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ABSTRACT: Enhanced delocalization is beneficial for absorbing molecules in organic solar cells,
and in particular bilayer devices, where excitons face small diffusion lengths as a barrier to reaching
the charge-generating donor—acceptor interface. As hybrid light—matter states, polaritons offer
exceptional delocalization which could be used to improve the efficiency of bilayer organic
photovoltaics. Polariton delocalization can aid in delivering excitons to the donor—acceptor
interface, but the subsequent charge transfer event must compete with the fast decay of the
polariton. To evaluate the viability of polaritons as tools to improve bilayer organic solar cells, we
studied the decay of the lower polariton in three cavity systems: a donor only, a donor—acceptor
bilayer, and a donor—acceptor blend. Using several spectroscopic techniques, we identified an
additional decay pathway through charge transfer for the polariton in the bilayer cavity,
demonstrating charge transfer from the polariton is fast enough to outcompete the decay to the
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S trong light—matter coupling in cavities produces new
collective excitation states known as polaritons. Owing to
their extraordinary delocalization in the molecule basis and
modified energy levels, polaritons offer an interesting avenue
for the optimization of material properties with demonstrated
success in long-range energy transfer,' ™" increased conductiv-
ity and photoconductivity of organic semiconductors,”® and
enhanced rate and barrier free reverse intersystem crossing.””*
The structure of the light—matter Hamiltonian matrix
produces a partly photonic character of a polariton state and
leads to a marked improvement in delocalization compared to
a purely molecular exciton state.” "' The delocalization of the
polariton has been theoretically predicted and experimentally
demonstrated to improve exciton and charge transport which
are essential properties in organic solar cells (OSC).”*~"*
Various other forms of light—matter coupling including surface
plasmons and plasmonic nanoparticles and nanowires have
been incorporated into photovoltaics to successfully improve
device performance.'” ™

In an OSC, the donor (or acceptor) molecule must transport
excitons to the donor—acceptor interface to generate charges.26
The exciton diffusion length, L, of an organic semiconductor
is typically 5—10 nm, necessitating the use of a bulk
heterojunction architecture where the donor and acceptor
molecules are present in intermixed domains.””
the bilayer architecture has the advantage of allowing for
separate optimization of the morphology of the donor and
acceptor layers as well as more efficient charge collection.” ™
If exciton transport could be improved to reach lengths
commensurate with the absorber layer thickness (for maximal
absorption of sunlight ~50—100 nm), the bilayer architecture
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could become competitive with the bulk heterojunction
architecture.

Theoretical studies have indicated that exciton transport
inside an electronically coupled system might occur across the
entire length of the cavity because the delocalized polariton
can be robust to shallow defects or disorder in the system.'*"
An implication of such models is that excitons in a donor—
acceptor bilayer cavity system are anticipated to be transported
to the donor—acceptor interface with higher efficiency than in
an uncoupled bilayer system. However, it is not guaranteed
that more excitons at the interface will lead to the generation of
more charges and higher cell efficiency.

In an uncoupled bilayer system, the decay of the exciton to
the ground state competes with the rate of exciton transport to
the interface. This competition is quantified through the
exciton diffusion length, Lj, = (D7)'?, where D is the diffusion
coefficient and 7 is the exciton lifetime.”> Excitons formed
within distances of the donor—acceptor interface that are
greater than L, will decay to the ground state. In a bilayer with
a donor material thickness of ~100 nm and a corresponding
Lp of 5—10 nm, the majority of the excitons formed decay to
the ground state. For the fraction of excitons that do reach the
interface, charge transfer is a very fast and favorable process. In
contrast, in a bilayer cavity system, the exciton transport is
predicted to be extremely efficient such that all excitons should
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Figure 1. Structures of the donor molecule (P3HT) and acceptor molecules (Cg,, PCBM) and the architectures of the P3HT cavity, the P3HT/
Cg bilayer cavity, and the P3BHT:PCBM (1:0.25) blend cavity. The P3HT:PCBM ratio was selected to be close to the P3HT/Cq, ratio in the
bilayer. All cavities are coupled to an electronic transition of the P3HT donor molecule. Cy4, is compatible with thermal evaporation for a bilayer
while PCBM has additional functional groups making it compatible with spin-coating in a blend. The bilayer is intentionally nonoptimal for charge
transfer outside of the cavity with a P3HT layer thickness that is much greater than the exciton diffusion length of P3HT.
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Figure 2. Steady-state characterization of the cavity systems and bare film controls. Absorption and fluorescence of the bare P3HT film (a), the
bare P3HT/Cq bilayer film (b), the bare PHT:PCBM blend film (c), and the corresponding cavity systems (d—f). All cavity systems are reflective
such that A = 1 — R (Figure SS). The fluorescence of the P3HT/Cg bilayer cavity (e) displays prominent contribution from uncoupled molecules
(UM), which is in contrast to the LP dominated fluorescence of the P3HT cavity (d) and the P3HT:PCBM blend cavity (f). Gray dashed lines in
(d—f) are placed at the fluorescence peak of UM, and UP and LP energies are designated with arrows. All cavity measurements are obtained at

~10°.

reach the interface irrespective of the distance from the
donor—acceptor interface. However, at the interface, there is a
competition between charge transfer from the polariton and
the decay of the polariton to the ground state. The strong
delocalization of the polariton has been implicated in slowing
the rate of a transition between a hybrid light—matter polariton
and a purely matter state,**°
rate of charge transfer to the acceptor from the polariton.

and so we anticipate a slower

Concurrently, we anticipate a very fast decay of the polariton
to the ground state. If the rate of charge transfer is slower than
the decay of the polariton to the ground state, charge transfer
will not occur and no charges will be generated. While the
polariton can improve the number of excitons that reach the
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donor—acceptor interface, it must first be demonstrated that
charge transfer is a viable decay pathway for the polariton
before polaritons can be used to improve the overall efficiency
of bilayer organic photovoltaics.

In this study, we compare three cavity systems relevant to
organic solar cell active layers, in all cases where the cavity
resonance is tuned to an electronic transition of the donor: a
donor only, a donor—acceptor bilayer, and a blend (Figure 1).
The donor system is P3HT (regioregular poly(3-hexylth-
iophene-2,5-diyl)), and we incorporated a Cgy-type fullerene
acceptor (Cgy or PCBM [6,6]-phenyl-Cg,-butyric acid methyl
ester). Through comparison of the spectroscopic properties of
these cavity systems, we demonstrate charge transfer from the
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lower polariton can compete with the decay of the polariton to
the ground state. However, for the donor—acceptor combina-
tion presented here, the charge generation efficiency of the
lower polariton in the bilayer cannot compete with the
efficiency of the charge generation from uncoupled molecules
in the blend (bulk heterojunction). While further optimization
of the polariton properties is required, this study establishes
the potential for polaritons to improve the efliciency of organic
photovoltaics.

We start by documenting the results of steady-state
spectroscopic studies of the P3HT, P3HT/Cy, bilayer, and
bare (in the absence of a cavity) P3HT:PCBM blend films
(Figure 2a—c) and cavity systems (Figure 2d—f). The P3HT
film has a maximum absorption at 515 nm with vibronic
shoulders at 560 and 605 nm and a maximum fluorescence
peak at 730 nm with a shoulder at 660 nm (Figure 2a), an
indication of crystalline H-aggregate formation.”’ >’ The
absorption and fluorescence of the P3HT/Cy, bilayer and
P3HT:PCBM blend bare films are approximately the same as
those of the bare film of P3HT in the visible region. Both
PCBM and Cg, predominantly absorb in the UV region and do
not couple to the cavity mode.*”*! We note that, in contrast to
the bare blend film, the structure for the bare bilayer film is
intentionally nonoptimal for charge generation with a donor
layer thickness (~70 nm) that is significantly larger than the
exciton diffusion length of P3HT (~8 nm).*

Following incorporation into the Fabry—Perot architecture,
the steady-state spectra of these molecular layers change
drastically (Figure 2d—f). Here, we targeted the 0—2 vibronic
transition (515 nm) of P3HT for coupling the Fabry—Perot
cavity resonance in all three systems; however, the exact cavity
energy varied for the three systems between 500 and 515 nm.
To verify the avoided crossing formed by strong coupling
between the electronic transition and an optical cavity mode,
we plot the reflection spectra for a series of cavities of varying
thicknesses (Figure 3). By analyzing the peak positions using
the coupled oscillator model (see the inset of Figure 3 and the
Supporting Information for details), we were able to confirm
that the high- and low-energy peaks correspond to the upper
(UP) and lower (LP) polariton peaks, respectively, and the
cavity resonance coincides with the P3HT electronic transition
at an optimized thickness of 85 nm with a refractive index of
Negg ™~ 3.

The values for the Rabi splitting and exciton and cavity
energies for each of the cavity systems were also extracted from
fits of the angle-dependent reflectivity in the same manner
(Figures S1—S3). The P3HT cavity system has an upper
polariton (UP) absorption at 415 nm and a lower polariton
(LP) absorption at 630 nm. The Rabi splitting for this system
was calculated to be ~1.03 eV, which corresponds to ~40% of
the energy of the P3HT electronic transition, placing this
cavity system in the ultrastrong coupling regime. The Rabi
splitting for the P3HT/Cy, bilayer cavity is approximately the
same as that for the P3HT only cavity system at ~0.99 eV with
an UP absorption at 425 nm and an LP absorption at 635 nm.
The Rabi splitting for the P3HT:PCBM cavity system is
slightly smaller at ~0.88 eV with a UP at 435 nm and an LP at
625 nm but nevertheless remains in the ultrastrong coupling
regime. The angle-dependent reflection has been known to
exhibit a relatively flat dispersion that is not immediately
recognized as an avoided crossing.” We attribute this to the
high refractive index of the cavity, which, within the range of
incident angles tested, gives a smaller variation of the cavity
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Figure 3. (a) Thickness-dependent reflectivity of P3HT/Cg, bilayer
cavities. The cavity mode energy, E.,,, increases with increasing
thickness of the cavity, and the avoided crossing is realized near the
resonant condition where the exciton energy, E,, is equal to E_,,. The
inset shows the extrapolated fit of the data using the coupled oscillator
model. (b) Reflectance of the thinnest (blue-shifted resonance, blue
curve) and thickest (red-shifted resonance, red curve) cavities with
the absorption of the bare film for reference (black dashed curve).

mode energy compared to that of the wider thickness range
examined to verify the avoided crossing (Figure 3).

The fluorescence spectra for the P3HT and P3HT:PCBM
blend cavity systems feature a sharp fluorescence peak adjacent
to the LP peak from the reflectivity spectrum along with
broader shoulder peaks at longer wavelengths. We assign the
sharp fluorescence peak as LP fluorescence and the remaining
feature as an underlying smaller contribution from uncoupled
molecules (Figure 2d,f). The contribution from uncoupled
molecules is smallest in the blend cavity where the fluorescence
of uncoupled molecules is most efficiently quenched. In
contrast, the fluorescence of the bilayer cavity features a more
prominent contribution from uncoupled molecules (Figure 2e)
with a fluorescence spectrum that more closely resembles the
bare bilayer film fluorescence (Figure 2b). The dominance of
the uncoupled molecules in the bilayer cavity fluorescence
occurs only for resonantly coupled systems (Figure S4).

To understand the excited-state dynamics that contribute to
the differences observed in the LP fluorescence and,
furthermore, in the charge generation process, we performed
transient reflection spectroscopy on the cavity systems. We
varied excitation wavelengths to find that the cavity dynamics
are significantly modified by strong coupling. Before delving
into the kinetic analysis to demonstrate how the excited-state
dynamics can vary by tuning the excitation energy, we first
clarify the accessible states at each of the excitation
wavelengths.

In the strongly coupled system, coupling the absorption of N
number of molecules to one cavity mode leads to the
formation of N + 1 number of states: two bright states at
new energy levels, the UP and LP, as well as a manifold of N —
1 dark states (DS) that remain at the energy level of the
coupled absorption.”” While the transition from the ground

https://doi.org/10.1021/acs.jpclett.1c02644
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Figure 4. Resonant condition is confirmed through the excitation wavelength-dependent dynamics of the LP ESA. Top graphic demonstrates the
absorbers at each of the excitation wavelengths with overlaid absorption spectra for a cavity and bare film and outlines the LP ESA. Transient
reflection spectra and selected dynamics for the P3HT cavity (a—c), the P3HT/Cg, bilayer cavity (d—f), and the P3HT:PCBM blend cavity (g—i).
The LP ESA is designated with a blue (ex. 500 nm, a, d, g) or purple (ex. 630 nm, b, e, h) vertical dashed line with the corresponding dynamics in
blue and purple traces (¢, f, i). Excitation at the LP energy leads to a faster decay of the LP ESA (purple trace in ¢, f, i) as compared to the decay of
the LP ESA with excitation at 500 nm (blue trace in c, f, i) in each of the resonant cavities. The power density for all transient measurements was
7.9 uJ em™2

state to the dark states is largely optically dark, the dark states systems at the energy of the dark states and uncoupled
can be populated through the polariton states as well as other absorbers (500 nm) and at the LP energy (630 nm). As shown
excited states of the system so we anticipate signatures of the in Figure 4, the broad absorption of P3HT overlaps with the
dark states in the transient reflection data. We excite the cavity cavity absorption, so at either excitation wavelength we excite
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the same power density, 7.9 uJ cm™2.

both the cavity states and the uncoupled molecules (UM). The
UM are the primary absorbers at 500 nm, while the LP and
UM are the primary absorbers at 630 nm. In accordance with
recent re})orts,43_45 our pump—probe experiments differentiate
between the dark state (DS) and UM populations. The UM
dynamics here specifically refer to the dynamics of the bare
film at a given wavelength. The bare film dynamics of P3HT
depend on the probe—pulse wavelength because of the
interplay of several excited-state species (excitons, polarons,
etc.), whereas the DS dynamics are kinetically coupled
specifically to the exciton dynamics as well as to the LP state.

The transient reflection data feature a broad derivative-like
feature at the energy of the UP and a sharp derivative-like
feature at the energy of the LP with positive signal from the DS
in between the two features. Here we focus on the excitation
wavelength-dependent dynamics of the excited-state absorp-
tion (ESA) probed at the energy of the LP which we refer to
hereafter as the “LP ESA”. We observe a faster decay of the LP
ESA when exciting the systems at the energy of the LP (purple
trace in Figure 4¢fi compared to the decay of the LP ESA
when exciting at the reservoir energy (blue trace in Figure
4c/fi). This occurs only for the resonant cavity systems (Figure
§$10). On the basis of previously established assignments of the
spectral features of ultrastrong cavity systems in transient
reflection spectroscopy, we can anticipate contributions from
the LP, DS, and UM populations to the kinetic evolution of
this LP ESA feature.*

When exciting the cavity systems at the LP energy, we
observe the dynamics of the primary absorbers at this
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wavelength, the LP and UM. We resolve a fast decay of the
LP state within 1 ps followed by the dynamics of the UM. At 1
ps, we normalize the dynamics of the LP ESA (solid line,
Figure Sa,d) with the dynamics of the UM at the same
wavelength (dotted line, Figure Sa,d) to highlight the faster
decay before 1 ps and the overlap after 1 ps. Similarly, when
exciting the cavity systems at 500 nm, we observe
contributions from the two primary absorbers at this
wavelength, the DS and UM. The LP ESA trace (blue, Figure
Sb,e) is best approximated by overlapping contributions from
the independent DS and UM decay profiles at the LP ESA
wavelength scaled to their relative intensities outside of the
cavity system (orange trace, Figure Sb,e, and Figure S11).

We find the dynamics of the UM at 515 nm (black, Figure
5Sc) and the dynamics of the DS inside the P3HT cavity at the
same wavelength (red dotted, Figure Sc) are the same. In
contrast, the dynamics of the DS inside the P3HT/Cg, bilayer
cavity (Figure Sf, red dotted) feature an additional decay after
25 ps, when compared to the UM dynamics. Because this
additional decay does not appear in similar analysis of the
P3HT cavity (Figure Sc), its origin is related to the presence of
the acceptor layer.

The spectroscopic differences between the P3HT and
P3HT/Cy, bilayer cavities provide evidence of an additional
decay pathway for the LP state in the bilayer cavity. In contrast
to the dominant LP fluorescence band in the P3HT cavity, the
bilayer cavity fluorescence is dominated by the contribution
from uncoupled molecules (Figure 2d,e). All cavity samples
were fabricated under the same conditions. The notable
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Figure 6. (a) External quantum efficiency spectrum of P3HT/Cq, bilayer cavity device (brown line) and P3HT only cavity device (blue line). The
LP energy region is highlighted in yellow. The P3HT only cavity device has a peak at 2.7 eV but fails to show a featured contribution in the LP
energy region as is present in the bilayer cavity device. The bilayer cavity device EQE spectrum has a band around 2.5—3.0 eV corresponding to the
P3HT UP states. The second EQE band around 1.9—2.4 €V nm most likely has contributions from Cgy molecular absorption and P3HT LP states.
The feature at higher energies has contributions mostly from P3HT LP and P3HT/Cg, CT states.”' In the presence of an acceptor, the LP states
participate in photocurrent generation, which is consistent with the observation from transient absorption measurements. (b) Schematic
summarizing the relevant decay pathways of the LP and UM in each of the cavity systems. Darker lines indicate more dominant transitions.

difference in fluorescence spectra suggests that the acceptor
layer, when present in the resonant cavity, provides a
significant additional decay pathway for the LP state. We
also note the inversion of the dominant fluorescent species
from the LP to the UM as the resonance condition is achieved,
suggesting the cavity resonance is a key factor causing the
decrease in LP fluorescence (Figure S4).

In an ideal system, all LP fluorescence would be quenched
by charge transfer to the acceptor. In a recent study, for
example, where both the donor and acceptor were coupled to a
cavity mode, the authors concluded that the complete
disappearance of the LP fluorescence in the donor—acceptor
cavity was a result of the deactivation route provided by the
donor—acceptor interface.”” In such an ideal case, charge
transfer from the LP to the acceptor would be significantly
faster than the decay of the LP to the ground state. However,
as a result of the reduced wave function overlap between the
delocalized polariton and the acceptor, we anticipate slower
charge transfer from the LP.* Specifically, when excitation of
an electron donor is strongly delocalized over N molecules,
and the electron acceptor lies close to one of the N donor
molecular subunits, then the electron transfer matrix element is
limited by the wave function amplitude at a single donor site.
Therefore, for ideal delocalization, the matrix element is
reduced by the factor 1/ \/ N.

Charge transfer between P3HT and PCBM in annealed
blends outside of the cavity occurs on the time scale of
hundreds of femtoseconds.*** Inside a cavity, charge transfer
from the LP state is slowed to a rate comparable with the
lifetime of the LP state (~1 ps, Figure Sa,d). In the bilayer
cavity, we observe a small contribution from the LP to the
fluorescence, suggesting the decay of the LP to the ground
state and the decay of the LP through charge transfer to the
acceptor are competing pathways occurring on similar time
scales. The slower time scale for LP charge transfer is also
supported in the case of the blend cavity fluorescence where
the UM fluorescence is quenched more efficiently than the LP
fluorescence (Figure 2f). Both the bilayer and blend cavities
have two competing pathways for charge transfer to the
acceptor: charge transfer from the highly delocalized LP state
and charge transfer from the more localized P3HT state (UM).
Because the alternative decay pathway to charge transfer is
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fluorescence for both the LP and the UM, the dominant
contributor to the fluorescence spectra for the cavity systems is
the less dominant contributor to charge transfer. The bilayer is
designed to be nonoptimal for charge transfer from the P3HT
state (UM) with a P3HT layer thickness that is significantly
greater than the exciton diffusion length of P3HT. In contrast,
the blend is optimal for charge transfer from the P3HT state
(UM) with a bulk heterojunction architecture where the P3HT
and PCBM domains are intermixed providing a donor—
acceptor interface within the exciton diffusion length for P3HT
for all excitons. Because charge transfer from the more
localized P3HT state (UM) is faster than charge transfer from
the delocalized LP, we observe more efficient quenching of the
UM fluorescence in the blend cavity. As a result of the more
efficient quenching of the UM fluorescence, we observe an LP-
dominant fluorescence spectrum (Figure 2f) in the blend
cavity.

We find further evidence for the additional decay pathway of
the LP in the transient dynamics of the DS in the bilayer cavity.
The DS of the bilayer cavity show an additional decay after
~25 ps that is not present in the UM dynamics (Figure 5f). A
decay from the DS to the LP within 25 ps is a reasonable time
scale (Supporting Information), suggesting that after 25 ps we
are observing the additional decay pathway of the LP through
these DS dynamics.”® The transient dynamics for P3HT reflect
the dynamics of the nonfluorescent states; therefore, the
additional decay pathway we observe is also a nonfluorescent
decay pathway,® which is consistent with charge transfer to
the acceptor. Furthermore, the additional decay is not present
in the DS dynamics of the P3HT cavity (Figure Sc), indicating
it is related to the presence of the acceptor.

The conclusions from transient reflection spectroscopy are
also supported with the observation of LP participation in
photocurrent generation in external quantum efficiency (EQE)
measurements of a bilayer cavity device (Figure 6a). The
donor-only and donor—acceptor bilayer cavity systems were
made into devices by using patterned reflective electrodes in
replacement of the 30 nm solid silver layers. In the bilayer
cavity device (Figure 6a, brown line), we find an EQE band
with contributions from the LP that is not present in the
donor-only cavity device (Figure 6a, blue line). It is the
presence of the acceptor that leads to both the appearance of
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the additional decay pathway for the LP in transient absorption
measurements and the participation of the LP in photocurrent
generation in EQE measurements. The generation of photo-
current through charge transfer to the acceptor is thus the
additional decay pathway for the LP in the bilayer cavity. While
the device is not optimized for solar cell efficiency and the
resonance condition is altered by the weakly reflective bottom
electrode (Figure S14), the EQE measurements serve to
confirm that the additional decay pathway for the LP is charge
transfer.

In Figure 6b, we summarize the decay pathways for the UM
and LP states in each of the cavity systems. In the donor-only
system, the LP and the UM decay to the ground state (GS). In
both the bilayer and blend cavity systems, there is an additional
pathway through charge transfer (CT) for the UM and the LP.
The UM excitons that reach the donor—acceptor interface
undergo charge transfer in ~100 fs, which is significantly faster
than the ~1 ps time scale for charge transfer from the LP. In
the blend cavity system where all UM excitons reach the
donor—acceptor interface, the CT pathway is dominated by
UM due to the faster time constant for CT from UM. In
contrast, in the bilayer cavity system, the rate of CT from the
LP competes with the rate of the decay of the LP to the GS
rather than the rate of CT from UM because most excitons
formed from UM will not reach the interface. The benefit of
the delocalization of the LP is that it can aid in transporting a
greater number of excitons to the donor—acceptor interface. As
we have demonstrated, this delocalization also slows the rate of
CT from a polariton. The LP thus offers no benefit in the
blend where the donor and acceptor are intermixed such that
all excitons are formed within the exciton diffusion length of a
donor—acceptor interface. It is only in the bilayer that we can
clearly observe the pathway for the LP to CT because most
excitons formed from UM do not reach the interface.

Through a spectroscopic comparison of P3HT, P3HT/Cy,
bilayer, and P3HT:PCBM blend cavity systems, we have
shown the presence of the acceptor layer in the bilayer cavity
configuration opens an additional decay pathway for the LP
through charge transfer. As anticipated, the rate of charge
transfer from the polariton is slowed relative to the rate of
charge transfer from an uncoupled P3HT molecule, but we
have demonstrated that charge transfer remains fast enough to
compete with the decay of the LP to the ground state. For the
combination of P3HT and a fullerene acceptor, charge transfer
from the LP is not optimized to compete with the rate of
charge transfer between blended donor and acceptor
molecules. However, the properties of the LP, including the
lifetime, the photonic and molecular composition, the
delocalization, and the energy level, can be tuned by using
different materials, resonance conditions, and molecular
concentrations; ' ***7>* thus, it is possible to enhance exciton
transport and charge transfer from an LP state by using more
ordered donor materials and different donor—acceptor
molecule combinations.
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