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Hot-carrier solar cells use the photon excess energy, that is, the energy exceeding the absorber
bandgap, to do additional work. These devices have the potential to beat the upper limit for the
photovoltaic power conversion efficiency set by near-equilibrium thermodynamics. However, since their
conceptual inception in 1982, no experimental realization that works under normal operational
conditions has been demonstrated, mostly due to the fast thermalization of photo-generated charges in
typical semiconductor materials. Here, we use noise spectroscopy in combination with numerical
modelling to show that common bulk heterojunction organic solar cells actually work as hot-carrier
devices. Due to static energetic disorder, thermalization of photo-generated electrons and holes in the
global density of states is slow compared to the charge carrier lifetime, leading to thermal populations
of localized charge carriers that have an electronic temperature exceeding the lattice temperature. Since
charge extraction takes place in a high-lying, narrow energy window around the transport energy, the
latter takes the role of an energy filter. For common disorder values, this leads to enhancements in open
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circuit voltage of up to ~0.2 V. We show that this enhancement can be understood as a thermovoltage
that is proportional to the temperature difference between the lattice and the charge populations and
that comes on top of the near-equilibrium quasi-Fermi level splitting.
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Broader context

One of the major efficiency limiting factors in conventional solar cells is thermalization losses, which refer to all photon energies in excess of the absorber
bandgap being lost due to photogenerated charges quickly reaching thermal equilibrium. A conceptually simple way to harvest this excess energy was proposed
by Ross and Nozik in 1982, and it relies on (i) slowing down thermalization to achieve ‘hot’ populations of electrons and holes and (ii) selectively extracting
charges from these populations at energies exceeding the bandgap. Making this concept work under practical conditions has proven an unsurmountable
hurdle, mostly due to the fast thermalization of photo-generated charges in typical semiconductor materials like silicon. Here, we use noise spectroscopy in
combination with numerical modelling to show that the electronic temperature of photo-generated charges in organic solar cells under standard operational
conditions far exceeds the lattice temperature and that these devices, in stark contrast to all other (inorganic and hybrid) solar cells, actually work as hot-carrier
devices as envisioned by Ross and Nozik. Our results show a new way to realize hot-carrier solar cells and indicate a need to rethink how energy losses in organic
solar cells are understood and, accordingly, can be minimized.

Introduction

In their 1982 seminal paper, Ross and Nozik introduced the
concept of harnessing excess energy from photo-absorption
that could mitigate thermalization losses and, therefore,
surpass the detailed balanced limit." They coined the term
“hot-carrier” solar cells (HCSCs) for a device in which photo-
excited charges thermally equilibrate among themselves but
are extracted before reaching an equilibrium with the lattice.
These HCSCs can potentially achieve power conversion efficiencies
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up to 66% for a single bandgap absorber, which is to be contrasted
with the near-equilibrium Shockley-Queisser limit of about
30% for a single junction and 68% for a multi-junction solar
cell consisting of an infinite number of layers. Despite the
conceptualization almost half a century ago, experimental
realization of such a device that works around room tempera-
ture and with reasonable illumination intensities is essentially
non-existent.” The main difficulties are the fast, ~1 ps, time
scale of thermalization of photo-generated charges by phonon
emission in typical inorganic semiconductors like silicon, in
combination with the difficulty to construct an efficient energy-
selective contact.>” The crucial role of the latter is to selectively
extract hot charges while blocking cold charges.

For a device working as described above and as illustra-
ted in Fig. 1, from which ‘hot’ charges, i.e., charges that are not
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Fig. 1 Schematics of a working hot-carrier organic solar cell. An organic
hot-carrier solar cell with disorder-broadened Gaussian DOS (black lines)
and non-thermalized density of occupied states (shaded regions, blown up
for visibility), with £, being the equilibrium energy, AE, . the difference in
energy between extraction pathway for holes and electrons and Au the
quasi-Fermi level splitting, which determines the radiative Ve limit.

thermalized to the band edge, are extracted via a utilization
pathway at energy AE,s, which sits well above the semicon-
ductor bandgap (and absorption onset) E,,,, Ross and Nozik
derived for the open-circuit voltage Voc
T
ldtl) (1)

T]alt
Tel Te]

eVoc = Au + AEge (1 —
When the electronic temperature T, equals the lattice tempera-
ture Ti,, the HCSC converges to a conventional solar cell with
Voc governed by the splitting of the electron and hole quasi-
Fermi levels, Apu.

The focus of the HCSC community’s search for a suitable
absorber has predominantly centered on inorganic materials
such as GaAs,” halide perovskites,”” and hybrid perovskites.®
These materials have shown hot carrier cooling lifetimes in
the order of a few 100 picoseconds to a few nanoseconds, which
is slow in the context of inorganic semiconductors but still
insufficient in comparison to competing processes. Despite
much longer thermalization timescales of up to tens of ps,’
organic semiconductors were, somewhat surprisingly, never
considered for HCSC applications. This could stem from the
apparent success of near-equilibrium models to explain a range
of experiments, most notably the value of the open-circuit
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voltage and the overall shape of the current-voltage charac-
teristics."°** In addition, energetic disorder in organics is
generally understood to be an additional source of energy losses,
running counter to the goal of HCSCs: full thermalization in
a Gaussian density of states (DOS) with a typical width opog =
50-90 meV would amount to energy losses of 0.1-0.3 eV.">**

Although transient absorption spectroscopy can be employed
to determine carrier temperatures and decay times in perovskite-
based systems,”®'*™"” determining the electronic temperature
directly from the shape of transient or static optical spectra is
impossible in organics due to broadening by static disorder.'®
Nevertheless, experimental signatures of non-thermalized charges
in organic solar cells have been seen through time-dependent
mobilities, faster-than-equilibrium extraction,’ and non-
thermalized populations of charge transfer (CT) states under
steady-state illumination.'® Moreover, it was argued that the
reciprocity relations, which underlie the near-equilibrium treat-
ment of Voc may not hold in organic solar cells.*

To avoid confusion, it must be pointed out that thermaliza-
tion in energetically disordered organic semiconductors, that
is, the typical materials used to make state-of-the-art organic
photovoltaic (OPV) devices,>'”*> occurs as a two-step process.
The first is a fast, mostly onsite, thermalization to the lattice
temperature by coupling to molecular vibrations. This is
equivalent to cooling by phonon emission in inorganic semi-
conductors and produces, in a timeframe of ~0.1 ps, a localized
polaron.”*** Despite being ‘locally cold’, this polaron is typically not
created at the equilibrium energy of the global density of localized
states but much above it. For a Gaussian DOS and low charge
carrier densities, as typical for good OPV devices, the equilibrium
energy sits at geq = —0pos-/ksT, while charges are, on average,
excited at the DOS center at ¢ = 0. It is the ‘global’ thermalization
process, by hopping through intermediate sites, towards this
equilibrium energy that is slow and is one of the crucial ingredients
that make general OPV to hot carrier devices.>>

In this letter, we utilize Johnson thermometry through cross-
correlated current noise spectroscopy to measure the tempera-
ture of the charge carrier populations in two representative
bulk heterojunction OPV systems, PM6:Y6 and P3HT:PCBM,
under operational conditions. In stark contrast to their inor-
ganic counterpart, exemplified by a commercial silicon PV
device, the charge distributions in the organic solar cells are
almost twice as hot as the lattice. We confirm our experimental
results by performing kinetic Monte Carlo (kMC) simulations of
typical OPV devices. The simulations quantitatively confirm
that the static disorder in the organic material causes the high
electronic temperature and, concomitantly, the enhanced noise
signals. We then connect this finding to the Ross-Nozik model
and demonstrate that the open-circuit voltage can be described
by eqn (1), using independently determined parameters.

Results and discussion

We used cross-correlated current noise spectroscopy to measure
the thermal noise and, thereby, the temperatures associated with

This journal is © The Royal Society of Chemistry 2024
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the electronic charge distributions in the device under test (DUT)
using the setup shown in Fig. 2a. The setup and methodology,
which corrects for noise arising from cross-talk between the
transimpedance amplifiers over the DUT resistance, were tested
on commercial resistors and doped organic thin films, as dis-
cussed in the Supplementary Text S1, S2 and S5 (ESIt). Over a
wide resistance range, electronic temperatures equal to the lattice
temperature were found.

Experiments were performed on two different, prototypical
organic bulk heterojunction systems, the classical polymer-
fullerene system P3HT:PCBM and the state-of-the-art PM6:Y6
system. In addition, a commercial inorganic silicon photodiode
was tested. Exemplary measurement data of an organic PV
device are shown in Fig. 2b and comprise 1/fnoise, charac-
terized by an exponent «, shot noise, that is proportional to the
product of the current I and the Fano factor F, in addition to the
thermal (Johnson) noise that depends on the electronic tem-
perature T,; and device resistance R.

A 4kgT,
Si(f) :J,—O,-Q-ZqIF—i—BTel (2)
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Since the noise of interest, i.e., the thermal noise, has a white
spectrum, we only analyze data for which the 1/fnoise is
suppressed, e.g. in Fig. 2b that is from about 200 Hz onwards
for the —0.1 V measurement.

Noise measurements of illuminated solar cells were taken at
different bias voltages, including at short- and open-circuit;
Fig. 2¢c and d plots the resulting plateau values (black symbols),
along with estimates of the shot and thermal noise, assuming
F=1, Te; = Tiae and calculating R from the slope of the IV-curve,
i.e. R(V) = (dI(v)/dV)~'. Focussing on the region around open-
circuit, where the shot noise contribution is negligible, high-
lights a marked difference between the organic (Fig. 2c) and
inorganic (Fig. 2d) devices. While for the silicon PV cell, the
measured noise coincides with the estimated noise, the PM6:Y6
solar cell shows a significantly higher (Johnson) noise than
expected for electronic distributions in equilibrium with the
lattice. Noise measurements performed on the same organic
solar cells in the dark confirm that, without illumination,
charges are in equilibrium with the lattice and give an electro-
nic temperature of ~300 K, ¢f Fig. 3a. The upswing in
noise spectral density towards higher frequencies is due to
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Fig. 2 Noise spectroscopy setup and measurements. (a) Cross-correlation noise spectroscopy setup. The two terminals of the device under test (DUT)
are connected to the inputs of two synchronized lock-in amplifiers through transimpedance amplifiers. The lock-in outputs are cross-correlated to
suppress instrument noise. (b) Noise spectra from an illuminated PM6:Y6 solar cell at room temperature for different biases. The dashed vertical line
indicates the beginning of the white spectra, and the black dotted line is a fit to egn (2). (c) and (d) Noise after cross-talk correction vs. bias voltage for
sub-1 Sun illuminated PM6:Y6 and silicon PV devices, respectively, with thermal and shot noise values calculated assuming the electronic temperature
equals the lattice temperature and a Fano factor F = 1.
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Fig. 3 Electronic temperature in the dark and under illumination. (a) Noise spectra of a PM6:Y6 solar cell in the dark at room temperature and V = 0. The
colored lines are the predicted thermal noise with different electronic temperatures. A temperature of ~300 K best fits the noise spectra. (b) Extracted
electronic temperatures under open-circuit conditions for different solar cells under sub-1 Sun illumination intensity at room temperature.

the capacitive contribution to the conductance that is relatively
large in the absence of photo-generated charges (Supplemen-
tary Text S3, ESIt). We also ensured that the signals for the
organic devices were not due to heating of the lattice by
the illumination (Fig. S2, ESIT). Similar measurements of noise
with varying bias voltages were also performed on the
P3HT:PCBM solar cell and are shown in Fig. S9¢ and d (ESIY).

Converting the raw noise data from Fig. 2¢ and d to effective
temperatures using eqn (2) requires knowledge of the Fano
factor, which accounts for correlations in the transport in the
device and reduces the actual shot noise.>” Unfortunately, no
previous work has been done to determine the Fano factor in a
three-dimensional system of the type at hand.”® Using numeri-
cally exact kinetic Monte Carlo simulations, we estimate the
Fano factor to be between 0.1 and 1 and recognize that it
depends on temperature and electric field, as further discussed
in the Supplementary Text S4 (ESIf). Hence, a Fano factor
determined in the dark or under short-circuit conditions would
not be applicable at open-circuit. After subtracting the shot
noise and cross-talk contributions, we measure an electronic
temperature between 450 and 650 K for the two organic
systems. The charge carrier temperatures in silicon were found
to be ~305 K. In all cases, the lattice temperature was main-
tained at room temperature, i.e. 295 K. As such, Fig. 3b provides
an upper limit for the electronic temperature at F = 1, while
F = 0.1 provides a lower limit; the (unlikely) scenario in which
F < 0.1 would not significantly decrease the temperatures
further, as discussed in the Supplementary Text S4 (ESIT).
Having established that charge carrier populations in opera-
tional OPV devices have, in stark contrast to silicon, a tempera-
ture that lies significantly above that of the lattice does, in
itself, not imply that OPV devices operate as HCSCs in the way
proposed by Ross and Nozik. To demonstrate this, we will use
kinetic Monte Carlo (kMC) simulations to first show that,
indeed, the enhanced electronic temperatures are due to the
‘global’ thermalization of photo-generated charges in a disorder-
broadened DOS and, subsequently, that the so-called transport

8686 | Energy Environ. Sci., 2024,17, 8683-8690

energy &, takes the role of the energy filter, as schematically
shown in Fig. 4c.

The kMC method is an established way to simulate the
extremely complex reality of large numbers of excitons and
charges moving and interacting in the active layer of a macro-
scopic operational device. It does so by assigning probabilities
to all possible events in a simulation box of finite size, here
typically 30 x 30 x 55 sites, each with a random energy drawn
from the Gaussian DOS. Using the calculated rates as weighting
factors for each possible event (exciton generation and recom-
bination, charge hopping, injection and extraction), a single
event is randomly chosen and executed, after which the proce-
dure is repeated. The method was previously used to reproduce
a number of experiments on OPV devices, including full
IV curves of PM6:Y6 bulk heterojunctions (BHJs) at different
temperatures and ternary BHJs with and without composition
gradients and non-equilibrium effects on recombination;**2%3°
further details are given in the Supplementary Text S6 (ESIT).

Building on our previous work, in which we used the kMC
method to simulate IV-curves of OPV devices,?® we extended the
kMC model to simultaneously calculate current noise. Subse-
quently, a similar analysis to that used for the experiments was
conducted to extract the electronic temperature under open-
circuit conditions (Supplementary Note S7, ESIT). The results
are shown by black circles in Fig. 4a for different lattice
temperatures and Fig. 4b for different energetic disorders,
measured by the width opog of the Gaussian density of states.
In contrast to the experiments, the kMC simulations allow one
to compare the noise temperature to the actual electronic
temperature as determined by fitting opos’/ksTe; to the mean
energy of the photo-generated charge carriers (¢f. Supplemen-
tary Text S8, ESIT). Fig. S12 (ESIt) shows that the electronic
temperature is consistent with the noise temperature of photo-
generated charges.

As intuitively expected, Fig. 4a shows that the closer the
system is to a band-like model, that is, the smaller opos, the
closer the electronic temperature is to the lattice. However,

This journal is © The Royal Society of Chemistry 2024
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circles) and electronic temperature T (orange circles) as the input. The orange dashed lines show the lattice temperature. (c) Schematics of charge
transport in a disordered organic semiconductor. (d) Average energy of the carriers remaining after 10% (solid lines) and 50% (dashed lines) of the charges

are extracted as a function of extraction distance for different excitation energies.

even for the smallest disorder considered, 50 meV, a finite
difference remains. Since disorder values reported for OPV
materials typically fall in the range of 60-90 meV, the results
presented here should apply to the vast majority of OPV
devices.”* This is also the reason why the two model systems
that we used, P3BHT:PCBM and PM6:Y6, give rise to similar
electronic temperatures despite having very different device
performance. The reason for the trends in Fig. 4a and b is that
with increasing disorder or decreasing temperature, charges
need an exponentially longer time to relax to global equilibrium
as defined by the equilibrium energy.>>>® The slowdown can, in
turn, be understood via the concept of a ‘transport energy’, as
illustrated in Fig. 4c. The transport energy &, is easily defined as
the most likely energy that charges hop to in order to contribute
to the charge transport. It was shown by Baranovskii et al. that
for a broad class of strongly energy-dependent DOS, including,
but not limited to, Gaussians, the width of the transport path
(in energy space) is narrow and that its center does not depend

This journal is © The Royal Society of Chemistry 2024

on the initial energy of the hopping charge.>* Hence, by the
definition of the transport energy, charges that have partially
thermalized to an energy ¢ (ex > & >é&cq) need to be thermally
excited to the transport energy to become mobile and have the
possibility to find a lower energy. The associated waiting time
scales with exp((e,x — ¢)/kgT), explaining the slowdown of
the thermalization process with time and increasing disorder
(see Fig. 4c and Fig. S3, ESIf).

In the context of organic solar cells, the importance of the
transport energy is that photo-generated charges are extracted
at energies close to &, thus acting as an energy filter.
In contrast to the Ross/Nozik idea (Fig. 1), this filter does not
only sit at the contacts but is present throughout the device and
is the result of the peculiarities of hopping transport in
energetically disordered media. We used our kMC simulations
to confirm the above and to determine the position of the
transport energy &, X —aopos /2ksT, relative to the center of the
DOS (see Supplementary Text S9, ESIt). Accordingly, AEg. in

Energy Environ. Sci., 2024,17, 8683-8690 | 8687
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eqn (1) is taken as the difference between the electron and hole
transport energies, AEge = & — el The parameter Au in eqn (1)
is the quasi-Fermi level splitting in the device, as seen from the
perspective of an observer at T, and is determined by the
difference in the Fermi energies of electrons and holes, i.e. Au=
& — ¢l This is extracted directly from the kMC simulations
(blue circles in Fig. 4a and b). Thus, with T, determined from
noise simulations (orange dots in Fig. 4a and b), along with
AE,s and Ay, we can compute the non-equilibrium V¢ using
eqn (1) (open red circles), which coincides with the V¢ as read
from the IV-curves obtained from the kMC simulations (filled
black circles). The fact that the V¢ values from eqn (1) almost
exactly coincide with the V¢ values from the kMC model is the
main result of this letter. This shows that ‘common’ organic
solar cells are hot carrier solar cells.

Realizing that the difference between the transport energy
and the Fermi energy over the electronic temperature is noth-
ing but the entropy carried by a moving charge or, equivalently,
the Seebeck coefficient***? allows us to rewrite eqn (1) as

eVoc = Au + 28 (Tel - Tlatt)’ (3)

where we assumed the Seebeck coefficient S = (¢r — &)/Te to be
equal for electrons and holes; otherwise, the factor 2 in eqn (3)
would be replaced by a sum over two terms.**"® Fig. $16 (ESIY)
shows that the non-equilibrium Vo values calculated from
eqn (3) match the kMC values well. Eqn (3) has two important
implications. First, the relatively large Seebeck coefficients in
organic materials at low charge carrier densities, S ~ 800 pVv
K™ for typical OPVs (Fig. S4, ESI{), explain why electronic
temperatures exceeding the lattice temperature by ~ 100 K lead
to substantial enhancements in Vo¢ of around 0.1-0.2 V, as
found in Fig. 4a and b. Second, and more importantly, eqn (3)
has a transparent physical meaning in that the open-circuit
voltage equals the near-equilibrium Fermi level splitting plus
the electron and hole Seebeck voltages developing between the
hot carrier populations in the device and the cold lattice.
Therefore, any enhanced electronic temperature measured on
an OPV device implies that it operates as an HCSC.
Hot-carrier contributions notwithstanding, state-of-the-art
OPV devices, having PCEs just below 20%, do so far not beat
the Shockley-Queisser limit for a single, disorder-free absorber
with a rectangular absorption onset (PCE = 30%).>* The reason
is that disorder constitutes a loss channel, even if it is mitigated
by hot-carrier effects. Still, the question arises whether these
insights can be used to make more effective OPVs. Intuitively,
one might imagine that optically exciting the system with more
energetic photons, producing electron-hole pairs with higher
excess energies, or making the active layer thinner, giving
charges less time to equilibrate, would increase the electronic
temperature and, in turn, the open-circuit voltage. To this end,
we calculated the average energy of photo-generated charges as
a function of the distance between the generation and extrac-
tion point for different excitation energies. By plotting the
mean energy after 10% (solid lines in Fig. 4d) and 50% (dashed
lines) of the charges are extracted, we obtain a measure of the
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temperature of the remaining populations; details of this
calculation are given in the Supplementary Text S13 (ESI).
The data in Fig. 4d confirm the previous result from Meli-
anas et al. that any excess energy above the center of the DOS is
lost within a few nm.'* Excitations below the DOS center, but
above the equilibrium energy, are longer lived, with transients
converging after several tens of nm. Hence, one might expect
minor Vo¢ increases for device thicknesses L below twice this
distance (since the mean extraction distance is ~L/2). Unfortu-
nately, at these thicknesses, V¢ actually drops due to incom-
plete absorption and charges diffusing to the wrong contact.'®
Nevertheless, Fig. 4d suggests that a rather efficient OPV device
can be made by exploiting the fact that high-energy excitations
actually do not significantly contribute to the enhanced elec-
tronic temperature because they quickly lose their excess
energy. Hence, exciting the system with low-excess energy
photons that predominantly excite electrons and holes in the
lower half of the DOS will hardly change the electronic tem-
perature and hence the V¢ enhancement. For this to work, one
needs a system where the energies of the first excited singlet
state (S;) and the charge transfer (CT) state are similar, which is
the case for low driving force systems like PM6:Y6.%”® A simple
estimate suggests that for a narrow excitation band around the
S; absorption maximum at ~1.4 eV, a PCE around 40% should
be possible. Explicit kMC simulations confirm this simple
estimate and, as discussed in the Supplementary Text S14
(ESIY), show that narrow-band illumination around the trans-
port energy further improves the device performance; only for
even lower excitation energies, the lack of excess energy reduces
both free charge generation and Voc. While this is not imme-
diately applicable to single-junction devices harvesting white
(sun)light, it does offer new perspectives for organic multi-
junction solar cells or applications where more narrow-band
light is harvested, including smart windows or indoor PVs.

Conclusions

In summary, we measured the temperature of the charge carrier
populations in operational organic solar cells by noise spectro-
scopy. The experiments prove that, for two representative
model systems, the electronic temperature under illumination
is almost twice that of the lattice, while the electronic tempera-
ture in an operational commercial silicon solar cell is equal to
that of the lattice. Using kinetic Monte Carlo simulations, we
reproduce the high noise temperature and confirm its relation
to an enhanced electronic temperature. Building on the estab-
lished theory for disordered semiconductors, we show that the
hotness of the electron and hole populations is due to the slow
thermalization in a broadened density of localized states,
requiring increasingly difficult re-excitation to a relatively nar-
row transport energy, which thereby takes the role of an energy
filter. With that, the charge and energy transport in an opera-
tional organic solar cell can be one-on-one mapped on the
hot carrier solar cell concept by Ross and Nozik. Taking the
electronic temperature and extraction energies as input, we

This journal is © The Royal Society of Chemistry 2024
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quantitatively reproduce the enhancement of the open-circuit
voltage over its equilibrium value. These findings demonstrate
that typical organic solar cells, including the current state-of-
the-art, are hot carrier solar cells. While the ultimate goal of an
HCSC is to surpass the detailed balance limit, this work is
a step towards this goal in demonstrating the importance of
hot-carrier effects in OSCs, and in particular their contributions
to Voc.

Since organic solar cells have so far almost uniquely been
optimized on the basis of loss analyses assuming near-
equilibrium,* the notion that charge carrier populations are
actually hot, and that this hotness contributes to V¢, not only
necessitates a rethink but also greatly widens the scope of
strategies to further improve these devices.'”*! First, and most
straightforward, our work suggests noise spectroscopy as a
probe for energetic disorder, the reduction of which should,
hot carrier effects notwithstanding, lead to higher V¢ as shown
in Fig. 4b. Second, and more interesting, the connection
between the Seebeck effect and Vo (eqn (3)) offers a novel
way towards high-performance OPV devices. Techniques from
the seemingly unrelated field of organic thermoelectrics, such
as DOS engineering*>*® and morphology control,** could be
used to enhance the S of the blend of organic materials that
form the active layer of the OPV device.

Beyond organic PVs, we expect our findings to inspire new
avenues towards high-efficiency harvesting of solar energy.
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