2' (8)

ag

As before, I'cpy = 32 meV.

With local static disorder included in the model, the manifold of dark states becomes
energetically dispersed and each dark state attains a small projection onto the cavity mode.
This allows emission to occur from the dark states, as shown by the blue arrows in Figure
4a, yielding a feature in between the UP and LP peaks to be observed in the emission
spectrum.*” In this work, we sampled exciton energies from a Gaussian distribution based
on the inhomogeneous broadening of the "off-cavity" NPL emission in Figure 1b (13 meV).

Due to continuous population of the polariton manifold from the ground state and radia-
tive relaxation back into the ground state, the system quickly reaches a dynamic equilibrium.
Equilibrium populations are calculated by diagonalizing the total rate matrix of the system.
These populations are taken as the diagonal elements of the density operator at dynamic

equilibrium (p(teq)) and the emission spectra are then calculated using

pal{elg, 1) [PTa/2
1= 0 G B T .

Here, po, = (@|p(teq)|c), w is the frequency of the emitted radiation, and

To/2=1{alg,1) [*Teav/2 + Z | (alen, 0) [*Thom /2. (10)

According to Eq. 9, the emission intensity from a certain polariton state is the product of

both the occupancy of that state and the projection of that state onto the cavity mode.
Figures 4a and 4b schematically show the mechanism underlying the emission shift from

the LP to the manifold of dark states with increasing NPL concentration when 0F < 0.

At low NPL concentrations (Figure 4a), the phonon mediated transitions allow population
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Figure 4: (a) Schematic showing an energy diagram and the emission process when a low
concentration of NPLs are present in the cavity. The limited number of dispersed dark states
allows for effective relaxation into the LP state, resulting in a predominant emission from
there. (b) Same schematic but for a high concentration of NPLs present in the cavity. The
entropic trapping of population in the dispersed dark states inhibits relaxation to the LP state
(thin red arrow) resulting in a predominant emission from the former. Calculated population
of (c) the dispersed dark states and (d) the LP state as a function of time during off-resonant
pumping for different numbers of NPLs. The dark state population was computed as the
sum of the population of each individual dark state. (e) Calculated emission spectra as a
function of the number of NPLs in the cavity. The bare cavity energy was chosen so that
the LP emission peak resides at 2.125 eV for all numbers of NPLs considered. All spectra
were calculated at zero degree detection angle as taken from Figure 2.
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to relax to the LP, which has a large projection onto the cavity mode, causing its emission
intensity to be greater than that of the dark state manifold. At high NPL concentrations
(Figure 4c), the increased number of dark sates will cause polaritons to have an enhanced
likelihood to transfer between the different dark states instead of relaxing into the LP state.
Additionally, the large number of dark states will increase the probability for polaritons
to fluctuate from the LP into the manifold of dark states, shifting the population balance
further to the dark state manifold. The large population of dark states then makes up for the
small projection of individual dark states onto the cavity mode, causing dominant emission
from the dark state manifold at higher NPL concentrations.

We used the kinetic model described above to calculate the time dependent population of
the different polariton states during off-resonant excitation. Accompanying emission spectra
calculations showed excellent agreement with experimental results, as seen in Figure 2. We
also modeled the kinetics for varying number of NPLs with the cavity mode tuned such that
the LP peak appeared at 2.125 eV for each run (Figure 4c-e). The total population of all dark
states (Figure 4c) shows an increase at t., with increasing number of NPLs. On the other
hand, the LP population shows a concomitant decrease (Figure 4d). These data substantiate
that concentration-dependent population trapping by dark states causes the shift in emission
intensity with increasing number of NPLs. The emission spectra corresponding to these
calculations are shown in Figure 4e, and have all been normalized to the LP peak, so that
the ratio of the dark states peak to the LP peak can easily be compared. In our calculations,
X =1 was represented by 26 NPLs, which can be considered an effective number of NPLs
involved in the polaritonic states (limited due to the optical wavelength and the possibility of
spatially proximate polaritons). From 26 through 130 (X = 5) NPLs, the emission intensity
from the UP is convoluted with dark state emission. At these concentrations the UP is
effectively part of the manifold of dark states but has an increased photonic component.
Since it is close in energy to the manifold of dark states, thermal fluctuations drive population

into it, as was observed recently by Amin et al.,*® and as such it contributes to the emission
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from the manifold of dark states. At 650 NPLs (X = 25; black dashed line), the collective
coupling is large enough that an energetic gap between the dark states and the UP arises
and thermal fluctuations are less likely to drive population into the UP, causing its emission

intensity to be low.

Conclusion

Observing the effect of dark states on polariton dynamics has historically been a challenging
task. This work demonstrates that the response of cavity emission to systematic changes in
the cavity coupled emitter concentration provides important insights into the role of dark
states on polariton dynamics and the corresponding emission spectrum. By increasing the
number of CdSe NPLs coupled to a FP cavity, we observed emission, induced by off-resonant
photo-excitation, to be increasingly dominated by the dark state manifold. A kinetic model,
involving phonon-mediated relaxation between polariton states, indicated that this change
in the emission profile is the result of an entropic trapping effect. This demonstrates that
in collectively coupled systems the emitter concentration and cavity frequency can be tuned
to manipulate the rate of relaxation to the LP. As a result, in the study of polaritons, more
than the two extremes—the single emitter and thermodynamic limit of dark states—must
be considered. Rather, there exist regimes of dark state concentration with significantly
varying properties. These regimes open future opportunities for the manipulation of matter
by coupling it to optical cavities and aid in establishing design principles for polariton-
based optical devices such as lasing,*® condensates,® or chemical reactors.®® By recognizing
these regimes, our study helps predict how collective coupling, disorder, and exciton-phonon
coupling impact the dynamics of dark states and how they serve as a channel for population

transfer between bright and dark polaritonic states.
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Supporting Information

The supporting information includes further synthetic details and a characterization of the
CdSe NPLs, the fabrication of the NPL-cavity device, a schematic of the NPL film formation
procedure, scanning tunneling electron microscopy (STEM) images of a single the CdSe
NPL film layer showing their typical face down orientation within the cavity, analysis of the
nanostructral uniformity of the NPLs from STEM images, details and a schematic of the
Fourier spectroscopic set-up used for reflectance and emission measurements, details on the
determination of the cavity linewidth, the angle dependence of the bare exciton reflectance
and emission profiles, angle resolved reflectance measurements for X = 1 through 5, duplicate
reflactance measurements, and comparison of experimental and simulated angle dependent
emission for X = 2 through 4. It also includes the polaritonic Hamiltonian and a derivation

of the phonon mediated exciton-polariton rate equation used in the kinetic model.
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