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The best performing organic solar cells (OSC) efficiently absorb photons and convert them to free charge carriers, which are
subsequently collected at the electrodes. However, the energy lost in this process is much larger than for inorganic and

perovskite solar cells, currently limiting the power conversion efficiency of OSCs to values slightly below 14%. To quantify

www.rsc.org/

energy losses, the open-circuit voltage of the solar cell is often compared to its optical gap. The latter is, however, not

obvious to determine for organic materials which have broad absorption and emission bands, and is often done erroneously.

Nevertheless, a deeper understanding of the energy loss mechanisms depends crucially on an accurate determination of the
energies of the excited states involved in the photo-conversion process. This perspective therefore aims to summarize how

the optical gap can be precisely determined, and how it relates to energy losses in organic photovoltaic materials.

Introduction

In the past 15 years, the power conversion efficiency (PCE) of organic
solar cells (OSCs) has increased from about 1% to now almost 14%.1
This development has been accomplished by the synthesis of new
electron donating and electron accepting materials of which high
performing combinations have been discovered. The highest
external quantum efficiencies (EQEpy) exceed 80%,2 and fill-factors
(FF) approach 80%,3 being on-par with those of higher efficiency
technologies, such as gallium arsenide (GaAs) and crystalline silicon
(c-Si). Up to now, it is the open-circuit voltage of OSCs (Voc) which is
lagging behind, making OSCs currently still less efficient than
established inorganic photovoltaic technology or the emerging
perovskite solar cells. Therefore, research is nowadays focusing on
the identification of the elementary processes responsible for the
large difference between eVoc and the optical gap of the main
absorber (Eopt), where e is the elementary charge. At the same time,
new materials are being synthesized,* as well as new device
architectures have been developed,® with the aim to minimize these
voltage losses.

Under solar illumination, the total energy loss per absorbed photon
is equal to the difference between the photon energy and the
product of e with the voltage at the point of maximum electrical
power output. A lower limit for these energy losses is given by the
difference between the device’s optical gap (Eopt) and eVoc. Indeed,
the potential energy of the extracted charge carriers is limited to
eVoc, while Eqpt is given by the lowest energy singlet exciton, either
of the donor (Ep+) or the acceptor (Ea+). For the remainder of this
perspective, we refer to Eqpe/€ - Voc as “voltage loss”.

To precisely characterize and study energy and voltage loss
mechanisms for OSCs, an accurate determination of the energies of
the relevant electronic states in organic semiconductors is crucial.
Following photon absorption, several electron-transfer steps
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introduce energy losses. Figure 1 depicts the energy levels of singlet
and triplet states on the neat donor (D) and acceptor (A) in a
Jablonski diagram. Following electron transfer, an intermolecular
charge-transfer (CT) state, comprising an electron on the acceptor
and a hole on the donor, is formed. This state can decay to the
ground state or dissociate into a state comprising fully free charges
(FC).
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Figure 1: Jablonski diagram, showing the energy levels which are
important for OSCs. The lowest optical excitations in the absorber
molecules, i.e. A and D, are singlet excitons (Eaxs1) and Ep+s1)). The optical
transition from the ground state to the triplet excited state (Eaxr1) and
Ep+ry) are forbidden. The intermolecular CT state between D and A has
the energy Ecr. In OSCs charge generation and recombination takes place
via this state, therefore, we can define voltage losses with respect to this
state, or with respect to the strongly absorbing singlet states on the neat
materials. The energy difference between the lowest energy singlet
exciton and eVoc forms a lower limit for the energy lost in the conversion
of strongly absorbed photons to charges collected at the electrodes.
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The energy and voltage losses in OSCs relate to the chemical
potential of the free charge carriers under solar illumination, which
is determined by the energies of the relevant excited states, as well
as the transition rates between these states and the ground state.
However, the excited state energies are often empirically
determined. For example, CT state energies are sometimes
estimated by taking the difference between the energy of the highest
occupied molecular orbital of the donor, HOMO(D), and lowest
unoccupied molecular orbital of the acceptor, LUMO(A). This
approach however, neglects polarization and binding energies,® and
values for the driving force for electron transfer can be over- or
underestimated by several tenths of electronvolts (eV). The singlet
energies Eax(s1) or Ep(s1) of acceptor and donor, of which the lowest
one can be considered as the optical gap (Eqpt) of the blend, are often
taken as the onset of the absorption spectrum, which is rather ill-

defined. It is clear that further progress in the fundamental
understanding of OSC operation needs an unambiguous method to
determine voltages losses, so that they can be compared between
research groups. This perspective aims therefore to summarize how
optical gaps and CT state energies can be consistently determined
and how they relate to voltage losses in OSCs.
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Figure 2: Optical transitions depicted in an energy diagram with displaced potential wells for the ground state (GS) and excited state (ES), taking into account
that the reaction coordinate remains invariant during the transition (Franck-Condon principle). Vertical blue arrows represent absorption and vertical red
arrows emission. (a) Absorption and emission spectra are dominated by high frequency vibrations, with a relaxation energy Au. In this case, the spacing
between vibrational levels is larger than the thermal energy. Photon absorption occurs by promoting an electron from the vibrational ground state level v=0
to an excited state vibrational level v, indicated by the black lines in the corresponding absorption spectrum. In the emission spectrum, transitions from the
lowest excited state vibrational level v'=0 to ground state levels v dominate, as indicated by the black lines in the emission spectra. Absorption and emission
spectra overlap around the 0-0 transition energy (Eo.o). (b) Peak broadening by low frequency vibrations with reorganization energy A.. The spacing between
vibrational levels is less than the thermal energy. Optical transitions from higher energy thermally populated levels results in absorption at photon energies
below Eo.0 and emission at energies above Eoo. The resulting peak width depends on temperature and A..



Absorption, emission and the optical gap

Spectral broadening in organic materials

For a hypothetical solar cell with an ideal step-wise absorption
spectrum, determination of Eqy is trivial, as it corresponds to the
lowest energy for which photons are strongly absorbed. In reality,
0OSCs exhibit rather shallow absorption tails, due to the presence of
static and dynamic disorder, as well as the presence of weakly
absorbing CT states. In order to unambiguously determine Eqpy, it is
instructive to consider the origins of the spectral broadening.

The absorption and emission spectra of organic materials are
strongly affected by electron-phonon coupling and molecular
vibrations. Figure 2a shows how the high frequency vibrations, for
example ring breathing modes, are responsible for discrete peaks in
the spectra.” For these high frequency modes the spacing between
the vibrational energy levels is much larger than the thermal energy
and electrons populate solely the lowest energy vibrational level v=0.
Photon absorption and emission solely occurs for discrete photon
energies related to transitions between a vibrational level of the
ground state v, and a vibrational level of the excited state v’. The 0-
0 transition occurs at the energy Eo.o, which is the difference between
vibrationally relaxed ground- and excited state.

However, the absorption and emission spectra of organic thin films
seldom consist of well resolved, discrete peaks: A main source of
peak broadening are low frequency vibrations with an energy
spacing less than the thermal energy (Figure 2b).” Optical transitions
from thermally (Boltzmann) populated low frequency vibrational
modes result in absorption at photon energies below Epo and
emission at photon energies above Eyo. Treating the low frequency
vibrations as harmonic oscillators results in Gaussian absorption
(A(E)) and emission (N(E)) line-shapes

- _(E_Eo—o _ﬂ'L)2 (1)
A(E) Eexp( MLkBT]

~ E3 _(E_EO»O+/‘LL)2 (2)
N(E)~E exp[ kT

Hereby, E corresponds to the photon energy and kg is the Boltzmann
constant. The line-width is proportional to the temperature T and the
low frequency relaxation energy A.. The energy difference between
vibrational relaxed ground- and excited state, Eo.o, is the crossing
point of the appropriately normalized absorption and emission
spectra, as shown in Figure 2b.

Extracting singlet and charge-transfer state energies

In what follows, we outline how equations (1) and (2) can be used to
accurately extract the energy levels Epxs1) or Eaxs1) and Ecr for OSC
blends. Hereby, we consider that the absorption spectrum of a
donor-acceptor blend for OSCs will be mainly determined by high
oscillator strength optical transitions on the neat materials.
However, within their gap, much weaker absorption related to direct
excitation of CT states is present. The optical gap Eopt is identified as
the Ep.o transition energy of the singlet localized on either donor or
acceptor. The Ego of the CT state (Ecr) is often lower than Eqpt. Both

Eopt and Ecr can be determined from the optical spectra by a fit of the
low energy absorption tail or high energy emission tail with Eq. (1) or
Eq. (2), respectively. Alternatively, one can make use of the fact that
Eo.o coincides with the energy at which the appropriately normalized
absorption and emission spectrum cross. Dividing A(E) by E and N(E)
by E3, yields the so-called reduced absorption and emission spectra.
When normalizing the reduced spectra to the maximum of the
corresponding peak, Eq. (1) and Eq. (2) intersect exactly at E=Eg.o. In
the case of mirror-image spectra, Eo.o is the midpoint between the
absorption and emission maxima (Stokes shift), separated by 21,.8

As a concrete example, Figure 3a shows the determination of Ept
(Ep*(s1)) and Ecr for vacuum-processed OSCs based on ZnPc:Ceo and
F4-ZnPc:Ceo active layers. Photovoltaic diodes comprising both neat
donors and their blends with Cg were fabricated. The
electroluminescence (EL) and EQEpy spectra of these diodes were
measured and provide a reliable measurement of the emission and
absorption tails. It should be noted that EQEpy and absorption
spectra are interchangeable here, since the internal quantum
efficiency (IQE) of D:A photovoltaic blends is rather constant at their
low energy tail.° Furthermore, EL spectra were measured at low
injection currents, keeping the system in quasi-equilibrium.® For the
neat phthalocyanines, the crossing point between the normalized
reduced absorption (EQEpy) and reduced emission (EL) spectra yields
a similar value for Eqpt (Epx(s1)) around 1.52-1.53 eV. For the blends
with Ceo, reduced EQEpy and EL curves are plotted on a logarithmic
scale, on which for ZnPc:Cg, an additional CT absorption band
becomes visible. The EL spectrum of the blend is dominated by CT
emission. Fits of EQEpy and EL with respectively Eq. (1) and (2) yield
similar values for Ecr, which coincide rather well with the crossing
point of the spectra at 1.17 eV. Fluorination of the phthalocyanine
donor leads to a decrease of both its HOMO and LUMO. Therefore,
we observe a blue-shift of the CT absorption band for F4-ZnPc:Cgo
blend as compared to ZnPc:Cg. In fact, the CT absorption becomes
indistinguishable from the neat F4-ZnPc absorption tail. A fit of the EL
spectrum with Eq. (2) and the crossing point between reduced EL and
EQEpy yield an Eggenergy of 1.46 eV, i.e. 60 meV lower than the Eqp:
of F4-ZnPc. In this case optical transitions related to CT state
excitation and low energy Fi-ZnPc excitation are indistinguishable.

With the knowledge of Eqpt and Ecr for both material systems, we can
now perform a detailed analysis of the voltage losses, summarized in
Figure 3c and 3f. The Voc was measured under simulated solar
illumination for both ZnPc:Cgp (Voc=0.56V) and FsZnPc:Ceo
(Voc=0.73 V) with the latter being 0.17 V higher.

The conversion of the lowest energy singlet excited state on the
donor to a freeelectron-hole pair with a chemical potential eVoc
occurs at the cost of AEjess, given by

AE)pss = Eopt — eVqc (3)

The associated voltages losses AVioss = AEjoss/€ are 0.97 V for ZnPc:Ceo
and 0.79 V for F4-ZnPc:Cgo. The lower loss for F4-ZnPc:Cg is largely
due to a reduced energy loss in the charge-transfer process,



converting a relaxed phthalocyanine singlet exciton to a relaxed CT  ignores exciton binding and polarization energies. Indeed, in the
state. initial photo-induced electron transfer event, donor (or acceptor)
excitons, with minimum energy (Eqpt) are converted to CT states, with
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LUMO(D) (HOMO(A)), converted to free electrons (holes) in the
LUMO(A) (LUMO(D)) would certainly be wrong.

While the electron transfer process in ZnPc:Ceo is accompanied by a  The chemical potential at open-circuit conditions, eVoc is lower as
AEcr of 0.36 eV, this loss is only 0.06 eV in Fs-ZnPc:Ceo, and the compared to Ecr due to recombination of free charge carriers.
absorption and emission tails for blend and neat F4-ZnPc almost

coincide. Here, we want to emphasize that the optical determination AV = iECT — Voc (5)

of AEcr, as described above, is a much more accurate way of

determining the “driving force” for charge transfer as simply taking  For ZnPc:Cep, the recombination loss AViec is 0.61 V while for
the LUMO(D)-LUMO(A) or HOMO(A)-HOMO(D) difference, which  F,ZnPc:Cg the total voltage loss is almost fully due to recombination.

Figure 3: Examples of determining the Eopt and Ecr for 2 different OSCs: (a) neat ZnPc, (b) ZnPc:Ceo and (d) neat F4-ZnPc, (e) Fs-ZnPc:Ceo. In every
sub-figure, the black arrow shows the position of the crossing point between reduced and normalized EQEpv and EL spectra. (c) and (f) summarize
the voltage losses in the two exemplary devices. The Eop: of the donor and Ecr of the blend are obtained as described in the main text, Vraq is
calculated from the EQEpy spectra, and Voc is measured at 1 sun illumination for the corresponding device. Further details on the voltage losses
are given in the main text.



In general, recombination losses often comprise a substantial
fraction of the total voltage losses in OSC and are often found to be
around 0.6 V, when V¢ is measured at room temperature and under
1 sun illumination.10.11

To understand the origin of the recombination caused voltage losses
in more detail it is useful to consider the influence of radiative and
non-radiative recombination on Voc separately. When only radiative
recombination would occur, Voc would reach its upper limit, the so-
called V;, which can be calculated as:1213

%= il (6)

where Jsc is the short-circuit current density obtained by integrating
the product of the EQEpy spectrum and the solar AM1.5g spectrum,
and Jo' is the radiative limit of the dark current, obtained by
integrating the product of the EQEpy spectrum and black body
spectrum at room temperature. More details on this procedure,
which assumes thermal equilibrium between CT states and free
carriers, can be found in ref. 13.

Voltage losses due to radiative recombination, AV; are given by
1
AV, = ~Ecr — Vi (7)

They are in a sense fundamental, because they are a direct
consequence of the fact that OSCs absorb light.24 From the available
sensitively measured EQEpy spectra we calculate a V. of 0.93 V for
ZnPc:Cep and a V, of 1.12V for F4ZnPc:Ce, corresponding to
AV,=0.24V and AV,=0.34 V, respectively. The latter radiative losses
are higher due to stronger absorption of the radiatively recombining
species in F4ZnPc:Cgo.

The difference between the radiative limit of the Vo, the V,, and the
in reality measured Voc corresponds to non-radiative voltage losses,
AVnr

AVhr = = Voc (8)

They are due to non-radiative decay processes. It has been shown
theoretically and experimentally that:

k —
AV, = “2In(EQEz (©)

With EQEg being the quantum yield of radiative decay, which is the
ratio of the radiative recombination rate to the total sum of radiative
and non-radiative recombination rate. To determine AV, via a
measurement of EQEg one should take care that the applied
injection current is low, so that quasi-equilibrium conditions are
ensured and the charge density in the device corresponds to that
under solar conditions. For ZnPc:Ceo and FsZnPc:Ceo these AV, are
0.38V and 0.39V, respectively. In both cases, this is a substantial
part of the total recombination losses, corresponding to an EQEg, of
about 3x1077, which is a low value as compared to other photovoltaic

technologies. The resulting large non-radiative voltage losses have
been proposed to be intrinsic for fullerene OSCs, limiting their
maximum achievable power conversion efficiency.1!

Temperature and illumination intensity
dependence of the voltage losses

For an analysis of the voltage losses, one should keep in mind that
Voc is temperature and illumination intensity dependent. Most
expressions for Voc are of the general form:1>

Voc = Vo — BTIn(Jpn) (10)

Hereby is Jon the photocurrent density and 3, a temperature and light
intensity independent parameter. The extrapolation of temperature
dependent Voc measurements to 0K leads to Vo and delivers g,
which depends on the details of the free carrier recombination
processes.

For OSCs, Vo has been found to correspond to Ecr, rather than
HOMO(D) — LUMO(A).1316 |t has been shown that this is due to the
fact that the CT states are in thermal equilibrium with the free charge
carriers.1718 As a result, the total recombination losses AV,
radiative and non-radiative, are temperature dependent. Besides the
optical method described above, temperature dependent
measurements of Voc therefore provide and an alternative method

to determine Ecr and the recombination losses.

Even when static disorder is present, the absorption and emission
tails which are already broadened by electron phonon coupling are
additionally broadened by the site energy spread. When fitting EQEpy
and EL with equations (1) and (2), this will result in a temperature
dependent Ecr. However, the extrapolation of Voc to 0 K will still
correspond to the extrapolation of Ecr to 0 K.27 Therefore, the optical
method of determining Ecr and the temperature dependent Voc
method are consistent with each other.13

Minimizing energy losses for strongly absorbed
photons

To finalize this perspective, we summarize some of the

characteristics which benefit low-voltage-loss OSCs. As exemplified
by the ZnPc:Ceo and F4-ZnPc:Ceo systems, increasing Ecr to minimize
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AEcr can be done by chemical design, controlling the frontier energy
levels of donor and acceptor. For several new donor-acceptor
combinations for OSCs, AEcr is vanishingly small, while still high EQEpy
values can be achieved.51920 |n those cases, the recombination losses
AViec are the dominant ones. Up to now, only few strategies to
suppress these losses have been proposed, including the suppression
of the donor-acceptor interfacial area to reduce AV;,21-23 and the use
of a cascaded device architecture, suppressing partly AV,.>

It is however important to note that even if the voltage losses Eqpt-
eV, are minimized, this does not necessarily mean that the solar cell
will be highly efficient. Complementary to a high Voc, a high PCE
requires also high photocurrent and FF. For this to be the case,
charge generation and extraction has to be efficient at low AEcr and
the EQEpy needs to be high (near unity) for all photons with an energy
higher than Eop.. However, the shallow absorption edge of organic
materials results in low EQEpy for photon energies close to Eqp: (see
Figure 4a).

We have recently introduced a metric which takes this into account
and considers voltage losses for strongly absorbed photons, at the
low-energy tail of the EQEpy spectrum, as the difference Eegge - €Voc.”
Hereby Eegge is defined as illustrated in Fig 4b. For efficient solar cells,
a low difference Eeqge - €Voc at very high EQEegge is required. Energy
losses related to the steepness of the main absorber’s absorption
edge are quantified by Ecgge— Eopt, implying that for OSCs exhibiting
the desired steep absorption edge, the Eedge— Eopt Offset will be
minimal. To keep these losses low, Figure 2 shows that small low-
frequency relaxation energies of the neat material excitons are
required.

The determination of the voltage losses for strongly absorbed
photons with this metric requires only standard EQEpy and J-V

measurements. This has the advantage that basically every
photovoltaic device whose EQEpy spectrum and J-V curve are known
can be compared in terms of voltage losses. However, for a deeper
physical insight and identification of the voltage limiting factors,
exact determinations of Equt and Ecr are essential.

Concluding statement

More systematic analysis of voltage losses of future donor-acceptor
combinations for organic photovoltaics is required for a rigorous
comparison between results and materials from different research
groups. With this perspective, we encourage the reader not to use
ill-defined absorption onsets, at which virtually no photons are
absorbed, as reference point for voltage losses. Nor do we promote
the use of HOMO and LUMO energy levels to determine the relevant
energies of excited states in OSCs. The optical measurements
described above, or temperature dependent measurements of Voc
contain much more useful and precise information. Finally, we would
also like to encourage researchers working on the minimization of
voltage losses in OSCs, to accompany claims of low voltage losses
with a measurement of the EQEg. (measured at an applied voltage of
Voc), since solar cells with truly low voltage losses will also be
efficient LEDs.
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