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A B S T R A C T   

The strong coupling of optical absorbers (e.g., molecules or semiconductors) to confined photonic modes 
fundamentally alters the physical properties of the coupled system via the formation of hybrid light-matter states. 
One potential application of strong light-matter coupling relies on exploiting it to localize light-induced charge 
excitation processes to small volumes of material. Applications that would benefit from this localization include 
thin-film photovoltaics, photodetection, photocatalysis, and others, where the overall performance depends on 
the ability of a material to amplify light absorption (i.e., the formation of electron-hole pairs) within specific 
locations in space. This contribution investigates how strong light-matter coupling affects light absorption rates 
in molecular absorbers coupled to photonic nanostructures. Our results show that the molecular light absorption 
efficiencies are highest in configurations where the strongly coupled molecules interact directly with the 
incoming photon flux. We also identify a nonlinear dependence in the molecular absorption as a function of 
concentration, unique to the strongly coupled systems. Based on these results, we propose design principles for 
engineering nanostructured systems that allow for high efficiencies of charge carrier localization into strongly 
coupled absorbers.   

1. Introduction 

Interactions between light and matter can significantly change when 
confined inside a photonic structure [1–6]. For example, electronic 
transitions in an absorber (emitter) such as a dye molecule can hybridize 
with a confined electromagnetic field. This light-matter hybridization is 
a quantum phenomenon similar to the hybridization of electronic states 
when atoms form chemical bonds [7]. This hybridization can be ach
ieved experimentally by placing the emitter within the vicinity (or in
side) of a photonic or plasmonic structure that supports high-intensity 
electric fields. A typical example is a Fabry-Perot optical cavity con
sisting of two parallel metallic mirrors [6,8]. In this case, a simple dipole 
interaction governs the interaction strength (V) between an emitter and 
the cavity: 

V = d
→

• E→ (1)  

where, d
→

is the transition dipole moment of the emitter in the cavity, 
and E→ is an operator representing the electric field of electromagnetic 
radiation confined by the cavity[9] Physically, V is proportional to the 

rate of energy exchange between the emitter and the cavity. 
The extent of the light-matter hybridization depends on the magni

tude of V relative to the rate of the energy dissipation pathways in the 
system (Scheme 1). These dissipation pathways include the decay rate of 
the emitter excited state (represented by the decay constant Γe) and the 
decay rate of the photon in the cavity (represented by the decay constant 
Γc). In the limit of slow cavity-emitter energy exchange compared to the 
energy dissipation rates, i.e., when V < < (Γe, Γc), the system is in the 
weak coupling regime (Scheme 1a). When weakly coupled, the individual 
energy levels of the emitter and the cavity remain distinct. However, we 
can still observe some modifications of the emitter’s physical behavior. 
A common example is the enhanced fluorescence of an emitter placed in 
an optical cavity due to the alteration of the emitter emission channels – 
known as the Purcell effect [10]. When the rate of energy exchange 
becomes faster than any available energy dissipation pathway in the 
system, i.e., when V > > (Γe, Γc), the system enters the strong coupling 
regime (Scheme1b). The strong emitter-cavity coupling results in the 
emergence of two hybrid light-matter energy states known as polaritons, 
resulting from the splitting of the emitter energy levels. The upper (P + ) 
and lower (P-) polaritons are separated equally from the initial energy of 
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the emitter electronic transition (when the cavity resonance and emitter 
energy perfectly overlap). The total splitting is given by the Rabi split
ting energy (ħΩR). In the absence of dissipation, the expression for ħΩR is 
given by:[6]. 

ħΩR = 2VN = 2 d
→

• E→ = 2d

̅̅̅̅̅̅̅̅̅

ħω
2ε0ν

√

×
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
nph + 1

√
(2)  

where VN is the collective interaction strength for N molecules in the 
cavity, ε0 is the vacuum permittivity, ν is the volume of the confined 
electromagnetic mode, ħω is the resonant energy, and nph is the number 
of photons in the cavity. 

Eq. (2) indicates several mechanisms to increase the value of ħΩR and 
thus the probability that the system will enter the strong coupling 
regime. These include ensuring that the electromagnetic mode of the 
cavity is resonant with the emitter electronic transition (allowing them 
to exchange photons of the same energy), designing cavities with high 
electric fields compared to the free space electric field, which can be 
accomplished by confining the electric field into small volumes (i.e., 
decreasing v), and increasing the magnitude of dipole moment (d) of the 
emitter coupled to the cavity. For N emitters in the cavity, d is a col
lective dipole moment and can be increased by increasing the concen
tration of molecules in the cavity. Experimentally, the transition from 
the weak to strong coupling regime can be probed by monitoring the 
splitting in the cavity absorption peak (i.e., the emergence of P + and P-) 
via optical spectroscopy. 

The emergence of polaritons in strongly coupled systems implies that 
the system’s physical properties are fundamentally altered [4–6,9,11, 
12]. For example, it has been demonstrated that strong coupling induces 
modifications of the work function of dye molecule films [13], increases 
the rate/distance of nonradiative energy transfer between donor and 
acceptor molecules [14–18], enhances electron transfer in 
metal-semiconductor systems [19,20], increases the charge conductivity 
of organic semiconductors [21–23], and changes the rate/selectivity of 
chemical reactions by coupling of electronic/vibrational modes of the 
reacting molecules to a cavity [24–30]. Another potential application of 
strong light-matter coupling relies on exploiting it to localize 
light-induced charge excitation processes to small volumes of material 
strongly coupled to a cavity. Practical applications that would benefit 

from these processes include thin-film photovoltaics, photodetection, 
photocatalysis, and other applications where the overall performance 
often depends on the ability of a material to localize and amplify light 
absorption (i.e., the formation of electron-hole pairs) to small volumes 
[31–38]. In this context, localizing light absorption into thin layers of 
absorbing material is essential for increasing overall power conversion 
efficiency in these applications. 

The question we seek to answer is whether one can exploit light- 
matter coupling to confine solar energy into small volumes of opti
cally active materials. We point out that a few reports have shown that 
strong coupling can enhance the overall light absorption in various 
systems. Typical examples include multicomponent systems that couple 
absorbing materials to metallic structures or single nanostructures that 
act as both the cavity and the absorbing material [39–41]. In these 
previous studies, it is generally unclear how the absorption process is 
spatially distributed throughout the system. For example, in Fabry-Perot 
optical cavities that contain two metallic mirrors, one would expect a 
significant fraction of absorption to occur directly in the mirrors and not 
in the absorbing material coupled to the cavity. Due to the short lifetime 
of charge carriers in metals, this absorption would lead to parasitic 
heating losses in the mirrors [42]. In this work, we quantify the impact 
of strong coupling on the localization of the absorption process in dye 
molecules coupled to a cavity. Localizing the light absorption to the dye 
molecules is critical for hot electron (hole) technologies because of the 
long lifetimes of charge carriers generated in molecules compared to 
metals. These longer lifetimes allow the potential extraction of these 
charge carriers to perform functions such as driving photo-catalytic re
actions or serving as a driving force to enhance the electrochemical 
potential of charge carriers. 

We use a combination of experimental and modeling approaches to 
investigate how the local light absorption rates (i.e., charge carrier 
generation) are modified within strongly coupled molecular absorbers. 
Our model system consists of 5,6-dichloro-2-[[5,6-dichloro-1-ethyl-3-(4- 
sulphobutyl)-benzimidazol-2-ylidene]-propenyl]− 1-ethyl-3-(4-sulpho
butyl)-enzimidazolium hydroxide, sodium salt, inner salt (TDBC) J- 
aggregate molecules coupled to a Fabry-Perot optical cavity consisting 
of two parallel silver (Ag) mirrors. We tune the system in and out of the 
strong coupling regime by varying the concentration of TDBC inside the 
cavities (i.e., increasing/decreasing d). We use this model system to 

Scheme 1. Schematic and molecular state dia
grams of an emitter with a transition dipole 

moment, d
→

, interacting with a photon confined 
in a metallic Fabry-Perot optical cavity (i.e., 
between two metallic mirrors). In the weak 
coupling regime (a), the interaction energy (VN) 
between N emitters and the photon in the cavity 
is low. As a result, the emitter electronic tran
sition and cavity resonance retain their indi
vidual character. If VN becomes sufficiently 
high, the system enters the strong coupling 
regime (b), and two hybrid light-matter states 
(P + and P-) separated by the Rabi splitting 
energy hΩR emerge. Here, S0 and S1 represent 
the ground and the excited state of the emitter 
and E→ corresponds to the magnitude of the 
electric field confined by the optical cavity.   
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analyze the critical parameters that govern the rate of charge excitation 
in the coupled system. Our results show that strong coupling offers op
portunities to significantly amplify the absorption rates in the molecules 
coupled to the cavity. We demonstrate that effectively designed systems 
require significantly lower volumes and molecular concentrations to 
induce identical absorption rates as stand-alone molecular systems or 
the same system adsorbed on metallic mirrors. Based on these studies, 
we propose design principles for engineering nanostructured systems 
that allow for high efficiencies of charge carrier localization into 
strongly coupled absorbers. 

2. Results and discussion 

We fabricated three Fabry-Perot cavity systems for this study: one 
containing a high concentration of TDBC, one containing a low con
centration of TDBC, and one containing no TDBC (See Fig. S1 for sche
matics of the fabricated systems). These cavities were fabricated to 
ensure their optical mode was resonant (tuned) to the TDBC electronic 
transition at 590 nm (See Fig. 1a). The cavities were fabricated by first 
depositing a 200 nm Ag film onto a piranha cleaned glass slide via 
electron beam evaporation at a rate of 5 A/s. Next, we prepared TDBC- 
polymer solutions of varying TDBC concentrations by dissolving either 
1 wt% (low concentration) or 33 wt% (high concentration) of TDBC into 
aqueous solutions of polyvinyl alcohol (PVA). Here, wt% is the mass of 
TDBC divided by the total mass of TDBC and PVA in the solution. These 
solutions were filtered through a 0.22 µm nylon mesh and spin-cast onto 
the glass-supported Ag film to create PVA thin films loaded with the 
TDBC dye molecules. We determined the TDBC-PVA film thicknesses to 
be ~337 nm (PVA only), ~332 nm (low concentration), and ~203 nm 
(high concentration) using a combination of ellipsometry and profil
ometry measurements. We completed the cavities by evaporating a 
second, semi-transparent 30 nm Ag layer on top of the TDBC-PVA film. 

We characterized the optical characteristics of the fabricated systems 
by analyzing their wavelength-dependent fractional absorption spectra 
using an optical integrating sphere. The fractional absorption (A) 
spectra for the cavity and mirror were obtained by measuring the sam
ples’ fractional reflection (R) at normal incidence and utilizing the 
equation A = 1 – R – T. We compared these absorption spectra to the 
absorption spectra of a few control samples (see Fig. S1): 1) mirror sys
tems with the low and high concentration TDBC-PVA films coated onto 
200 nm Ag films (with no top mirror), and 2) stand-alone TDBC-PVA 

films of the low and high concentrations coated directly onto glass 
slides (with no top mirror). We chose metallic mirrors as a comparison 
instead of highly reflecting dielectric mirrors (i.e., Bragg reflectors) 
since dielectric mirrors typically exhibit high reflection in the IR, and 
our goal is to harvest visible light [43]. The thicknesses and concen
trations of the TDBC-PVA layers in these control systems were identical 
to the thicknesses and concentrations of the TDBC layers in the cavity 
systems. 

The data in Fig. 1a show that the pure PVA-Ag cavity supports two 
optical modes: one at ~400 nm and one at ~590 nm. The latter directly 
overlaps with the TDBC electronic transition. In the case of the low 
TDBC concentration (Fig. 1b), the cavity mode overlapping with the 
TDBC transition remains unperturbed (i.e., there is a single absorption 
band at 590 nm). This retention of the single cavity mode indicates that 
the concentration of TDBC in the cavity is not high enough to push the 
sample into the strong coupling regime. On the other hand, the data for 
the high concentration cavity (Fig. 1c) show an apparent splitting of the 
cavity mode due to the coupling of the cavity and TDBC electronic ex
citations. The absorption Rabi splitting energy between the P + and P- 
peaks is measured to be ~200 meV. To confirm that the high concen
tration cavity system had entered the strong coupling regime, we used 
the following equation that defines the magnitude of Rabi splitting 
required for strong coupling: 

ħΩR >

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Γ2
UP

2
+

Γ2
LP

2

√

(3)  

where ΓUP and ΓLP are the linewidths of the upper and lower polariton 
branch modes [39]. Fig. 1d shows the baseline-corrected absorption 
spectra of the high TDBC concentration cavity system taken from Fig. 1c 
and its spectral separation. The values of ΓUB and ΓLB are estimated to be 

185 meV and 84 meV, corresponding to a 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Γ2

UB
2 +

Γ2
LB
2

√

value of 144 meV. 
This is smaller than the Rabi splitting energy of ~200 meV, which 
confirms that the high concentration TDBC cavity has entered the strong 
coupling regime. 

We compared the absorption spectra of the cavity systems to those of 
the mirror and stand-alone TDBC-PVA control systems to assess the 
impact of strong coupling on the light absorption (Fig. 1b and c). For the 
non-cavity samples, where light interacts directly with the TDBC-PVA 
films, we observe the absorption due to the TDBC electronic transition 

Fig. 1. a) Wavelength-dependent fractional absorption spectra of a PVA cavity tuned to the TDBC resonance at 590 nm (black) and the normalized absorption spectra 
of a TDBC-PVA film on glass (red). b-c) Experimentally measured fractional absorption spectra for the low concentration (b) and high concentration (c) TDBC-PVA 
cavity, mirror, and stand-alone film systems. d) The baseline-corrected absorption of the high concentration cavity system and its spectral separation. e) Experimental 
absorption enhancements calculated for the cavity and mirror systems via Eq. (4). 
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at 590 nm. In the case of the high concentration TDBC film in the mirror 
configuration, we observe a broadening of the absorption resulting from 
reflection off the bottom Ag mirror. To quantify how effective the cavity 
and mirror systems are at absorbing incident light energy, we calculated 
an "absorption enhancement" factor where we compare the absorption 
of these systems to the absorption by the stand-alone TDBC-PVA system 
via the following equation: 

AbsEnhancement =
Atotal

vtotal
×

vTDBC

ATDBC
(4)  

where Atotal is the total energy absorbed in either the cavity or mirror 
system, vtotal is the volume of absorbing material in that system (i.e., Ag 
layers + TDBC-PVA layer), ATDBC is the total energy absorbed in the 
stand-alone TDBC-PVA layer (of the same thickness and concentration as 
the TDBC-PVA layer used in the corresponding cavity or mirror sys
tems), and vTDC is the total volume of just the TDBC-PVA layer in each 
respective system. We calculated the values of Atotal and ATDBC by inte
grating the fractional absorption curves in Fig. 1b-c with respect to en
ergy across the wavelength range of 450 nm to 750 nm, where strong 
coupling is relevant. The data in Fig. 1e show the volume-normalized 
absorption enhancement for the cavity and mirror systems compared 
to their stand-alone TDBC-PVA counterparts. We observe that for the 
low concentration systems, the volume-normalized absorption 
enhancement is always larger than 1, meaning both the mirror and 
cavity systems absorb more than the stand-alone TDBC-PVA films at this 
concentration. In contrast, the data for the high concentration systems 
show that the absorption enhancement is only greater than one for the 
mirror configuration. 

While the experimental data presented in Fig. 1 shows how effec
tively these different systems absorb light, they do not give us any in
formation about the system’s local light absorption rate (i.e., charge 
carrier generation) in various components (Ag and TDBC). It is usually 
preferred to absorb light in the desired part of the system (for example, 
the dye molecules) rather than in the metallic Ag mirrors, where the 
absorbed energy is dissipated as a parasitic heat loss [42,44]. To answer 
questions related to the local rates of charge carrier formation, we 
developed a finite element method (FEM) model and performed simu
lations on the systems of interest (see supplemental section S2). Our 
objective was to determine how the rate of charge carrier generation is 

distributed throughout the different components of the systems. The 
FEM model geometry consisted of TDBC-PVA films (of thicknesses cor
responding to the experimentally measured thicknesses) sandwiched 
between a 30 nm Ag top film and 200 nm Ag bottom film for the cavity 
systems, or without the respective top/bottom Ag films for the mirror 
and stand-alone TDBC-PVA systems. We measured the dielectric prop
erties for the TDBC-PVA films of varying concentrations using variable 
angle spectroscopic ellipsometry (see section S3 and Fig. S2) and ob
tained the dielectric data for Ag from standard databases [45]. We 
validated the model’s accuracy by calculating the 
wavelength-dependent fractional absorption of the high and low con
centration cavity/control systems. The calculated spectra in Fig. S3 
show good agreement with the experimental spectra presented in Fig. 1. 
We further confirmed strong light-matter coupling in the high concen
tration cavity by showing that the upper and lower polariton branches 
exhibit an anti-crossing as a function of the incident photon angle 
(Fig. S4). 

We used the model to calculate the absorption enhancement factors 
for the simulated systems using Eq. (4) above. We calculated the total 
absorption in various components of the system (e.g., the Ag mirrors and 
the dye layer) by integrating the resistive heating losses within the entire 
volume of each component across the wavelength range of 450–750 nm. 
The data in Fig. 2a show good qualitative agreement with the experi
mental data in Fig. 1e. Differences in the magnitude and relative values 
are likely a result of experimental error such as inhomogeneities/ 
roughness in the spin-coated films that are not present in the simula
tions. We next used the FEM model to shed light on the rate of energy 
dissipation (i.e., charge carrier excitation) through the TDBC molecules 
in each system (Fig. 2b-d). We calculated the TDBC absorption 
enhancement by dividing the total energy absorbed directly in the TDBC 
layers in each system by the total energy absorbed in a stand-alone 
TDBC-PVA layer of the same thickness and concentration across the 
wavelength range of 450–750 nm. The data in Fig. 2b show that the 
TDBC absorption enhancement for the cavity system is higher than for 
the mirror system in the case of low concentration. We attribute this 
enhancement to electric field induced energy transfer from the cavity 
mode to the TDBC molecules [36,46]. The data also show that the high 
concentration cavity system (i.e., the strongly coupled system) has lower 
TDBC absorption enhancements than the mirror systems. The high 
concentration mirror system exhibits the most prominent enhancement. 

Fig. 2. a) Absorption enhancement calculated for the simulated cavity and mirror systems via Eq. (4). b) The TDBC absorption enhancement calculated for the 
simulated cavity and mirror systems compared stand-alone TDBC-PVA films of the same thickness and concentration. c) Percentage of energy lost due to reflection 
(black/red) or absorption within the top Ag mirror (blue) in the simulated cavity and mirror systems. d) Calculated external quantum efficiency for TDBC absorption 
(EQETDBC) of the simulated cavity and mirror systems. e) Calculated EQETDBC enhancement for the simulated cavity and mirror systems. 
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One crucial aspect to consider when comparing the absorption 
enhancement of the cavity systems to the mirror systems is related to the 
presence of the top Ag mirror in the cavity systems. Specifically, losses 
related to reflection from the top Ag mirror and absorption within the 
top Ag mirror itself play a significant role in the overall absorption ef
ficiencies of the cavity systems. We quantified these losses by using the 
FEM model to calculate the fraction of light reflected off the cavity/ 
mirror systems and the absorption losses directly in the top Ag mirror for 
the cavity systems. The data in Fig. 2c show that introducing a top Ag 
mirror to form the cavities increases the total reflection losses compared 
to the mirror systems. These losses increase from ~5% and ~8% (for no 
top mirror configurations) to ~85% and ~88% (with the top Ag mirror) 
for the low and high TDBC concentration systems. The 30 nm top Ag 
mirror results in an additional loss of about 6–8% of the incoming light 
energy due to parasitic absorption directly in the Ag film. 

Next, we investigated how strong coupling affects the local rates of 
charge carrier excitation in TDBC without these additional losses due to 
the top Ag mirror. We accomplished this by calculating the absorption 
external quantum efficiency within the TDBC molecules (EQETDBC) in 
the cavity and mirror systems. Specifically, we subtracted the amount of 
light reflected by and absorbed within the top Ag mirror from the total 
light impinging on the system to obtain the amount of light directly 
reaching the TDBC layer for the wavelength range of 450–750 nm. The 
EQETDBC was then determined by dividing the amount of light absorbed 
by the TDBC-PVA layer by the amount of light reaching the TDBC-PVA 
layer (multiplied by 100). The data in Fig. 2d show that the cavity 
system surpasses the mirror system efficiencies for both the low and high 
TDBC concentrations, with the strongly coupled cavity reaching an 
EQETDBC value of ~89%. While this data suggests that entering the 
strong coupling regime enhances the light absorption EQE within these 
molecular dyes, we need to consider that simply increasing the con
centration of molecules in the cavity increases the absorption in the 
system. To normalize for this concentration effect, we calculated the 
enhancement in EQE for the cavity and mirror systems by dividing their 
EQE by the EQE for the stand-alone TDBC film of equivalent concen
tration. The data in Fig. 2e show that the cavity systems exhibit much 
higher EQE than the mirror systems, with the lowest concentration 
systems exhibiting the largest enhancement. 

Our analysis presented in Fig. 2 allows us to postulate the optimal 
system for directing light energy into molecules or other absorbers. We 
hypothesized that an open system with strongly coupled absorbers 
directly interacting with the incoming photon flux would yield the 
highest light absorption efficiencies. The corollary to this hypothesis is 
that these open systems would be ideal for enhancing light absorption in 
extremely thin films of molecular absorbers (i.e., tens of nanometers and 
less), which we expect to absorb poorly even in the mirror configuration. 
This corollary stems from the data in Fig. 2, where the low concentration 
systems (which are inherently poor absorbers) exhibit the most signifi
cant EQE enhancements. As we noted above, enhancing the absorption 
rates in exceptionally thin layers of material is critical for various ap
plications, including photovoltaics and photocatalysis [38,47–49]. 

We tested these hypotheses by using the FEM model to study the light 
absorption rates within TDBC-PVA films of decreasing thickness 
deposited on an Ag film containing a hexagonal array of nanoholes. The 
Ag nanohole array system couples incoming light to the metal film via a 
grating coupling mechanism. This coupling results in surface plasmon 
polaritons (SPP) that significantly enhance the electromagnetic field 
confinement to the surface of the Ag array. Coupling molecules to these 
SPP modes can give rise to strong light-matter coupling similar to the 
coupling of Fabry-Perot cavities [50–52]. We tune the SPP wavelength 
(λsp) of the nanohole array for a constant Ag film thickness and nanohole 
diameter (D) by varying the periodicity (P) of the nanoholes. We note 
that the optical signature of the plasmon resonance for these array 
systems is a peak in the nanohole transmission (and absorption) spectra 
[53,54]. 

We chose the model parameters to ensure the TDBC-PVA thin films 

coupled to the Ag nanohole array system entered the strong coupling 
regime. We set the Ag film thickness for the array systems to 200 nm and 
varied the thickness of the TDBC-PVA layer on top of the array from 
40 nm to 5 nm. We set D to 130 nm, and P was varied to ensure λsp 
overlapped with the TDBC electronic transition at 590 nm (Table S1). 
Finally, we set the dielectric properties for the TDBC-PVA films equal to 
those experimentally extracted from a 66 wt% TDBC-PVA film (Fig. S5). 
These parameters were used in the FEM model to study the effectiveness 
of these systems to localize the absorption process into these molecular 
dyes. 

The data in Fig. 3a show the simulated absorption spectra for the 
TDBC-PVA nanohole array systems with varying film thicknesses. We 
observe a peak centered at 590 nm for all systems due to absorption 
from uncoupled TDBC molecules. We also observe the emergence of 
strongly coupled P + and P- peaks for each system, where the Rabi 
splitting increases with increasing film thickness due to the higher 
number of coupled TDBC molecules. To ensure these systems have 
entered the strong coupling regime, we compared the Rabi splitting 
energy of the thinnest TDBC-PVA array system (~181.5 meV) with the 
linewidths of its upper and lower polariton branches via Eq. (3). The 
data in Fig. S6 show that the linewidths of the P + and P- branches 
correspond to ΓUP and ΓLP values of 76.89 meV and 60.91 meV, 

respectively, which results in a 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Γ2

UP
2 +

Γ2
LP
2

√

value of 69.7 meV. This 
analysis confirms that these systems have entered the strong coupling 
regime. 

We next calculated EQETDBC for these systems as described above (we 
note that there is no top Ag mirror in these systems). We plotted the 
calculated EQETDBC in Fig. 3b along with the EQETDBC for the corre
sponding control systems. The data show that the nanohole array sys
tems coupled to TDBC exhibit significantly higher EQETDBC values than 
their corresponding mirror and stand-alone TDBC-PVA systems. The 
EQETDBC is highest for the thickest TDBC-PVA film (40 nm), which ap
proaches 37%, compared to 19% for the mirror system and 13% for the 
respective stand-alone TDBC-PVA layer. This analysis supports our hy
potheses that strongly coupled open systems enhance molecular ab
sorption compared to their mirror counterparts. 

Additionally, we calculated the EQETDBC enhancement for the array 
and mirror configurations of varying TDBC-PVA layer thickness relative 
to the stand-alone TDBC system and plotted them in Fig. 3c. We observe 
that the highest enhancements in TDBC absorption compared to the 
stand-alone TDBC-PVA films occur for the thinnest samples. These ob
servations demonstrate that entering the strong coupling regime is 
critical for designing systems that localize energetic charge carrier for
mation rates in increasingly small volumes. We can see this in Fig. 3d, 
where we plot the TDBC-PVA layer thicknesses required for the mirror 
and stand-alone film configurations to reach the same EQETDBC as the 
array configuration with identical TDBC-PVA layer thickness and con
centration. The data show that for the 40 nm TDBC-PVA thickness, the 
film thicknesses required to reach the same EQETDBC as the array system 
are ~75 nm and ~107 nm for the mirror and stand-along systems, 
respectively. 

We also studied the impact of the TDBC concentration on the ab
sorption rates within a TDBC-PVA film of a constant thickness (40 nm) 
coupled to a nanohole array. The TDBC-PVA optical properties were 
obtained by preparing spin-coated films from solutions of varying TDBC 
concentration (20 wt% TDBC, 33 wt% TDBC, 50 wt% TDBC, and 66 wt 
% TDBC) and extracting their optical properties via ellipsometry. We set 
the array geometric parameters equal to those presented above, except 
we adjusted P to ensure the array systems were resonant with the TDBC 
electronic transition for each concentration film. 

The data in Fig. 4a show the simulated absorption spectra for the 
40 nm TDBC-PVA films of varying concentrations coupled to the nano
hole array systems. We again observe the emergence of P + and P- peaks 
in each system in addition to the bare TDBC absorption peak at 590 nm, 
suggesting these systems have entered the strong coupling regime. We 
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verify this by plotting the absorption Rabi splitting as a function of the 
square root of the TDBC concentration in the TDBC-PVA films. The data 
in Fig. 4b show that the Rabi splitting exhibits a linear dependence on 
the square root of the TDBC concentration, following Eq. (2) above. This 
analysis confirms that these systems have entered the strong coupling 
regime. 

We used the model to study energy dissipation rates through the 
40 nm TDBC-PVA films of varying concentrations coupled to the nano
hole array. We compared these rates to the energy dissipation rates 
through TDBC-PVA films in the mirror and stand-alone TDBC-PVA film 
configurations of the same thickness and TDBC concentration. We 
calculated the total power dissipated within the TDBC-PVA layer for 
these array, mirror, and stand-alone systems by summing the power 
absorbed throughout the TDBC layer at each wavelength from 
450–750 nm and plotted it as a function of TDBC concentration (Fig. 4c). 
The data show that the power dissipated through TDBC in the array 
systems is significantly higher than in the mirror and stand-alone TDBC- 
PVA systems. In these control systems, the power dissipation (absorp
tion) in the TDBC layer exhibits a linear dependence on the TDBC con
centration, as expected from Beer’s law. 

Interestingly, the power dissipation throughout TDBC layers coupled 
to the nanohole arrays is nonlinear with respect to the TDBC concen
tration. Upon coupling the TDBC film to the nanohole array, we observe 
a significant initial increase at low concentrations that beings to plateau 
at higher concentrations. The data in Fig. S7 show that the power 
dissipated through the TDBC-PVA films coupled to the array systems 
exhibits a linear dependence on the square root of the TDBC concen
tration. This concentration dependence is unique to the strongly coupled 
films and demonstrates how strong coupling can modify the absorption 
characteristics in molecular films compared to the weak coupling 
regime. Additionally, we plotted the enhancement in the total power 

dissipation throughout the TDBC-PVA films in the array configuration at 
a given concentration compared to the mirror and stand-alone TDBC- 
PVA configurations at the equivalent concentration. The data in Fig. 4d 
again show that the enhancements are most prominent for the low 
concentration systems. 

3. Conclusion 

The analysis above paints a comprehensive picture of light absorp
tion within molecular thin films coupled to photonic nanostructures. By 
analyzing the light absorption rates within thin films of dye molecules 
strongly coupled to Fabry-Perot optical cavities, we demonstrate that 
light absorption within the molecular layer is highest in systems free 
from extraneous absorbers that could lead to parasitic absorption losses. 
We corroborate this by studying the light absorption rates of molecular 
thin films coupled to plasmonic nanohole arrays. By varying the mo
lecular concentration within the films, we show that molecules strongly 
coupled to the arrays exhibit the most significant rates of molecular light 
absorption compared to weakly coupled systems. We additionally show 
that strong coupling is ideal for enhancing light absorption in optically 
thin films by varying the thickness of the films coupled to the arrays. We 
note that the efficiency enhancement relative to other systems becomes 
limited at high concentrations (or large thicknesses) due to the ability of 
the uncoupled systems to absorb increasing amounts of light energy 
under these conditions. This limited absorption enhancement at high 
concentrations is also inherently limited by the square root dependence 
of the power dissipation within TDBC on the molecular concentration, 
which we show is unique to the strong coupling regime. Overall, these 
findings provide guidelines for exploiting strong light-matter coupling to 
improve both traditional solar energy conversion technologies that rely 
on localizing the charge carrier generation process into small volumes of 

Fig. 3. a) Simulated fractional absorption 
spectra of TDBC-PVA films of varying thick
nesses coupled to a Ag nanohole array. We 
show the values of the absorption Rabi splitting 
next to each spectrum. We vertically offset the 
spectra for improved visibility. b) Calculated 
EQETDBC’s of the simulated TDBC-PVA nano
hole array systems of varying thicknesses 
compared to the corresponding mirror systems 
and stand-alone TDBC-PVA systems of the same 
thickness and concentration. c) Calculated 
EQETDBC enhancement for the simulated nano
hole array and mirror systems of varying 
thickness. d) Film thicknesses required to ach
ieve the same EQETDBC as a TDBC-PVA layer at 
a given thickness strongly coupled to the Ag 
nanohole array for both the mirror and stand- 
alone film configurations.   

S. Chavez and S. Linic                                                                                                                                                                                                                         



Nano Energy 98 (2022) 107244

7

material and novel polariton-based solar energy conversion systems that 
rely on the unique properties of photoexcited polaritons to operate at 
unprecedented efficiencies [55,56]. 
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