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ABSTRACT: Hybrid light-matter states called exciton-polaritons
have been explored to improve excitonic photovoltaic (PV) and
photodiode efficiency, but the use of closed cavity structures
results in efficiency gains over a narrow band, with losses in the
short circuit current density under solar illumination. In WX2 (X =
S, Se), the simultaneous large optical constants and strong exciton
resonance can result in self-hybridized exciton-polaritons (SHEPs)
emerging from the strong coupling of excitons and optical cavity
modes formed by WX2. We perform thickness dependent device
characterization of WS2 and WSe2 PVs to show that self-hybridized
strong coupling enhances device efficiency on resonance while still
enabling broadband absorption, resulting in improved short circuit
current density under solar illumination. Ultimately, we leverage
strong coupling to achieve external quantum efficiencies as high as 70% and record power conversion efficiencies approaching 7%.
This result indicates the utility of SHEPs for light-energy harvesting applications.
KEYWORDS: Photovoltaics, Exciton-polaritons, Optoelectronics, Transition metal dichalcogenides, Quantum efficiency

Exciton-polaritons (EPs) are part-light, part-matter hybrid
states arising from the strong coupling (SC) of excitons

and photons in an optical cavity, typically a Fabry−Perot (FP)
cavity.1−3 While EPs are typically studied for light emission
applications, the low effective mass,4 long-range energy
transfer,5−9 and strong absorption of polaritons makes them
attractive for light harvesting.

Previous studies of EP light harvesting devices have been
performed using organic semiconductors as the excitonic
material inserted in a FP cavity consisting of a nearly perfectly
reflecting bottom mirror and a partially transparent top mirror.
These works have demonstrated that SC can enhance external
quantum efficiency (EQE) of PVs at resonant conditions, with
some evidence that SC can enhance the internal quantum
efficiency (IQE).10,11 However, the closed cavity results in an
overall decrease in the short circuit current density under
broadband illumination, making these systems unsuitable for
solar-energy harvesting.

Alternatively, films with simultaneously strong exciton
resonances and sufficiently high refractive index can form
self-hybridized exciton-polaritons (SHEPs) in open cavity
systems.12−14 SHEPs are less useful for light emission due to
lower cavity quality factors than closed cavity systems, but the
same broad line widths make these systems interesting for
energy harvesting. Using a self-hybridized system enables off-
resonance absorption in the active layer, improving the
practicality of EP devices for energy harvesting.

Transition metal dichalcogenides (TMDCs) are van der
Waals (vdW) materials that exhibit strong interaction with

light due to large exciton oscillator strengths, even in bulk
form,15,16 and high refractive indices, enabling strong
absorption in thin layers.17−20 Therefore, TMDCs have
attracted significant attention as materials for next generation
optoelectronics with thin, stable, and nontoxic active
layers.21−26 SHEPs have been demonstrated in the disulfides
and diselenides of Mo and W, with Rabi splitting values of
approximately 200 meV.27 Consequently, it is important to
understand how SHEPs can affect optoelectronic devices, both
for the design of TMDC PVs and more generally as a model
system that can be extended to other high-index excitonic
semiconductors, both known and to be discovered.

In this work, we consider WS2 and WSe2 as model systems
in which we leverage both the large optical constants and
excitonic properties to fabricate photovoltaics that exhibit
SHEPs to understand how these states may be used for energy
harvesting in high-index excitonic semiconductors. We
fabricate >4 dozen devices from 10 to 300 nm in thickness
to alter the cavity energy and cover the polariton dispersion.
We show that the absorption through SHEPs can enable
enhanced short circuit current densities and efficiencies in PVs
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both on resonance and under solar illumination, opening new
avenues in photovoltaic science and device engineering.

We fabricate PVs from mechanically exfoliated WS2 and
WSe2 flakes using two different top electrode configurations
(Figure 1a). The WS2 devices use a transferred graphene layer
with Ti/Au contacts. The WSe2 devices have a ∼67 nm
In2O3:SnO2 (ITO) top electrode instead of graphene; the ITO
acts as both an electrode and an antireflective coating (ARC),
similar to a previous report.28 Due to the optical impedance
contrast between the WSe2 and ITO, the structure still
supports FP cavity modes in the WSe2. In both cases, we use 2
nm Pt/70 nm Au/5 nm Ti bottom electrodes and an electron
selective WOx top layer, based on a previous work21 (see
Methods for details). The sharper exciton peak and lack of an
ARC make the WS2 devices better for studying the resonant
response of the polariton modes. The ITO/WSe2 devices offer
a better system to leverage SHEPs for broadband light
harvesting and improved device performance. Figure 1b
shows representative devices. Laser beam induced current
(LBIC) is used to determine the active area (Figure S4).

Figure 1c shows the experimentally measured and transfer
matrix method29 (TMM)-calculated reflectance spectra for
devices with various thicknesses of WS2 (top) and WSe2
(bottom), showing the accuracy of TMM. Figure 1d shows
the TMM-calculated reflectance as a function of photon energy
and TMDC thickness to study the EP dispersion for WS2 (top)
and WSe2 (bottom). Minima in measured reflectance spectra
for representative devices are overlaid as dots, showing
excellent agreement between experiment and TMM calcu-
lation. The polariton modes are easily identified as sharp
reflectance minima featuring an anticrossing between the cavity

mode and exciton energy. The polariton modes are fit as the
eigenvalues of the multimode, multiexciton coupled oscillator
Hamiltonian for a system with l FP cavity modes and m exciton
states (Methods).30,31 The energies of the FP cavity modes
generally depend on thickness and incident angle. However,
the massive optical impedance of WX2 results in negligible
dispersion with incident angle (Figure S3.). Therefore, all
measurements are conducted at normal incidence, and the
cavity energy is tuned only by the WX2 thickness.

In addition to the ∼lλ/(2n) (with l an integer and n the
refractive index) FP cavity modes, there is a deep
subwavelength interference mode32 for thinner (<20 nm)
WS2 films that interacts with the exciton in the weak coupling
regime, leading to a Fano resonance that causes the blue
shifting of the reflectance minima from the bare exciton peaks
for thicknesses below 50 nm.33 We focus on the ∼lλ/(2n)
cavity modes where l is 1, 2, and 3, which all exhibit SC (Table
S1), and we further limit our focus to the A exciton in each
material as it has the largest oscillator strength, narrowest line
width, and lowest energy. For the remainder of this work, we
refer to the polariton branch at higher energies than the A
exciton as the upper polariton (UP) and the polariton branch
at lower energies as the lower polariton (LP). The Rabi
splitting for the first 3 polariton modes of WS2 are 195.8,
196.9, and 196.0 meV for WS2 and 144.7, 172.3, and 178.6
meV for WSe2, respectively. The lower Rabi splitting values for
WSe2 can be attributed to the slightly weaker oscillator
strength and broader exciton transition.

We now investigate the effects of SHEPs on EQE and power
conversion efficiency (PCE) of WS2 devices as a function of
wavelength. Figure 2a and 2b shows the EQE and PCE spectra

Figure 1. Device structures and exciton-polariton dispersions. (a) The structures of the SHEP PV devices from WS2 (left) and WSe2 (right). (b)
Optical microscope images of representative WS2 (left) and WSe2 (right) devices. (c) Measured reflectance spectra (solid lines) and TMM
calculated spectra (dashed lines) for various thicknesses of WS2 (top) and WSe2 (bottom) devices. Spectra are shifted vertically for clarity. The red
dashed lines correspond to the A exciton. (d) TMM calculated reflectance as a function of thickness and wavelength for WS2 (top) and WSe2
(bottom) devices. Fits to the coupled oscillator model are overlaid as dashed white lines, while the diagonal and vertical, colored lines are the cavity
modes and the exciton energies. The cavity mode orders and excitons are labeled. The minima in the reflectance spectra for samples of various
thicknesses are overlaid as orange dots for WS2 and white dots for WSe2.
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for representative devices near zero detuning, Δl(t) = EC(l)(t) −
XA (where EC(l)(t) is the energy of cavity mode l and XA is the
energy of the A exciton), for the first 3 FP cavity mode
polaritons (see Figure S5. for quantitative EQE and PCE
values). Each EQE and PCE spectrum exhibits clear peaks

corresponding to the UP and LP resonances. This is clearly
shown in Figure 2c and 2d, which plot the energies of the
peaks for each EQE (Figure 2c) and PCE (Figure 2d) spectra
as a function of thickness. The peaks are overlaid over the
polariton dispersion and follow the dispersion of the polariton

Figure 2. Spectral EQE and PCE. Self-normalized EQE (a) and monochromatic PCE (b) spectra for representative devices with WS2 thicknesses of
85, 152, and 220 nm, corresponding to approximate zero-detuning thicknesses for polaritons arising from the first, second, and third order FP cavity
modes, respectively. The spectra are shifted vertically for clarity. The wavelength corresponding to the bare exciton, λX, is denoted by the dark blue
dashed line. Peaks in the EQE (c) and PCE (d) spectra as a function of WS2 thickness overlaid on the polariton dispersions (red dashed lines) and
the bare exciton and cavity energies (blue dashed lines).

Figure 3. Thickness dependent EQE and IQE. External (blue) and internal (red) quantum efficiencies for WS2 (top) and WSe2 (bottom)
determined by photocurrent mapping with a tunable laser at a wavelength that is (a) off resonance (450 nm for WS2, 500 nm for WSe2), (b) near
the zero-detuning upper polariton (600 and 730 nm), (c) near the exciton (630 and 762 nm), and (d) near the zero-detuning lower polariton (650
and 790 nm). The weak coupling (WC) regime is denoted by red shading while the strong coupling (SC) regime is unshaded. The thicknesses, tl (l
= 1, 2, 3), corresponding to zero detuning of the l = 1, 2, 3 cavity modes are denoted with black dotted lines.
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modes remarkably well, evidencing the beneficial effect of
polariton states on photovoltaic performance. Multiple peaks
can emerge in the spectra due to multiple polariton mode
orders. The clear resemblance of PCE extracted from
monochromatic I−V characteristics with polaritonic dispersion
presents strong evidence of the effect of SHEPs directly on the
PCE of WS2 PVs. WSe2 devices do not exhibit prominent
peaks in the spectral EQE (Figure S6) due to strong off-
resonant absorption and parasitic absorption on resonance
(Figure S2), but the response is extended further into the IR,
below the direct bandgap.

Understanding the thickness dependent device physics
requires thickness dependent EQE and IQE at on and off-
resonant conditions. Figure 3 shows the thickness dependent
EQE (blue dots) and IQE (red dots) of WS2 (top) and WSe2
(bottom) devices as a function of thickness at 4 different
wavelengths. WS2 devices are characterized at wavelengths of
450 nm (off resonance), 600 nm (near UP when Δ = 0), 630
nm (near bare exciton), and 650 nm (near LP when Δ = 0).
WSe2 devices are characterized under 500, 730, 762, and 790
nm illumination, using the same criteria for choosing
wavelengths. Dashed lines are included to indicate the
thicknesses corresponding to Δl(tl) = 0 for the l = 1, 2, and
3 FP cavity modes, respectively. We denote the weak coupling
(WC) regime with red shading. The cutoff is chosen to be at a
point where the first cavity mode energy is detuned 4g above
the exciton energy, resulting in an exciton fraction of
approximately 95% for the LP. To eliminate uncertainty
related to the active area, we use a focused, tunable laser beam

with a spot size of approximately 2 μm in diameter at 25 points
on each device and extract the average and standard deviation
of the short circuit current (Methods).

Due to the electric field enhancement of the polariton states,
the electrode layers exhibit large parasitic absorption peaks
(Figure S2.). To study the IQE, we must only consider the
absorption in the WX2 active layers, which must be extracted
from layer-resolved absorption with the transfer matrix model
(Figure S2.). The IQE is simply the EQE normalized by the
active layer absorption, decoupling effects of collection
efficiency from absorption.

=
A

IQE( )
EQE( )

( )active

For WS2 devices (Figure 3a), peaks in the EQE emerge near
the t1 and t2 condition for the 600 and 650 nm illuminations,
clearly demonstrating resonant enhancement in efficiency due
to the UP and LP. For the LP, the efficiency enhancement is by
a factor of nearly 10. Importantly, the high IQE values near the
resonant condition indicate that the SHEPs can be efficiently
converted to photocurrent. The IQE begins to decrease with
thickness beyond approximately 100 nm in the WS2 devices,
which is well-predicted by free carrier drift-diffusion (DD)
modeling that assumes a low (0.01−0.1 cm2/(V s)) carrier
mobility for out-of-plane transport (Figure S13).

WSe2 devices (Figure 3b) exhibit similar enhancement in the
EQE near t1 and t2 under illumination by 730 and 790 nm
light. However, the EQE enhancement is not as drastic
compared to WS2 due to the ITO ARC, which results in more

Figure 4. Photovoltaic performance. Short circuit current density (Jsc) under simulated AM1.5G irradiation as a function of thickness for (a) WS2
and (b) WSe2. The thicknesses, tl (l = 1, 2, 3), corresponding to zero detuning of the l = 1, 2, 3 cavity modes are denoted with black dotted lines.
The weak coupling regime is shaded in red. (c) J−V curves of champion devices from WS2 and WSe2. Jsc, open circuit voltage (Voc), fill factor (FF),
and power conversion efficiency (η) are given for each device. (d) Boxplot of Jsc for devices grouped by material and coupling regime (strong or
weak). (e) Reported TMDC photovoltaic efficiencies under AM1.5G illumination over time,21−23,28,37−41 see Table S2 for details. (f) Our best
WSe2 cell and the best Jsc, Voc, and FF across all our devices compared with more mature technologies in terms of Jsc and the product of FF and Voc
normalized to the Shockley-Quiesser (SQ) limited values for these parameters. Dashed lines correspond to 25%, 50%, and 75% of the SQ limited
efficiency, ηSQ. All data points are taken as the highest confirmed values for single junction cells under AM1.5G illumination from ref 42 except for
PbS, which is taken from ref 43. Perovskite is abbreviated to “PVSK”.
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off-resonant absorption. In WSe2, the primary benefit of strong
coupling can therefore be thought of as extending the
absorption below the optical bandgap, with some additional
resonant enhancement at the UP and near the exciton due to
large line widths and higher order modes.

The results for the WSe2 EQE and IQE are predicted by DD
calculations except for decreased QE at low thicknesses. The
deviation at lower thicknesses and poorer IQE at short
wavelength illumination suggests that the sputtered ITO/WOx
contact may have more defects than the transferred G/WOx
contact. We therefore attribute the slight IQE drop for thinner
WSe2 devices to recombination near the front contact at trap
sites induced by sputtering. Beyond 70−90 nm, bulk SRH
recombination dominates, and the IQE drops. The IQE
decrease for thicker devices is less severe for 730 and 790 nm
illumination, with IQE of ∼70% under 790 nm illumination for
a device >300 nm in thickness. This effect is predicted by the
DD model and is therefore expected to be related to the
generation profile. The overall agreement with free carrier DD
calculations suggests that, while the absorption is dominated
by excitons and EPs, the transport is dominated by free
carriers. This suggests facile ionization of excitons and EPs
enabled by relatively low exciton binding energies.34 The
combination of strong excitonic/polaritonic absorption and
free carrier transport is ideal for optoelectronics. Overall, the
thickness dependent EQE/IQE results confirm the resonant
enhancement of SHEPs in both device structures while
elucidating the factors limiting charge collection.

Finally, we consider photovoltaic measurements under solar
simulation conditions (Methods, Figure S8). Figure 4a and 4b
shows Jsc under solar simulation as a function of thickness for
WS2 and WSe2 devices. In both cases, Jsc increases as the
thickness transitions to the SC regime: the first demonstration
of broadband Jsc enhancement from EPs, which we emphasize
is enabled by self-hybridization. This result is predicted by DD
modeling (Figure S12). Figure 4d shows box plots of Jsc for
WS2 and WSe2 in the SC and WC regimes, further
demonstrating the enhancement in Jsc enabled by SHEPs for
both device structures. The WSe2 devices have a larger Jsc than
the WS2 devices for all thicknesses due to the smaller bandgap
and ARC. Interestingly, the Jsc in the WS2 devices increases at
ultrathin thicknesses close to the t0 Fano resonance, and the
WS2 device at ∼13 nm thickness exhibits a Jsc comparable to
devices in the SC regime and larger than devices in the WC
regime between t0 and t1, indicating the potential for extremely
thin absorber PVs leveraging the broadband interference
effect.19

While the Jsc reaches a maximum near the t1 condition, the
optimal thickness for charge collection occurs at smaller
thicknesses for both WS2 and WSe2. This is apparent in the
IQE (Figure 3) and the FF (Figure S9), which both appear to
decrease with thicknesses beyond approximately 70−80 nm.
Therefore, there is a trade-off between absorption and charge
collection. The WSe2 devices tended to have better fill factor
(FF) and Voc than the WS2, with FF as high as 78%, and Voc
approaching 550 mV, which we expect is due to better
transport and band alignment.

Figure 4c shows the light and dark curves of the best devices
of each kind. The champion WS2/graphene device, with a
thickness near the t2 condition, exhibits a PCE of 2.43%.
Leveraging the extended absorption and improved antire-
flective properties of the WSe2/ITO devices, we achieve a
champion efficiency of 6.68% in a device with a thickness of 70

nm: slightly detuned from the t1 condition and in the regime
with optimal charge collection. The PCE is generally improved
in the WSe2 devices 70 nm and thicker (Figure S9). Figure 4e
benchmarks our devices against past works. The 2.43%
efficiency WS2 device is among the most efficient WS2 devices
to date, while the 6.68% PCE WSe2 device is the most efficient
TMDC PV device reported in general. Importantly, we note
that polaritonic effects, although not identified, were almost
certainly present in previous works due to the similarity of the
structures. Therefore, the absolute efficiency values reported
here are of less importance than identifying SHEPs as an
important light harvesting mechanism in TMDC PVs and
other high-index excitonic semiconductors.

Contact variability in both the WS2/Graphene and WSe2/
ITO devices makes it difficult to draw direct conclusions
regarding relationships between SC and Voc or IQE in these
devices. We expect the Voc to be invariable with thickness
except for a decrease in Voc below a critical thickness (Figure
S12). The WSe2 devices show no relationship between
thickness and Voc (Figure S9), but the WS2 devices exhibit
significant batch-to-batch variation of Voc (Figure S10). Drift
diffusion simulations further predict that the optimal thickness
for PCE occurs at t1 for both device structures despite the drop
in FF with thickness. Given our results for Jsc and the
agreement between experiment and DD results, we can
therefore expect that SHEPs have an overall beneficial effect
on the PCE of TMDC solar cells.

The WSe2 solar cells here have significant room for
improvement with respect to the Shockley-Queisser (SQ)
limit.35 In particular, Jsc and Voc are far lower than the SQ
limited values of 35.82 mA/cm2 and 1.028 V for a 1.3 eV
bandgap material.36 Figure 4f shows Jsc/JscSQ and FF × Voc/(FF
× Voc)SQ of our devices compared to those of more mature
technologies. Significant improvement in both light and carrier
management clearly will be necessary for TMDCs to be
candidates as solar cell absorber materials. Jsc can be improved
by reducing the optical loss of the ITO electrode and replacing
the lossy Pt/Au bottom electrode with a thin hole transport
layer and a low loss Ag back contact. Engineering Voc will
require contact optimization and identifying a suitable n-type
heterojunction partner for WSe2 with minimal conduction
band offset. However, scaling TMDC solar cells beyond flake
scale devices is a prerequisite that must be achieved before
TMDCs can be considered as anything more than a model
system to study optical and device physics.

In conclusion, our work presents self-hybridized exciton-
polariton photovoltaics using bulk tungsten dichalcogenides as
both the cavity and active excitonic material: the first
demonstration of self-hybridized exciton-polariton optoelec-
tronic devices. We demonstrate that exciton-polaritons can
enhance absorption and be efficiently converted to current,
benefiting both the external quantum efficiency and power
conversion efficiency of photovoltaics. We show that self-
hybridization enables enhancement of short circuit current
density under broadband solar illumination in addition to
efficiency enhancement on resonance. We balance enhanced
absorption and efficient charge collection to achieve a WSe2
photovoltaic with a record power conversion efficiency of
∼6.7%. These results elucidate the effects of thickness on
TMDC PVs and, more generally, indicate that self-hybridized
exciton-polaritons in high-index inorganic excitonic semi-
conductors are useful for solar photovoltaics and other forms
of optical energy transduction.
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