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Strong exciton-photon coupling offers an effective path for polariton-mediated long-distance coherent energy
transfer (ET) between excitonic states. Here, we demonstrate strong coupling between excitons in WS, mono-
layers, MoS, bilayer, and photons in a tunable optical microcavity at room temperature. Full quantum dynamics
simulations based on experimental parameters show that the demonstrated system provides an efficient and
adjustable platform for ultrafast polariton-assisted ET between the excitons in two-dimensional materials when

the separation between them exceeds 1 um.

DOI: 10.1103/PhysRevB.109.195409

I. INTRODUCTION

Energy transfer (ET) between quantum emitters (QEs) will
play a pivotal role in future quantum devices in such promis-
ing fields as quantum computing [1,2] and networks [3]. To
achieve the level of real applications, it is highly desirable
to obtain stable and controllable qubits which can exchange
energy. Excitons in molecules or low-dimensional materials
are promising implementations of QEs that can be used in
a wide range of quantum technologies. ET between exci-
tons can emerge if they are coupled by interactions, such
as nonradiative resonant transfer through dipole-dipole cou-
pling. Such ET processes have been classically treated only
as short-distance interactions, limited by the Forster distance
of ~10nm [4,5]. Recent progress in cavity quantum electro-
dynamics has increased the ET distance in strong coupling
microcavities, where the excitons are coupled to a common
cavity photon mode. The out-of-plane delocalization of po-
lariton states based on the micrometer scale of its coherence
length [6] allows excitons to overcome the spatial separation,
enhancing ET over distances well beyond the Forster coupling
limit [7,8]. Thus, polariton-assisted ET is an intriguing re-
search direction because it opens up opportunities for efficient
manipulation of energy at the nanoscale.

Experimental observations of long-distance ET mediated
by polaritons have been reported in quantum wells (QWs) [9]
and organic semiconductors [10]. Both studies achieved an
ET distance of ~2 um, exceeding the Forster distance over
a hundredfold. However, both QWs and organic semiconduc-
tors exhibit essential limitations restricting their potential for
nanotechnology applications: Structures based on traditional
semiconductors suffer either from low exciton binding ener-
gies or inefficient charge injection, limiting practical use to
cryogenic temperatures [11]; some organic semiconductors
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can support room temperature (RT) exciton-polaritons, but
photobleaching degrades the chemical stability of molecules
impairing the durability of previously demonstrated materials
over extended periods of time [12]. Additionally, challenges
in fabrication of organic semiconductor thin films with con-
sistent optical properties limits the practical reproducibility of
such devices. Thereby, there is a continuous demand for stable
materials with large exciton binding energies that can support
polaritons at RT in nanotechnology applications.

Transition metal dichalcogenides (TMDs) contain a group
of layered semiconductor materials that exhibit exciton tran-
sitions with large binding energies (up to 1.0 eV [13]) and
tunable charge carrier injection [14], thus supporting polari-
tons in microcavities at RT [15,16]. Such properties can be
observed even at the monolayer limit, potentially exhibiting
~100% quantum yield in the photoluminescence process [17].
The versatile characterization and fabrication methods of
TMDs allow accurate control of layer count and rotation
angle, allowing their consistent fabrication and nanodevice
integration. The result is a higher level of device reproducibil-
ity than in organic semiconductors. Although these materials
present challenges in their chemical stability, they can be
coated with thin, highly stable dielectric layers, extending
the lifetime of nanodevices [18,19]. Among semiconducting
TMDs, tungsten disulfide (WS;) and molybdenum disulfide
(MoS;) exhibit exciton transitions with energy loss factors
suitable for RT polaritons in microcavities [15,20]. Although
conventional Forster-limited ET has already been demon-
strated between WS, monolayers separated by a thin dielectric
layer [21], long-distance ET still has not been achieved.

In this paper, we investigate polariton-mediated RT ET
between excitons in WS, and MoS, over a long-distance
range through experimental data analyzed by quantum me-
chanical simulations that use experimental values as inputs.
The studied system consists of a WS, /hBN /WS, heterostruc-
ture and a MoS, bilayer placed inside a tunable Fabry-Pérot
microcavity which allows sweeping low order resonant modes
with a precision of ~7 meV. Strong exciton-photon coupling

©2024 American Physical Society
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FIG. 1. Sample configuration presented by an illustration, optical
images, and reflection spectra of the components. (a) Schematic of
the sample and cavity configuration. (b) Differential interference
contrast image of two WS, monolayers [black and yellow (light gray)
continuous lines] with a hBN layer intercalated in between (white
dashed line). (c) Optical microscopy image of the MoS, bilayer flake.
(d) Reflection spectra of the WS, (black dashed line) and MoS,
(red solid line) flakes. The labels A and B represent the respective
excitons of the materials.

of both materials is confirmed by an anticrossing feature in
transmission spectra as a function of the cavity length, and
occurs when the air gap between mirrors is nearly 1 pm.
Fully quantum mechanical simulations of exciton population
dynamics show the pronounced maximum of the energy ex-
change between considered excitons in time and frequency
domains. The possibility to tune the resonant frequency of the
cavity gives us an additional degree of freedom to manipulate
polariton-assisted coherent ET. In this paper, we propose that
the demonstrated system can be an experimentally accessible
platform for efficient long-distance ET at RT. The results of
this paper are a step toward a wide range of future applica-
tions, such as quantum technologies.

II. SAMPLE

A schematic of the system is presented in Fig. 1(a). The
system comprises a WS,;/hBN/WS, heterostructure placed
on a cavity mirror and bilayer MoS, placed on the opposite
mirror. The WS, heterostructure is formed by two monolay-
ers of WS, separated by an intercalated hBN flake with a
thickness of ~2 nm estimated by optical contrast. This het-
erostructure increases the coupling factor with cavity photons
by a factor of 1.4 compared with a single WS, monolayer,
without increasing the loss factor. The MoS, bilayer also
increases the coupling strength by the same factor, with an
increase of the loss factor that remains low enough so MoS,
B excitons can be strongly coupled to cavity photons. The bi-
layer and heterostructure present a balanced trade-off between

loss minimization and a sufficiently large coupling strength
for the realization of polaritons in the microcavity at RT [22].

Optical microscopy images of the fabricated flakes are
shown in Fig. 1(b) (WS;) and Fig. 1(c) (MoS;). The flakes
were obtained via mechanical exfoliation and then deter-
ministically transferred onto the cavity mirrors using a
micromanipulator tool [23]. The thickness of each layer of
the heterostructures was estimated by the optical contrast [24].
Each cavity mirror consists of a 40 nm thick Ag film deposited
on a Ti-coated glass substrate, with a Ti thickness of 3 nm. The
silver films were coated with 67 nm of aluminum oxide that
acts as a protection against oxidation, and it also allows for
positioning the semiconductor materials at the antinode of the
intracavity mode, maximizing the exciton-photon coupling.
The three layers of Ag, Ti, and 5 nm Al,Oj3 films forming the
mirrors were deposited in the same physical vapor deposition
system under high vacuum conditions. The remaining Al,O3
was deposited by atomic layer deposition. See Appendix A
for more details of the cavity structure.

Figure 1(d) shows the measured differential reflection
spectra where we identify the A and B exciton transitions
of the WS, and MoS, flakes. These measurements were per-
formed on each flake separately when already placed onto a
mirror. We compared the measured reflections of the silver
mirror with and without the flake. The data were normalized
by subtracting the reflection spectrum of the silver mirror,
with both light on (reflection) and off (noise), from the re-
flection spectra of the flakes on silver. These spectra were fit
with Gaussian curves to obtain the exciton decay rates from
the peak widths, which were used as input values in the simu-
lations presented later in this paper. It is worth mentioning that
we do not consider the presence of dark excitons in the system
since they are inaccessible in our experiments, and this is out
of the scope of this paper on long-distance ET.

III. HOPFIELD COEFFICIENTS AND STRONG COUPLING

The exciton and photon contributions to the polariton
bands are described by the Hopfield coefficients [25]. To
determine the Hopfield coefficients experimentally, first, we
measured the transmission spectra of the system as a function
of the cavity length, followed by fitting polariton bands cal-
culated by the coupled oscillator model to the measured data
for every value of the cavity length. The coupling constants
of the model are kept as fitting parameters, which we tune
to the experimental data. Finally, we calculate eigenvalues of
the fitted polariton bands, from which we obtain the Hopfield
coefficients.

To fit the coupling matrix elements of the coupled oscil-
lator model to the measured data accurately, the measured
spectrum for each cavity length was fitted with one or two
Gaussian peaks, depending on if the data had a visible peak
splitting. The fitted central positions of Gaussian peaks are
marked as red circles in Figs. 2(a) and 2(e). In these figures,
we also include the uncoupled dispersion of excitons and
cavity photons as white lines. The coupling constants were op-
timized to achieve a fit between the calculated polariton bands
shown as dotted lines and the peak positions of the measured
data [see Figs. 2(a) and 2(e)]. Following this procedure, we
obtain coupling constants for MoS, A and B excitons from
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FIG. 2. Experimental cavity transmission spectra as a function of cavity length for (a) MoS, and (e) WS,. Horizontal white lines are the
free exciton frequencies, tilted white line is the empty cavity frequency, red circles are the Gaussian fit maxima for every spectrum, and dotted
lines are the calculated polariton bands. Hopfield coefficients for MoS, (b) upper polariton band, (c) middle polariton band, and (d) lower
polariton band, and for WS, (f) upper polariton band and (g) lower polariton band. (h) Transmission spectra as a function of cavity length for

a cavity containing both WS, and MoS,.

Fig. 2(a) and for the WS, A exciton from Fig. 2(e). From
the fit in Fig. 2(a), we obtain Hopfield coefficients for upper,
middle, and lower polariton bands of MoS, [Figs. 2(b)-2(d),
respectively]. From the fit in Fig. 2(e), we obtain Hopfield
coefficients for upper and lower polariton bands of WS,
[Figs. 2(f)-2(g), respectively]. The coupling constants ob-
tained through this procedure were used as input values in
the exciton-photon population dynamics simulations. Finally,
a measurement for a cavity containing both WS, and MoS, is
presented in Fig. 2(h).

The strong coupling condition can be confirmed by clear
anticrossings of WS, and MoS, excitons in Figs. 2(a) and 2(e)
and supported by the strong coupling limit condition [26]:

)/CX + y{,‘
Y
where g is the coupling factor, y.x is the decay rate of an
exciton, and y, is the decay rate of a cavity. The parameters
presented in Table I show that the strong coupling condition
is satisfied for all three exciton transitions.

2g > ey

IV. THEORETICAL MODEL
A. Non-Hermitian Hamiltonian

Population dynamics of QEs in the resonant optical mi-
crocavity describe the energy exchange between the emitters
in time. Here, we utilize the simplest two-level system (TLS)
model as the description of the QE, which in our case is an

TABLE I. Experimental parameters of the cavity and excitons.

Exciton g Y. (meV) Yex (MeV) Wex (MeV)
A-WS, 33 34 48 2019
A-MoS, 30 34 61 1876
B-MoS, 33 34 90 2021

exciton. Population dynamics of lossless TLSs can be treated
in the framework of the time-dependent Schrodinger equation.
For the consideration of dissipation in the open system, one
can apply a non-Hermitian Hamiltonian with complex diago-
nal elements and obtain the analytical solution of the problem.
For the system considered in this paper, the non-Hermitian
Hamiltonian can be written as follows:

Ve

We — 1y 8elA 8e2A 8e2B
i YiA
8elA wiA — 5" 0 0
H=" 2 . :
8e2A 0 wa — 15 0
%
8e2B 0 0 wp — i5*

@)

where w, is the frequency of the cavity photon; w;a, wya, and
wyp are the transition frequencies of the WS, A, MoS; A, and
B excitons, respectively; g.i1a, ge24, and g.,p denote coupling
parameters between corresponding excitonic transitions and
the cavity field; and % is a reduced Planck constant. The
benefits of this approach are the computational simplicity and,
in some cases, the appearance of interesting features such
as exceptional points [27]. At the same time, this approach
fails at certain system parameters due to the non-hermicity, as
described in Appendix B.

B. Lindblad master equation

A lossless system of three TLS excitons in the optical
cavity also can be considered with the Tavis-Cummings model
for the one-mode field [28]:

_ § + - +
H = lw.a'a + hw a0, 70,y + h02AT 55054
+ hwoB0 50 58 + hgelA(aaelA t+a o-elA)
+ hgeZA(aUezA +a O}EA)

3

+ hgep(acy +a'o ),
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where a' and a are photon creation and annihilation operators,
ot and o~ are the raising and lowering operators of the
TLS excitons, and the rest of the notation is the same as in
Eq. (2). The Hamiltonian in Eq. (3) is built in rotating wave
approximation, which means that transition frequencies of
TLS systems must be close to the cavity resonant frequency.
This condition allows us to neglect fast-oscillating terms in the
Hamiltonian but imposes restrictions on the frequency range:
o, — w.| K |w. + w,|. Also, to simplify the model, we do
not consider direct exciton-exciton interaction. This assump-
tion is justified by the detuned excitonic resonances and the
rapid decay of dipole-dipole interaction with distance [9,29].
Thus, the energy exchange between excitons is provided only
by the cavity photons. It is worth noting that we consider the
single-photon manifold, which is valid under the weak driving
conditions typically employed in experiments.

For the calculation of exciton population dynamics, we
utilize a Lindblad master equation, which allows us to in-
clude losses without modifying the Hamiltonian and losing of
the hermicity [30]. The Lindblad master equation is based on
the density matrix formalism and for the considered system
can be written in the following form:

ap i YA _
==t o1+ ﬁ[] + DA Llo e
mﬁ[o o+ L B2 Llos1e. @)

where p is the density matrix of the full system, and L[A]p is
a Lindbladian superoperator which is defined by the action on
an arbitrary operator A as follows:

LIAlp = 24pAT — pATA — ATAp. (5)

The density matrix obtained from Eq. (4) can be used to
find the time evolution of the average of physical quantities.
Populations of the cavity photon and excitons are defined by
the following formulas:

ne(t) = Tr[p(t)a'al, (6)
ma(t) = Trlp()o 0,141, @)
maa(t) = Tr[p(1)0 55054 ], (8)
nap(t) = Trlp(1)o 550551 ©)

V. RESULTS AND DISCUSSION

The energy exchange between excitons can be driven by
their interaction with the cavity vacuum field, whose resonant
frequency depends on the cavity length. When an exciton and
the cavity field form a hybrid state, the excited exciton relaxes
to the ground state through photon emission, and later on,
it can be excited again by absorbing a photon. This energy
exchange process repeats in time in cycles called Rabi oscil-
lations. Figure 3 shows the experiment-based simulations of
excitons and photon populations in our TMD cavity system
as a function of time. First, we study the population dynamics
of each TMD material coupled to the cavity field separately,
and later, we study the combined system comprising both
materials in the cavity. Figure 3(a) represents population

(@) 100 (b) 140
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FIG. 3. Population dynamics of excitons in the optical cav-
ity. (a)-(c) Simulation results calculated with a non-Hermitian
Hamiltonian (dashed lines) and Lindblad master equation (solid
lines): (a) WS, A exciton (black curves), (b) MoS, A [red (gray)
curves] and B [olive (light gray) curves] excitons, (c) WS, A and
MoS, A and B excitons. Blue thick curves denote cavity photon for
all three figures. Parameters are taken from the Table I. Frequency
of the cavity photon: (a) w. = wia, (b) w. = wyp, and (¢) w. =
(w14 + w2p)/2 = 2020 meV. (d) Time-dependent total population of
MoS; excitons vs frequency of the cavity photon.

oscillations of the initially excited WS, A exciton, which is
strongly coupled to the microcavity (all parameters for this
and further simulations are taken from Table I). The coinci-
dence of the cavity mode and excitonic transition frequencies
(w. = wia = 2019 meV) provides the most efficient energy
exchange.

The population dynamics in the MoS,-cavity system is
more complicated due to the presence of two exciton transi-
tions able to exchange energy with the cavity field: A and B
excitons. Figure 3(b) shows the population dynamics of MoS,
A and B excitons in the microcavity. The plot shows that
initially excited B exciton exchanges energy with the cavity
and A exciton, although they are not coupled directly with
the latter one. The A exciton oscillation amplitude is weak
compared with the photon contribution to the exchange due
to the neglect of exciton-exciton coupling and far detuning
(w. = wrp = 2021 meV). It means that there is no significant
energy exchange with the MoS, A exciton, and the contribu-
tion of the B exciton is dominant.

Figure 3(c) illustrates the population dynamics of the
system of three excitons coupled to the microcavity and un-
coupled from each other. The cavity resonant frequency w, =
2020 meV is chosen between WS, A and MoS, B excitonic
resonances. We consider the case when initially only the
WS, exciton is excited (the case when the MoS, B exciton
is initially excited has similar behavior and is presented in
Appendix B). The result of the calculation shows that the
system exhibits the essential energy exchange between WS,
A and MoS, B excitons because of their close resonance fre-
quencies. The efficiency of the transfer in this case reaches 4%
with respect to the initial energy of the system, whereas the
MoS; A exciton gives a smaller contribution to the exchange
due to the reasons listed above and has a population maximum
of ~1%.
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The efficiency of the exchange strongly depends on the
cavity resonance frequency which allows us to tune the energy
exchange between distant excitons. In Fig. 3(d), the time-
dependent total population of MoS, excitons for different
cavity frequencies (1.8-2.2 eV) is shown. From this plot, there
is a maximum exchange efficiency which lies near resonances
of WS, A and MoS; B excitons. In addition to the region
where we can observe a clear exchange between considered
excitons, there are two regions where the investigated ET is
not pronounced: ~>2.05 and <1.95 eV. In these regions,
high detuning does not allow substantial energy exchange,
and just straight decay of the excited WS, exciton prevails.
Weak oscillations, expressed by the low-intensity stripes, are
basically due to the exchange of the excitons with the field.

ET efficiency between WS, and MoS, A excitons is low
compared with WS, A exciton and MoS, B exciton exchange.
However, it is noteworthy that the exchange between these
two excitons is nontrivial because of the more general nonres-
onant case which can occur in our system with two different
materials (the frequencies of these two excitonic transitions
are noticeably separated). If considering the exchange only
between these two far-detuned excitons, the transfer efficiency
has a maximum that corresponds to the cavity photon fre-
quency between the considered excitonic transitions: @™ =
(wia + @24)/2 =~ 1.95 eV. The MoS, A exciton population
dynamics can be found in Appendix B.

VI. CONCLUSIONS

Our results suggest the existence of ultrafast long-distance
ET between excitons in the WS, heterostructure and MoS,
bilayer in a tunable microcavity. The coherent ET between
these excitons results in the formation of exciton-polaritons in
the strongly coupled regime. We have shown that polariton-
assisted exciton population exchange dynamics can occur over
1 um distance between the interacting materials. Our calcula-
tions show that the most efficient energy exchange between
excitons can be observed when the cavity frequency lies near
excitonic transition frequencies in the resonant ET case and
between the donor and acceptor resonant frequencies in the
nonresonant ET case. Due to the damping processes, the first
cycle of the exchange population dynamics is the most pro-
nounced and can be observed at ~30 fs from the starting point.

The results of this paper can be used in future experi-
mental realizations of similar polaritonic systems. Modern
state-of-the-art techniques already operate with a high tem-
poral resolution which allows us to resolve ultrafast Rabi
oscillations [31]. It convinces us that our work brings the
appearance of stable RT quantum devices highly desirable for
modern technologies closer.
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APPENDIX A: THE STRUCTURE AND ALIGNMENT
OF AN OPEN CAVITY

The structure of the free-space cavity setup is presented
in Fig. 4(a), and a microscope image of the smaller mirror is
presented in Fig. 4(b). The larger mirror was deposited on a
1 x 1 cm chip cut from 4” silica wafer. One cavity mirror was
cut to have a small contact area with another mirror, as seen
in Fig. 4(a). This allows the cavity to achieve shorter cavity
lengths since an open-cavity structure such as this will always
have some misalignment.

The smaller mirror was produced from a chip identical to
the larger mirror by using a wafer dicing saw (DAD3220 by
DISCO Corporation). The sides of the pyramid shape were
produced by cutting gradually deeper cuts to the chip while
moving it sideways in 50 wm intervals between each cut, leav-
ing the mirror area at the apex of the pyramid at ~150 x
150 um and the base area of the pyramid at ~3 x 3 mm. The
MoS,; bilayer was transferred to the mirror after the cutting
process.

The cavity mirrors were aligned by using interference
fringes in the cavity transmission spectra. The cavity was illu-
minated by monochromatic light, and the interference fringes
were eliminated by tuning the mirror tilt angles. After tuning,
the air gap of the cavity could be reduced to 700 nm until
the mirrors started to touch from one corner due to small
misalignment.

The cavity length and thus the order of the cavity mode
were determined by calculating transmission spectra as a
function of air gap that fit the measured data. The inclination
of cavity modes changes from more horizontal to more verti-
cal as the cavity length increases. The proper fit is determined
by comparing calculated cavity modes as a function of air gap
to measured cavity modes as a function of the piezovoltage.
The comparison of these mappings has consistently only one
proper fit, so the piezovoltage axis of the measurement can be
accurately converted to air gap in nanometers. A cavity decay
rate was determined from the full width at half maximum of
the empty cavity transmission spectrum.
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FIG. 5. (a) WS, A exciton population dynamics when MoS, B
exciton is initially excited. (b) Population dynamics of MoS, A exci-
ton when WS, A exciton is initially excited (nonresonant exchange).

APPENDIX B: EXCITON POPULATION DYNAMICS
SIMULATIONS

Figure 5(a) illustrates time-dependent population dynamics
of the WS, A exciton when the MoS; B exciton is initially
excited. Despite the insignificant differences with Fig. 3(d),
the general behavior of the exchange stays the same. The
case of the ET between WS, and MoS, A excitons has lower

transfer efficiency but is of interest because of the nonresonant
nature of the process. Despite the large detuning, ET still
occurs, as seen from Fig. 5(b), where the MoS,; A exciton
population dynamics is presented. The maximum of the trans-
fer efficiency in this case corresponds to the cavity frequency
between frequencies of the considered excitons and equals
1.95 eV at ~20 fs.

The results of the calculations obtained with an analyt-
ical non-Hermitian Hamiltonian approach [dashed lines in
Figs. 3(a)-3(c)] and with the Lindblad master equation using
QuTiP [32] (solid lines) match very well for the considered
parameters of the system. Minor misalignment arises from
the non-hermicity of the Hamiltonian in the first approach,
which can still describe the dynamics of the system with
sufficient precision from the experimental point of view. The
most significant and systematic difference is near the start-
ing point ( = 0): a non-Hermitian Hamiltonian gives us a
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nullified. This drawback of the method is not crucial for the
case of the sufficiently small decay rates.
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