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Quantum batteries, quantum systems for energy storage, have gained interest due to their potential
scalable charging power density. A quantum battery proposal based on the Dicke model has been explored
using organic microcavities, which enable a cavity-enhanced energy-transfer process called superab-
sorption. However, energy-storage lifetime in these devices is limited by fast radiative emission losses,
worsened by superradiance. Here, we demonstrate a promising approach to extend the energy-storage
lifetime of Dicke quantum batteries using molecular triplet states. We examine a type of multilayer micro-
cavity where an active absorption layer transfers energy to the molecular triplets of a storage layer,
identifying two regimes based on exciton-polariton resonances. We tested one of these mechanisms by
fabricating and characterizing five devices across a triplet-polariton resonance, showing that triplet pop-
ulation is maximized when the lower polariton and triplet state are isoenergetic. We found that one of
these devices can store energy for 40.3 4 0.4 us, a 10°-fold increase in storage time compared to previous

demonstrations. We conclude by discussing potential optimization outlooks for this class of devices.

DOT: 10.1103/bhyh-53np

I. INTRODUCTION

Batteries, now a crucial element in a wide range of
energy-efficient applications, are being seamlessly inte-
grated into smart electronics, textiles, the Internet of
Things, and electric vehicles, thereby reshaping our way
of life. Large-scale battery-based energy storage is proving
instrumental in addressing intermittency challenges asso-
ciated with renewable energy sources, such as solar and
wind power [1]. However, the current generation of elec-
trochemical batteries, especially Li-ion ones, are largely
deficient in their ability to charge quickly and efficiently;
they suffer from rapid degradation and require replacement
after only a few hundred cycles [2]. Consequently, the
advent of novel energy-storage technologies (beyond elec-
trochemistry) with fast charging while maintaining high
energy density is urgently required [3].
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In a quantum battery (QB), a theoretical construct for
energy storage, energy is stored in the excited states of
a quantum system, such as atoms or molecules, and can
be extracted by inducing transitions between these states.
Conceptually, QBs aim to harness properties like superpo-
sition and quantum entanglement to achieve an advantage
for energy storage: similarly to Grover’s search algorithm
for quantum computing [4], quantum batteries can offer a
V/N-fold charging speedup that grows with the number N
of subcells involved [5]. The nature of such speedups can
either be linked to entanglement generation [6,7], coherent
processes [8], or collective dynamics [9], as discussed in
depth in Refs. [5,9,10].

A promising architecture to achieve superextensive
charging power is the Dicke quantum battery, proposed
by Ferraro et al. [11], which is based on the Dicke model
of light-matter interaction between an optical cavity and
a set of N (noninteracting) emitters [12—14]. Ferraro et
al. [11] theoretically demonstrated that by leveraging a
phenomenon known as superabsorption a Dicke battery’s
charging power density could reach the +/N charging
speedup [15—19]. A significant breakthrough was achieved
with the recent experimental demonstration of superab-
sorption on an organic optical microcavity [20]. The results
suggest that the energy-transfer rate from the optical cavity

Published by the American Physical Society
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Storage layer in a Dicke exciton-polariton quantum battery. (a) We consider a microcavity with a donor and acceptor layer,

separated by an inert polymer spacer to avoid direct dipole-dipole couplings between them. The donor is chosen to be a bright, strongly
absorbing dye, while the acceptor is chosen to absorb weakly and to have a dark molecular triplet state. (b) We use an effective Jaynes-
Cummings model, shown in Eq. (1), describing the optoelectronic properties of the devices, consisting of a cavity (C) strongly coupled
to the donor’s singlet (D) via Jp and weakly coupled to the acceptor’s singlet (S} at A) via J4. The acceptor’s triplet state (7 at 4)
can be populated via intersystem crossing (ISC) from its singlet (S;) or optically via weak dipole-dipole couplings. (c) By transferring
energy to the dark molecular triplet states of the acceptor layer we aim to prevent the detrimental effects of superradiance, i.e., the
counterpart of superabsorption, which leads to short self-discharge time due to cavity-enhanced radiative emission losses from the
bright donor singlets, usually in the pico to nanosecond timescale. Instead, the triplets’ lifetime can be orders of magnitude longer,

leading to microsecond self-discharge times.

mode to the photoactive molecules in the microcavity
(analogous to a battery-charging speed), increases superex-
tensively with the number of molecules, thereby support-
ing the superabsorption hypothesis, i.e., devices charge
faster as their storage capacity increases.

Superabsorption, however, is a double-edged sword.
While it enables ultrafast charging, i.e., the transfer of
energy from the cavity to the emitters, it also introduces its
well-known counterpart, superradiance, which results in a
cavity-enhanced relaxation pathway, leading to fast battery
discharge [21-30]. Although superradiance can be par-
tially offset by local decoherence [20], the natural radiative
emission rate of individual emitters (typically nanosec-
onds) sets an upper limit on the storage time of that version
of'a Dicke QB. Indeed, the first experimental realization of
this system by Quach et al. [20] observed extremely brief
self-discharge times (nanoseconds). Therefore, a challenge
in this research area is to discover strategies to prolong the
storage lifetime of such devices, a critical prerequisite for
their prospective application in energy storage.

Here we propose a Dicke QB architecture where
superextensive absorption is spatially decoupled to energy
storage within the same device. To achieve this, the devices
consist of donor and acceptor layers, shown in Fig. 1(a),
the former responsible for superabsorption while the latter
has a built-in mechanism that permits prolonged energy
storage. As an embodiment of the concept, the acceptor
layer we study in this letter stores energy using molecu-
lar triplet states (or triplet excitons). As illustrated in Fig.
1(b), molecular triplet states (7)) are typically orders of
magnitude darker than the bright singlet states (S;), while
being only slightly less energetic, thus offering a promis-
ing approach to counter the detailed balance imposed by
the superabsorption-superradiance “duality.” While dark
electronic states have been considered to reduce losses
in energy harvesting [31,32], exciton transport [33,34],
and energy storage [35,36], so far, dark states have been

produced mostly through superpositions of locally bright
states (e.g., the ground states of H aggregates [37]). These,
however, tend to be sensitive to local disorder and deco-
herence that perturb the symmetry required to cancel out
optical dipole moments [35]. Here, instead, we focus on
molecular triplet states, which are naturally prohibited to
relax via radiative emission due to spin-forbidden tran-
sitions [38], leading to exciton lifetimes that span from
microseconds to minutes [39], and therefore longer-energy
storage times in QBs [Fig. 1(c)].

To this end, we propose a proof-of-concept device as
a Dicke QB model system based on a multilayer optical
microcavity, inspired by the work of Zhong et al. [40]
and schematically shown in Fig. 1, wherein the interac-
tion between the electromagnetic mode of the cavity and
a “donor” layer ensures superabsortion (i.e., fast battery
charging) as experimentally demonstrated by Quach et al.
[20]. The absorbed energy is transferred into an acceptor
storage layer comprised of molecular species with efficient
intersystem crossing and with long-lived triplet states,
therefore preventing superradiant battery discharge.

Using an approximate theoretical model [Eq. (1)],
we show two possible pathways for energy storage
in our architecture, both mediated by resonance condi-
tions and characterized by widely different optoelectronic
and energy-storage properties. We experimentally real-
ize devices exhibiting one such mechanism and show
that energy is stored for tens of microseconds, a 10°-
fold increase in storage time compared to previous
demonstrations [20].

I1. DEVICE DESIGN AND MODELING

We use the effective Jaynes-Cummings Hamiltonian of
Eq. (1) associated with the underlying many-body Dicke
model [41—44] to find key experimental conditions that
result in enhanced efficiencies of energy transfer from
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TABLE 1. Model parameters for each device, obtained using
Eq. (1).
Jaynes-Cummings model device parameters

wc (eV) Jp (eV) J4 (V) AE (eV)

2.12 0.23 0.07 0.216

Cavity 2 1.97 0.23 0.10 0.094
Cavity 3 1.89 0.23 0.07 0.036
Cavity 4 1.88 0.25 0.08 0.011
Cavity 5 1.79 0.27 0.13 —0.091

an external driving field—such as a cw laser—to the
energy-storage layer of the device shown in Fig. 1.

In the rotating-wave approximation [45], this Hamilto-
nian reads

H=wc®)a'a+ Z {a)vaf)afv) +Jy(0Va+ afv)aT)},
v=D,A

(1)

where the cavity mode has an energy w¢(6) that depends
on the angle of incidence of light 6 [44] (note that for

shorthand notation we have set A = 1). Jp = ZJNQI gg)

Jq= Zjvﬁl gg)) is the cumulative coupling between cav-
ity and donor (acceptor), wp (w4) is the average energy
[46] of the molecules in the donor (acceptor) layer, a, af
are the annihilation and creation operators of the cavity
and 0" = 0" & io") are the singlet-exciton creation and
annihilation operator at chromophore v = D, 4. The accep-
tor A4 is a three-level system with a triplet state 7. The latter
may have a small residual optical dipole moment, which
leads to a cavity-triplet coupling with strength Jr. We use
Eq. (1) to obtain the model parameters presented in Table
[, associated with each device shown in Fig. 3.

Note that all incoherent transitions, such as radiative
and nonradiative emission losses are modeled using the
following Lindblad, Markovian quantum master equation:

i o1
p=—IH,pl+ ; Vi (Lka,L—E{L}:Lk, p}) )
where L; are incoherent transition operators with associ-
ated rates y4. The incoherent transitions that we model
include the laser pumping rate y,, cavity loss rate yc,
singlet exciton radiative emission rates yp, ya for donor
and acceptor, respectively, triplet nonradiative decay yr,
and intersystem crossing (ISC) rate yisc for the S} — T
transition at the acceptor (see Supplemental Material [47]).

The strong interaction between the optical cavity mode
and the excited (singlet) states of the D and A materials
results in the formation of polariton states [48]. In our
model, we consider cases where the cavity-donor inter-
action strength greatly surpasses the equivalent cavity-
acceptor coupling. In turn, this translates into upper

(UP) and lower (LP) polaritons with strong cavity-donor
hybridization, and middle polaritons (MP) with nearly
100% acceptor character. Our model allows us to moni-
tor the impact of parameters that can be experimentally
manipulated on the population of triplet states. This, in
turn, enables us to optimize energy storage. We now dis-
cuss the two main mechanisms that allow for energy
transfer to the storage layer of the considered devices

(Fig. 2).

A. Mechanism 1: ISC-mediated transfer at
polariton-acceptor (singlet) resonance

In this mechanism, the device is expected to be superex-
tensively charged due to the collective and synchronized
interaction between the cavity mode and the donor sin-
glet states. Energy is transferred to the acceptor singlet
states whenever a resonance condition occurs between the
acceptor singlets and a cavity-donor polariton, as shown in
Fig. 2(a). Fast ISC populates the triplet states of the stor-
age layer, which are assumed to have a negligible optical
dipole moment and are consequently completely dark.

Mechanism 1 is efficient if: (i) the ISC rate ysc is
comparable to or faster than the energy loss rates of the
QB (in turn dictated by an interplay of singlet donor yp
acceptor ya and cavity photon y¢ decay rates) and (ii) a
resonance condition occurs between the acceptor singlets
and a cavity-donor polariton, such as the UP state shown
in Fig. 2(a), or equivalently whenever:

YISC > YC> VDs VA 3)
wy ~ Ek, (4)

where E is the energy of a (bright) polariton state of the
QB (see Fig. 2(a), k = UP, LP, or MP). These conditions
can be met by a careful choice of materials, where we note
that ISC can be ultrafast in some compounds [49—51]. In
this mechanism, the triplet states do not mix with singlets
or cavity photons, and consequently, their lifetime remains
unchanged and the time scale is set for energy storage

(Fig. 2).

B. Mechanism 2: Optically driven transfer at
polariton-triplet resonance

Following superextensive absorption by the donor layer
in the device, energy can be directly transferred to the
triplet states of the storage layer whenever one of the
polariton states is resonant with the triplet state, and these
states have a non-negligible singlet character. In layers
with moderate to high dye concentration, random molec-
ular aggregation can lead to triplets with singlet character
[52—54], namely, with an effective overall spin-0 and a
nonvanishing dipole moment. This leads to triplets that
can interact with the cavity via a small dipolar coupling
Jr < Jp,J4, and can therefore be populated directly via
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FIG. 2. Energy-storage mechanisms. Polaritons of the effective Jaynes-Cumming Hamiltonian of Eq. (1) and the acceptor’s triplet.
The colors schematically represent the relative population of each diabatic state, with the middle polariton (MP) being predominately
populated by the acceptor’s singlet. (a) Dark triplets can form via ISC at the resonance between the uncoupled acceptor’s singlet
(gray dashed lines) and a bright highly absorbing polariton (here the “upper” polariton, which is a cavity-donor hybrid). In this case
the molecular triplets are off resonance and do not couple with any other state. The triplets formed this way are dark and long lived.
(b) Bright triplets can form via direct dipole-dipole coupling with a resonant bright polariton (here the “lower” polariton LP). The
resulting triplets are hybrids (coherently mixed with the polariton state), therefore their lifetime is shortened by radiative recombination.
The system parameters used to generate these figures are reported in the Supplemental Material [47]. (c¢) Mechanism 1 (top). The
triplets formed in this case cannot fully decay via IC. A significant portion of the triplet remains populated indefinitely in the absence
of additional relaxation pathways, leading to excellent energy-storage performance. (d) Mechanism 2 (Bottom). The bright hybrid
triplets formed this way decay as fast as the cavity-donor polaritons, leading to poor energy-storage performance.

a polariton-triplet resonance. The resulting triplet states T
can form via coherent mixing between the bare acceptor
triplets and the cavity-donor polariton, therefore their life-
time T3 is shorter than the bare triplet lifetime 17 = y l
and is approximately given by

T & prir + pptp, Q)

where pr and pp are the populations of the bare triplet and
polariton states, respectively, and 7p is the lifetime of the
polariton state in resonance with the triplet state.

II1. RESULTS

To explore the potential of the triplet storage layer, we
fabricated five devices via thin film deposition, as detailed
in the Supplemental Material [47].

We chose Rhodamine 6G (R6G) for the donor layer
due to its robust optical absorption in the visible range,
and small ISC quantum yield (< 1072) [55] while the
acceptor layer is made of Palladium tetraphenylporphyrin
(PdTPP), due to its efficient ISC to its molecular triplet

state (ISC quantum yield: 0.96 & 0.04 [56]) and weak vis-
ible absorption (at its O band). We designed the total
distance L between the Ag mirrors to generate a second-
order Fabry-Pérot cavity mode with antinodes at the loca-
tions of the D and A layers. The energy difference AFE
between the LP and the triplet state defines the detun-
ing AE of the microcavity, AE = E1p — Et, associated
Jaynes-Cummings model parameters are summarised in
Table 1. In our experiments, we monitor the energy stor-
age of each device by measuring their steady state and
time-resolved fluorescence and phosphorescence, where
the latter is directly correlated with the population of triplet
states in the storage layer.

A. Steady-state emission

As shown through angle-dependent reflectometry in
Fig. 3, our devices operate in the strong light-matter
coupling regime, as evidenced by the anticrossing of
the absorption bands around the intersection of exciton
and cavity energies. These avoided crossings were accu-
rately described with a three-level coupled oscillator model
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Fluorescence emission properties across the LP-triplet resonance. Energy diagram outlining cavity detuning across the

devices, with respective polariton energies from the effective Jaynes-Cummings model of Eq. (1), labeled upper (UP), middle (MP),
and lower (LP) polariton. Fluorescence emission dispersions are normalized to cavity 1. As AE — 0, emission intensity is reduced
and its features broaden about the triplet energy (white dashed line), exemplified in cavity 4. We attribute this to an increase in the
population of the triplet state due to the optically driven mechanism, resulting in reduced brightness in the device. Angle-resolved
absorption measurements of each device are included above, color coded to their respective device, where dashed white lines indicate
polariton energies, solid white lines indicate cavity-mode energy, solid red lines indicate charging and storage layer singlet energies

and dotted white lines indicate triplet storage energy.

(details in the Supplemental Material [47]), resulting in the
set of parameters shown in Table I.

Figure 3 also shows how the emission of light from the
devices (in turn related to their “charging state”) is affected
by AE. In these measurements, the devices were illumi-
nated using 514-nm cw laser irradiation at approximately
1.6 wW, and the emission spectra were measured as a func-
tion of the angle relative to the surface normal of each
device.

For cavity 1 and cavity 2, light is emitted at the spectral
location of the LP band with a dependence on the angle that
matches the one observed for absorption. This, together
with the absence of clear triplet emission, indicates min-
imal energy transfer from the LP to the triplet at these AE
values. In the isoenergetic (AE = 0) cases of cavity 3 and
cavity 4, emission occurs at the triplet energy. In cavity
3, this emission is narrow and well defined about the LP
and triplet energy, akin to that observed in cavity 1 and
cavity 2. However, cavity 4 shows a broadened emission
about the LP and triplet energy, and a significant dip in
emission intensity. We propose this to be a signature of

efficient energy transfer to triplet states, as this excited-
state energy is stored in the dark triplet (storage) states.
Cavity 5, the most negatively detuned microcavity, shows
emission starting at the triplet state and broadening to the
LP energy.

These observations are summarized in Figs. 4(a) and
4(b) where we plot the emission intensity and linewidth
(normalized with respect to cavity 1) as a function of
AE. Using the open quantum system model based on
the Jaynes-Cummings Hamiltonian detailed in the Sup-
plemental Material [47], it is possible to fit the measured
relative change in the fluorescent emission intensity, from
which we learn that the transfer of energy to the storage
layer occurs via mechanism 2. This fit results in an esti-
mate for the weak triplet-cavity coupling J7 of & 5 meV,
as shown in Fig. 4.

B. Time-resolved emission

While the results from steady-state emission spec-
troscopy allowed us to monitor the effect of cavity-triplet
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FIG. 4. Triplet-LP resonance signature via fluorescence and
phosphorescence emission. Relative change in the fluorescence
and phosphorescence emission features, with reference to cav-
ity 1. Fluorescence intensity (a) and sharpness (b), here defined
as the inverse of the emission broadness (1/FWHM of the emis-
sion peaks) are expected to decrease around AE = 0 as the LP
(fluorescent emitter) is depopulated in favor of the triplets. Note
that the fluorescent intensity of each device has been normalized
to its fluorescent intensity without the cavity, i.e., without the
top mirror. Conversely, the decay rate of phosphorescence, pro-
portional to the inverse of the triplet lifetime (c), is expected to
increase around AE = 0, as the molecular triplets (phosphores-
cent emitters) mix with the LP. We fit these relative features using
a model discussed in the Supplemental Material [47] to obtain a
qualitative estimate of the triplet-cavity coupling Jr & 5 meV.

detuning AE on the transfer of energy into the stor-
age layer, time-resolved photoluminescence measurements
allow us to monitor the energy storage time of the devices.

We find that fluorescence-dominated emission decreases
as AE — 0 since LP-triplet hybridization reduces emis-
sion brightness at short timescales (i.e., < 15 ns). Instead,
when looking at phosphorescence emission at longer
timescales (i.e., > 50 ns), we expect to see an increase
in the phosphorescence emission and decay rate as we
approach AE — 0, since the triplets become increasingly
mixed with the LP.

This phosphorescence is much lower in intensity com-
pared to fluorescence-dominated emission, persisting over
long timescales. In this timescale, we can isolate the time-
resolved decay of phosphorescence, which is a proxy for
the decay of triplets, and thus, a measure of their pop-
ulation and associated energy storage by the device. In
these measurements, the devices were illuminated with
pulsed 520-nm laser irradiation at approximately 50 nW.
“Short” timescales were acquired at a temporal resolu-
tion of 0.05 ns, and “long” timescales were acquired at
a temporal resolution of 12.8 ns. Polariton emission is

expected to occur on a picosecond timescale [57], beyond
the resolution of our instrumentation. With this in mind, we
now consider time-resolved emission for the microcavity
devices.

R6G emission lifetime outside the cavity was measured
to be 1.48 £ 0.01 ns, compared with a lifetime inside the
cavity of 1.10 &= 0.02 ns. Due to inefficient ISC in R6G, the
decrease in fluorescence lifetime is assigned to the short
lifetime of polaritons: due to strong cavity-R6G coupling,
the molecule can radiate light faster.

PATPP fluorescent emission lifetime outside the cavity
was measured to be 1.7 £ 0.1 ns, compared with a life-
time inside the cavity of 1.6 &£ 0.1 ns. On the other hand,
outside the cavity, the phosphorescent lifetime of PdTPP
was measured to be 40.0 £ 0.4 ps, compared with a life-
time inside the cavity of 57 & 2 pus. Figure 4(c) compares
the the phosphorescence lifetime for each device, normal-
ized to cavity 1. As AE — 0, the phosphorescence decay
rate ypn increases, leading to a shorter triplet lifetime as
the latter hybridises with the LP. These results are shown
in Fig. 4, where the phosphorescence lifetime (ypil) dips
for cavity 4, around AE = 0, by about 50% with respect to
the other devices.

IV. DISCUSSION

Using our Jaynes-Cumming model we deduce that, at
resonance (AE = 0), the population of molecular triplet
states in the storage layer reaches a value of approxi-
mately 50%, as shown by the results of Fig. 4, resulting
in storage of energy with a self-discharge time of 40.3 &
0.4 s in cavity 4, a clear demonstration of extended
energy storage. This self-discharge time is at least 3 orders
of magnitude longer than associated with the devices
studied by Quach et al. [20], which are limited by the
radiative fluorescence emission rate of Lumogen-F orange
(about 1 ns).

From our results, we can estimate the stored energy
density and self-discharge time of the device. The energy
density pz = pt - E1 - p1, 1S proportional to the fraction
of excited molecular triplets pr, their energy Et and their
density in the device pr ~ 3.01 x 10'® cm™3. Assuming
that at resonance pr =~ 0.5, the energy density is esti-
mated to be around pg & 2.63 x 10'® eV cm™3. The total
battery capacity C, achieved when the triplet states are
fully populated, is approximately C = Et - nt ~ 1.23 x
10" eV ~ 5.47 WWh, where nr is the total number of
PATPP molecules in the device. Let us now discuss how
much of the stored energy can be converted into useful
work. This is done by evaluating the ergotropy [42,58—64],
which quantifies the maximal amount of work that can be
extracted via some process O,

€ i= TrpHy — min Tr[®[p]"Ho], (6)
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where Hj is the internal Hamiltonian of the system and
{®} represents the set of accessible operations. The lat-
ter can be restricted to unitary operations, which preserve
the entropy of the system, or be as general as possible.
Here, we calculate the ergotropy of the steady state that
is obtained at resonance for mechanism 2, using the sim-
plified three-state model given by the ground state (with
energy 0), the lower polariton (with energy Epp) and the
triplet (with energy Et), associated with a Hamiltonian
Hy = diag(0, Evp, ET). Atresonance, E1p & Et, the steady
state reads p, ~ (1 — 2pr, pT, P1), With py € [0,1/2]. If
energy is extracted via unitary operations (reversible and
isentropic), the ergotropy is obtained by inverting the pop-
ulation of the ground and triplet states to obtain oy, =
(or,p1,1 = 2p71),

Eu = TrlpoHol — Trlp3Ho), (7)
= ExGpr — D). 8)

As a result, the ergotropy vanishes for pr = 1/3 (maxi-
mally mixed state) and is maximal for pr = 1/2, being
Ey = Et/2. If work can be extracted via any process (e.g.,
irreversible, nonisentropic), assuming that we cannot oper-
ate on the lower polariton, the ergotropy is obtained by
preparing the state pg, = (1 — p1,pr,0),

Eo = Tr[pooHo] — Tr[p3Ho] , ©)
= ETPT- (10)

Interestingly, this means that if we give up reversibility,
energy can be extracted even from the maximally mixed
state, since for pt = 1/3 the ergotropy reads £¢ = Et/3.
This analysis tells us that only a portion of the energy
stored in the triplets can be extracted to produce work. In
this sense, the more energy is locked in auxiliary states,
e.g., the lower polaritons, the less work can be extracted
from the system.

Further energy-storage improvements are possible with
our device architecture. In PATPP, although ISC is almost
perfectly efficient, it occurs on the nanosecond timescale
[56], which is comparable to the radiative losses of the
cavity and the radiative decay of singlet excitons (ps—ns).
This negates mechanism 1 since the necessary resonance
conditions do not apply. Nevertheless, it is worth men-
tioning that ultrafast (picosecond) ISC rates, reported by
Alias-Rodriguez et al. [65], would lead to more effi-
cient energy transfer to the storage layer. Interestingly,
metastable triplet states with 1-s lifetimes, realized by An
et al. [66], could lead to a self-discharge time 9 orders of
magnitude longer than that reported in Ref. [20].

Note that, while we demonstrated the energy-storage
concept of Fig. 1 through an all-optical experiment, it is
feasible to design and implement other kinds of energy-
storage layers, which could, for instance, allow energy

extraction in the form of an electrical current. An exper-
imental demonstration of a possible implementation using
two-dimensional materials has been recently reported [67].

V. CONCLUSIONS

In this work, we proposed an approach to improve the
energy-storage lifetime of Dicke QBs by several orders of
magnitude, by introducing an energy-storage layer based
on molecular triplet states. We have shown that there are
at least two working regimes for these types of devices,
presenting experimental data in support of an optically
driven mechanism. To identify these regimes and ana-
lyze the emission data, we used an open quantum system
model based on an effective Jaynes-Cummings Hamilto-
nian. A key outlook is to extend this model to genuine
many-body systems, to study and optimize the perfor-
mance of these devices. For the latter, we propose to
consider three key energy-storage figures of merit con-
nected to the properties of the devices that we have also
considered here: (1) the rate at which triplets are popu-
lated, which is associated with the charging power, (2) the
steady-state triplet population, which represents the stored
energy density in the layer, and (3) the triplet relaxation
timescale, which is linked to the self-discharge time of the
device.

Finally, we would like to point out the other outstanding
challenges for Dicke quantum batteries, beyond the spe-
cific organic microcavity platform. Firstly, energy density
is a great cross-platform challenge for energy storage in
quantum systems. The eV band gap offered by excitonic
systems can, in principle, deliver energy densities compat-
ible with optoelectronic devices [5]. However, in practice,
random intersite interactions (here given by molecular
aggregation at high dye concentration) tend to limit the
energy density and charging power of these kinds of QBs.

Another interesting research direction is to experimen-
tally study Dicke QBs in the lossless, coherent (or unitary)
regime typical of “genuine” quantum technologies based
on entanglement. In this context, triplet states can be popu-
lated coherently [32], for example, by means of microwave
driving, as done in electron spin resonance experiments
[68]. This challenging avenue could be explored on “cold”
platforms such as neutral atoms [69], trapped ions [70], and
superconducting systems [71]. Indeed, there are numerous
approaches to investigate, any of which could potentially
result in the demonstration of a first fully operational QB.
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