Competition between the charge transfer state and the singlet
states of donor or acceptor limiting the efficiency in
polymer:fullerene solar cells

Mark A. Faistl’z, Thomas Kirchartz', Wei Gongl’3, Raja Shahid Ashrafz, lain McCullochz,

John C. de Mello?, Nicholas J. Ekins-Daukes', Donal D. C. Bradley' and Jenny Nelson"'
'Department of Physics and Centre of Plastic Electronics, Imperial College London, South Kensington SW7
2AZ, United Kingdom
*Department of Chemistry and Centre of Plastic Electronics, Imperial College London, South Kensington SW7
2AZ, United Kingdom
*Key Laboratory of Luminescence and Optical Information, Ministry of Education and Institute of
Optoelectronics Technology, Beijing Jiaotong University, Beijing 100044, People’s Republic of China

Abstract

We study the appearance and energy of the charge transfer (CT) state using
measurements of Electroluminescence (EL) and Photoluminescence (PL) in blend films
of high-performance polymers with fullerene acceptors. EL spectroscopy provides a
direct probe of the energy of the interfacial states without the need to rely on the
LUMO and HOMO energies as estimated in pristine materials. For each polymer, we
use different fullerenes with varying LUMO levels as electron acceptors, in order to
vary the energy of the CT state relative to the blend with [6,6]-phenyl C61-butyric acid
methyl ester (PCBM). As the energy of the CT state emission approaches the
absorption onset of the blend component with the smaller optical bandgap, Eqptmin =
min{E,pt donors Eoptacceptor}» We observe a transition in the EL spectrum from CT
emission to singlet emission from the component with the smaller bandgap. The
appearance of component singlet emission coincides with reduced photocurrent and fill
factor. We conclude that the open circuit voltage V¢ is limited by the smaller bandgap
of the two blend components. From the losses of the studied materials, we derive an
empirical limit for the open circuit voltage: Voc S Egprmin/€ — (0.66 £ 0.08) eV.



I. Introduction

Solar cells made from solution processable materials such as polymer:fullerene bulk
heterojunctions have the potential to substantially reduce the cost of solar energy conversion,
provided their power conversion efficiency can be further optimized. In order to maximize

the power conversion efficiency of solar cells for a given optical bandgap E,, it is essential

pt>
to convert a high number of absorbed photons into collected charge carriers and to maximize
the free energy per extracted charge carrier, i.e. the voltage. The maximum free energy per
photogenerated charge carrier corresponds to the open circuit voltage. The difference
between eV measured as one sun equivalent light intensity and the optical bandgap Ep,
AE = E,,— eV is therefore a conventional way to quantify the energy loss of a solar cell.'?
In organic solar cells, AE is typically between 0.8 ¢V and 1.3 eV,>” much larger than the
difference between band gap and Vo in crystalline silicon solar cells®” of around 0.4-0.5
ev.'?

While in inorganic solar cells an absorbed photon directly creates a pair of free carriers,
in organic solar cells an absorbed photon results in a tightly bound exciton due to the low
dielectric constant of the organic absorber materials.'"'* To separate this exciton into free
charge carriers, a type II heterojunction between an electron accepting and an electron
donating material is required. The energy offset at the type II heterojunction allows efficient
charge separation,”” but introduces an additional energy loss. After exciton separation, the
charge carriers form a charge transfer state with an energy E¢r. Different definitions for the
energy Ecr exist,'*'® but all are related to the energy of the free charge carriers, the electron
residing on the lowest unoccupied molecular orbital (LUMO) of the acceptor and the hole
residing on the highest occupied molecular orbital (HOMO) of the donor. Scheme 1 depicts
the different energy levels involved, namely the minimum of the absorption onset of donor
and acceptor Eqpemin = MIN{Eqyt donor; Eopt, acceptor}s the CT state as well as eV, the free
energy of an electron at the cathode at open circuit voltage. As a definition for the CT state
we employ the definition used by Tvingstedt et al, which relates the CT state to its
electroluminescence emission peak.'’ This emission originates from a charge transfer exciton
formed by free charge carriers that have previously been injected from the electrodes. For
simplicity, we will refer to this emission simply as CT emission.
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Scheme 1: Energetic losses in a type Il heterojunction organic solar cell: AE¢s is the loss between the smaller
absorption onset of the two blend components E,p,; min and the peak of the CT state electroluminescence
Ecr L AEyg is the loss between E¢rgand the free energy of an electron at open circuit voltage eV, ; AE is the
total energy loss

The definition of Ecr gy, allows us to divide the loss AE = E,— eV between absorption
onset E,,c and open circuit voltage Voc into two quantifiable contributions AEcs and AEyg:
AEC.S‘ = Eopt

AENG = EcreL— €Voc , a loss linked to nongeminate recombination.

— Ecr g1, a loss related to the energy offset required for exciton separation and
18-20

Minimizing AEs by raising the energy of the CT state while still enabling efficient
charge separation is consequently one of the main design strategies for new donor and
acceptor materials.”' Several studies have shown that if the CT state energy is raised above a
certain threshold, it competes with other neutral excited states.”>> Westenhoff et al. studied
polymer:polymer blends with high open circuit voltages and suggested triplet excitons as loss
pathway limiting generation of separated charges.** Fullerene triplet excitons were detected
in polymer:fullerene blends with high CT state energies, but it remained unclear whether
these were formed by energy transfer from the CT state or populated from the fullerene
singlet®>¢

One of the main restrictions of these and other studies is, however, the difficulty
of measuring an absolute value for Ecr. Usually it is estimated from energy levels of the
pristine materials which are subject to large uncertainties. A famous example is the lowest
unoccupied molecular orbital (LUMO) of [6,6]-phenyl C61-butyric acid methyl ester
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(PCBM), the typically used acceptor material in organic solar cells. The reported LUMO
values vary between -3.7 ¢V and -4.3 eV.">?" Even if the determination of energy levels is
done with one consistent method in pristine materials, the results may not be transferable to
blend films and devices, because effects such as aggregation, crystallization and interface
dipoles can shift energy levels by up to 0.5 eV.>>” These uncertainties in energy levels are
relevant for material design rules and for the estimation of efficiency potentials as done by
Scharber et al.””



The present paper uses electroluminescence (EL) and photoluminescence (PL) measurements
of polymer:fullerene devices and films to study the relationship between interfacial energetics
and charge generation and recombination. EL spectroscopy probes the emissive states
directly in working devices and allows a quantitative determination of the energy of the CT
state by measuring its emission.'” We alter the energy of the CT state by combining a series
of polymers with different fullerenes featuring a 400meV-range of LUMO energies, using
PCBM and indenofullerenes with one (ICMA), two (ICBA) or three (ICTA) adducts as
acceptors. This allows us to explore the effect of reduced AEcs on photocurrent generation
and electroluminescence emission. We observe that if the energy of the CT state approaches
the smaller absorption onset of the two blend components Eqy¢min, activation of the
component singlet occurs. This appearance of singlet emission coincides with a reduction in
photocurrent and therefore poor device performance. This allows us to derive an empirical
limit for CT state energy and Vo relative to Eqpemin-

II. Experimental details

Poly(3-hexylthiophene) (P3HT) was purchased from Merck, Poly((4,4"-bis(2-
ethylhexyl)dithieno[3,2-b:2',3'-d]silole)-2,6-diyl-alt-(4,7-bis(2-thienyl)-2,1,3-
benzothiadiazole)-5,5'-diyl) (SiPCPDTBT) was received from Konarka, Poly(2-methoxy-5-
(3'-7'-dimethyloctyloxy)-1,4-phenylenevinylene (MDMOPPV) from Sigma-Aldrich and
60PCBM from Nano-C. The indenofullerenes (ICMA, ICBA, ICTA) were received from
Plextronics. Poly((9,9-dioctylfluorenyl-2,7-diyl)-alt-5,5-(40,70-di-2-thienyl-20,10,30-
benzothiadiazole)) (PFODTBT) was synthesized as described in the Supplementary
Information.

Bulk heterojunction (BHJ) solar cells were prepared by cleaning patterned ITO in detergent,
acetone and isopropanol. A layer of PEDOT:PSS was spin coated onto the ITO substrates at
2000rpm and annealed at 150°C for 20 minutes. Subsequently, the active layer solution was
spin-coated on top (P3HT:fullerene (dissolved in chlorobenzene (CB) at 1:1 wt%, 40 mg/ml),
MDMO-PPV:fullerene (CB, 1:4 wt%, 25 mg/ml), SiPCPDTBT (dissolved in ortho-
dichlorobenzene (ODCB), 1:2 wt%, 40 mg/ml), PFODTBT (ODCB, 1:4 wt%, 30 mg/ml)).
Vacuum-deposited aluminum (MDMOPPV:PCBM, PFODTBT:PCBM) or
calcium/aluminium (P3HT:PCBM, SiPCPDTBT:PCBM) was used as cathode. All the
devices were encapsulated in a nitrogen-filled glovebox.

Differential Pulse Voltammetry (DPV) was performed as reported before,”® using a 0.1 mM
solution of the fullerenes in Acetonitrile with TBABFg as electrolyte. Electron affinities were
measured against ferrocene as internal standard, using platinum as working and counter
electrode and Ag/AgCl as reference electrode.

Electroluminescence (EL) was measured using a Princeton Instruments Acton SP 2500
spectrograph combined with a liquid nitrogen cooled InGaAs photodiode array (Acton



OMAV:1024). Spectral intensity was corrected with the spectrum from a calibrated halogen
lamp. All blends shown here are measured at comparable forward current (blends with
SiPCPDTBT, MDMOPPV and P3HT at 200 mA/cm’, blends with PFODTBT at 400
mA/cm?). Compared to lower currents, peaks change very little in shape or position (see
Supplementary Information). The peak position is calculated by integrating the peak and by
defining the peak position as the point where the integral is half its maximum.

Photoluminescence (PL) was measured with the same detector system using a 473 nm diode
laser as excitation source and corrected for the absorption at the excitation wavelength
measured using a Shimadzu UV-2550 spectrometer.

III. Results

To explore the effect of reduced band offsets at the heterojunction on the generation of
charges, we investigated blends that show a high open circuit voltage first. Copolymers of
fluorene with thienyl benzothiadiazole such as PFODBT lead to the highest reported Vi
values (1.0 V) among polymer:PCBM solar cells with a power conversion efficiency (PCE)

3941 The analysis by Vandewal et al. suggests that Voc and energy of the CT
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larger than 4%.
state are correlate thus for these materials we expect Vc and CT state energy to be close
to the highest possible values that are still compatible with efficient charge separation. To
explore these limits, we studied blends of PFODTBT with ICMA and ICBA, fullerenes that
have a higher lying LUMO level than PCBM (Table 1), and that have been shown to increase

Voc in blends with P3HT,* the most-studied organic photovoltaic material.***

Donor Molecular structure Vocin HOMO level CT peak

polymer BHJ [eV] reported | position (with
with PCBM)
PCBM

PFODTBT 0.99 + 5.8°% 1.32+0.05
0.03

MDMO- 0.85 + 53% 1.19+0.03

PPV 0.02

P3HT 0.58 + 4.6°° 0.89 = 0.03
0.02 5.0%

Si- 0.60 + 5.0 0.97 = 0.02

PCPDTBT 0.02




Acceptor Molecular structure LUMO LUMO level
molecule level [eV]
[eV] measured*
reported
PCBM 3.7 -3.74 +0.02
43"
391 %
ICMA -3.86 % -3.70 + 0.02
ICBA** 3.72% -3.55+0.02
ICTA** -3.36 £0.05

Table 1 Donor polymers (top) and acceptor molecules (bottom) used in this study (* measured in solution by
DPV, ** fullerene multiadducts are a mixture of different isomers, only one isomer is shown)

Figure 1a shows the electroluminescence from PFODTBT blends with PCBM, ICMA and
ICBA (1:4). The blend with PCBM shows a red-shifted emission compared to both blend
components which most likely originates from the CT state.'” We find the peak centre of this

emission at 1.32 eV £ 0.05 eV, around 0.33 eV above eV.

If we now replace PCBM by ICMA, a fullerene with slightly higher LUMO level, we observe
a change in the peak shape that we ascribe to a contribution from the fullerene single which is

also shown in the figure.
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Figure 1: a) Electroluminescence (EL) of devices with PFODTBT blended with PCBM (black), ICMA (green)
and ICBA (red) as active layer. EL of a device with only ICBA as active layer is shown for comparison (grey).
The small peak at 1.37 eV is a measurement artefact b) Photoluminescence of polymer blends and an ICBA film,
corrected for the incoming photons at excitation wavelength (473nm), ¢) Current-voltage curves of devices with
blends of PFODTBT with PCBM, ICMA and ICBA (1:4), measured at approximately | sun illumination



In the case of the PFODTBT:ICBA blend, emission from the fullerene is dominant and no
emission from the CT state is visible. The spectrum remains unchanged in a 4:1 mixture of
the PFODTBT:ICBA blend, making it unlikely that the fullerene emission arises from direct
injection of electrons and holes into large fullerene domains in which electrons and holes are
injected from the electrodes (see Supplementary Information).

This data suggest that, the higher we raise the energy of the CT state in the blend, the more
likely it is that the injected charges are activated into the fullerene and recombine via the
fullerene singlet. Photoluminescence data (Figure 1b), corrected for the number of absorbed
photons, shows a similar trend. In the blend of PFODTBT with PCBM, the
photoluminescence from PFODTBT is strongly quenched (>99%) compared to the pristine
film, while a weak red-shifted emission is observed, composed of PCBM singlet emission
and CT state luminescence. Emission from the blend with ICBA, however, is similar in
relative and absolute terms to the emission of the pristine ICBA film, even though at the used
excitation wavelength around 50% of the photons are absorbed by the polymer. This implies
that excitons absorbed by the polymer are transferred to the fullerene, where they decay and
do not separate into free carriers. The photocurrent (Figure 1c) is greatly reduced for the
blend with ICBA as compared to the blends of PFODTBT with PCBM and ICMA.
PFODTBT:ICMA shows some PL emission from the fullerene as well, but this could equally
originate from micrometer-sized fullerene domains we observed in microscope images (see
Supplementary Information). In summary, we see that for PFODTBT blends, a reduction of
photocurrent correlates with the strength of fullerene emission visible in EL and PL.
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Figure 2: a) Electroluminescence (EL) of devices with MDMOPPYV blended with PCBM (black), ICBA (red)
and ICTA (blue) as active layer. EL of a device with pristine ICTA is shown for comparison (gray). The small
peak at 1.37 eV is an artefact of the detector; b) Electroluminescence of blends with P3HT blended with PCBM
(black), ICBA (red) and ICTA (blue) as active layer. EL of a device with pristine ICTA is shown for comparison

(gray)

A similar transition in EL emission from CT-state to fullerene emission can be observed
when the polymers MDMO-PPV and P3HT are blended with fullerene multiadducts (Figure
2). In blends of MDMOPPV:PCBM, the eV and the emission from the CT state are around
0.2 eV lower compared to PFODTBT and the transition to fullerene emission occurs in
moving from ICBA to ICTA (Figure 2a). In the CT emission of MDMOPPV:ICBA a
fullerene shoulder is clearly visible and the blend with ICTA is dominated by fullerene
emission. For P3HT blended with ICBA, Eg cr s at 1.13eV, still far below the fullerene
singlet, and only emission from the charge transfer state is visible. The shape of P3HT:ICTA
blend emission, however, strongly resembles the emission from ICTA. Again, the
observation of a strong fullerene component in the EL correlates with reduced photocurrent
(see Supplementary Information). The CT EL quantum yield in blends with P3HT, however,
is much lower than the quantum yield of the respective fullerene singlets. This suggests that



the emission from the P3HT:ICTA CT state may be masked by the EL emission of the
fullerene singlet. This could explain why we see fullerene emission rather than a mixture of
fullerene and CT emission.

A clear transition from CT emission to fullerene has been observed in all blends in which the
optical bandgap of the fullerene is smaller than the optical bandgap of the polymer. To study
the opposite case in which the polymer bandgap is smaller than the fullerene bandgap
(Eopt,donor < Eoptacceptor)s We blend the fullerenes with Si-PCPDTBT. This polymer has an
absorption onset of around 1.5 ¢V,*® lower than the absorption onset of the fullerene (1.7 V).
Figure 4 shows EL, PL and device data of SiPCPDTBT and its blends.
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Figure 3: a) Electroluminescence (EL) of devices with SiPCPDTBT blended with PCBM (black), ICBA (red)
and ICTA (blue) as active layer. EL of a device with pristine polymer is shown for comparison (magenta); b)
Photoluminescence (PL) of SIPCPDTBT films blended with PCBM (black), ICBA (red) and ICTA (blue) from
an excitation wavelength of 473 nm. The small peak at 1.37 eV is an artefact of the detector; ¢) Current-voltage
curves of devices with blends of SIPCPDTBT with PCBM, ICBA and ICTA (1:2), measured at approximately 1

sun illumination
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It is clearly visible in Figure 3a that in the case of a low polymer bandgap, a transition from
CT state to polymer singlet occurs in the EL emission, as opposed to the fullerene singlet
emission observed in the previous blends. The blend with ICBA shows a mixture of CT state
and polymer singlet emission while the blend with ICTA is dominated by polymer emission.
Once more, a reduction of photocurrent and fill factor is observed with increased singlet
emission, this time from the polymer. For the SiPCPDTBT:ICTA blend, the
photoluminescence of the polymer is not quenched well (Figure 3b), showing that charge
separation or energy transfer from polymer to fullerene is greatly reduced in this blend,
owing to the small energy offset between polymer singlet and CT state.

Despite the fact that at the excitation wavelength of 473 nm around 2/3 of the photons are
absorbed by the fullerene, no fullerene emission is detected in any of the blends’ PL emission.
This fact, together with extremely small polymer emission observed in PFODTBT:ICBA,
shows that energy transfer between the components is considerably faster than singlet exciton
decay in polymer and fullerene.

IV. Discussion

We found that in all studied blends with PCBM, the EL spectrum is dominated by emission
from the charge transfer state with the energy Ecr g, (Scheme 2a,b). As we replace PCBM by
fullerene adducts with higher lying LUMO levels, Ecrgy, rises similarly to the shift in
acceptor LUMO level. As E¢r gy, approaches Eope min (Scheme 2¢,d), the observed emission is
a composition of CT emission and component singlet emission. Ultimately, for very small
AEcs = Eoptmin — Ecr gL, €mission from the lowest component singlet in the blend dominates.
As singlet emission appears in the EL spectra, photoluminescence from the excited singlet is
less well quenched and and photocurrent is reduced.

12
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Scheme 2: Electroluminescence in polymer:fullerene blends: a), b) if CT state is significantly lower than any
component singlet in the blend c), d) mixture of CT state emission and component singlet emission as the CT
state energy approaches the energy of the lowest singlet of both blend materials. The icons next to the arrows
represent the peak shapes of the EL emission

We find that electroluminescence to be a powerful tool to study the CT state because of its
ability to directly probe the interface states. Photoluminescence generally contains
contributions from not separated intramolecular excitons. These contributions are strongly
morphology-dependent and overlap with the intermolecular CT emission. In the case of
P3HT, the contributions from component excitons even cover the CT emission completely.
The EL emission, in contrast, arises from recombination at the polymer:fullerene interface.'’
This implies that singlet states visible in EL must be populated either through energy transfer
from the CT state or through charge transfer from one component to the other. It is not
possible, however, to distinguish these two different mechanisms within our experiment.
Morteani et al. have studied polymer:polymer blends and have shown with temperature-
dependent measurements that energy transfer from the CT state dominates below 4V, with an
endothermic activation energy of 200 meV + 50 meV.”' ™ Since all of the presented EL
spectra have been measured at voltages smaller than 4 V, this would suggest that the principal
mechanism is energy transfer from the CT state to a component singlet. The activation energy
of 200 meV corresponds to about twice the width of the density of states (DOS) of an organic
semiconductor,”® which may suggest that singlet emission is linked to an overlap of CT state
emission and singlet absorption. Activation might also be facilitated by the increased
energetic disorder of fullerene multiadducts® that broaden the DOS and can ease activation.
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The activation of the component singlets observed in the EL is relevant for device operation
and charge separation. Singlet population from the CT state — regardless whether the
mechanism is energy transfer or charge transfer — indicates that the offset at the type II
heterojunction is so small that endothermic activation is possible. For such a small offset, the
net rate for charge separation might be significantly reduced, increasing geminate
recombination of excitons on the component with lower optical bandgap increased. This is
especially relevant for polymer:fullerene blends with Eqp gonor < 1.70 €V, where — due to the

low fullerene absorptivity — most of the current is generated by the component with lower
singlet energy. In blends with higher bandgap polymers (Eopqonor > 1.70 €V), charge
separation could occur directly from the polymer via electron-transfer to the fullerene®® and if
at short-circuit charge carriers are unlikely to return to the interface, photocurrent may still be
high. At open circuit, however, where losses via interfacial recombination are more important,
an additional nongeminate recombination pathway through singlet activation is available,
reducing fill factor (FF) and open circuit voltage of the solar cell. We have observed this
reduction in Vyc and FF for all blends with at least partial singlet emission (see
Supplementary information), but other factors such as microstructure, transport or shunts can
affect these indicators for device performance as well, so a quantification is not possible in
this case.

It is possible, however, to quantify different types of energetic losses using the energy of the
CT electroluminescence. We observe a large range of values for AE¢s in the studied blends,
with P3HT:PCBM showing the highest value of 0.81 eV. In PFODTBT:PCBM, the blend
with the smallest observed AE (g that still produces high photocurrent, the threshold to partial
singlet emission occurs at a CT emission peak of around 1.35 eV, about 0.35 eV below the
fullerene bandgap of (1.70 £ 0.02) eV: AEcg min = (0.35 £ 0.05) eV. The value of AE¢g yin
might to differ as function of the donor polymer, but previous studies indicate that donor
block-copolymers with benzothiadiazole (BT) as acceptor unit (as PFODTBT) show charge
generation at low energetic offsets.”’ In all our studied polymers we find that if AE falls
below 0.35 eV, the blend enters a transition region (0.35 < AEg < 0) in which component
singlet activation becomes possible and the net rate for charge separation, fill factor and
photocurrent are likely to be reduced. AEg represents the additional energetic loss needed to
separate excitons bound by the low dielectric constant of the organic materials, a loss not
present in inorganic solar cells. For crystalline silicon, for instance, the difference between
optical bandgap and peak EL emission is equal to the energy of an optical phonon minus the
thermal energy kT, which is around 0.03eV.**® .

The blend with the smallest observed AEyg is P3HT:PCBM with AEyGmin = (0.31 %
0.03) eV. P3HT is well-known for long lifetimes®® as well as high mobilities in the blend™
that have been associated with small losses through nongeminate recombination.”’ All of the
measured blends show quite similar values for AEyg: 0.3 eV < AEyg < 0.4 eV, in agreement
with reports by Vandewal et al.'* Interestingly, these losses are comparable or smaller than
the losses between the EL peak (1.09 eV) and the typical eV (700 mV) in crystalline silicon
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solar cells.® To understand the difference between organic bulk heterojunction solar cells and
classical crystalline semiconductor solar cells better, it is instructive to split the nongeminate
losses further into radiative and non-radiative losses. The reason for the fact that BHJ solar
cells have nongeminate losses that are comparable or smaller than those in ¢-Si is due to the
fact that the radiative losses in BHJ solar cells are small compared to the radiative losses in
many inorganic solar cells. Thermal emission of a body depends according to Kirchhoff’s law
on the black body spectrum and the absorptance of the body. Luminescent emission of a
semiconductor diode follows a similar law and depends on the black body spectrum ¢y,
voltage ¥ and photovoltaic external quantum efficiency O of the device according to

P = Qeproexp (L), (1)

with k£ being the Boltzmann constant and 7 the temperature. This equation holds for pn-
junctions with linear recombination rates," i.e. it is an excellent approximation for c-Si and
other inorganic materials, but even for organic solar cells there is evidence that this equation
provides a decent approximation.*** According to Eq. (1), the radiative losses are high,
when the quantum efficiency at the EL peak is high, i.e. when there is only a small shift
between EL peak and absorption onset. This shift is rather massive in bulk heterojunction
solar cells, because the quantum efficiency at the CT state is always very low compared to
the peak quantum efficiency, while the the shift is rather small for inorganic solar cells. The
radiative open circuit voltage Vocrad 1S the hypothetical open circuit voltage that a solar cell
would have if there was only radiative recombination. This open circuit voltage can be

calculated from EL and quantum efficiency measurements as described before®** using
kT J.
Vooras = Tin (L), )
ocrad = g q [ QcpvrdE @)

with g being the electric charge. The energy eV ad, corresponding to the radiative open
circuit voltage is often close to the EL peak in organic solar cells (e.g. Vocrad(PFODTBT) =
1.34 V, EgLcr (PFODTBT) = 1.32 eV), while the eV a4 of crystalline semiconductor solar
cells is considerably below the band gap (e.g. Vocraa(c-Si) = 864 mV, E, (c-Si) = 1.124
eV).”*** The non-radiative losses in organic solar cells are huge compared to the radiative
losses (hence the low luminescence efficiency of the CT state)** but they are small compared
to crystalline silicon solar cells, if we compare the difference between the peak of the EL and
the V.. This is probably due to the blend structure that separates electrons from holes and
suppresses nongeminate recombination. Further reduction of nongeminate recombination by
reducing the concentration of localized states®®® which facilitate recombination is thus an
additional promising pathway to higher efficiencies because of its positive effect on both V.
and the fill factor.

Going back to the losses due to charge separation and nongeminate recombination, we can

now investigate lower limits for energy losses in organic solar cells. The sum of the two
minimal losses AEcg iy and AEng min €nables us to set an empirical limit for the open circuit
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voltage of an efficient organic solar cell. The V, is limited by the smaller optical bandgap of
either donor or acceptor minus a minimal energy loss:

eVOC S min{Eopt,donor; Eopt,acceptor} - AEmina (3)
with
AEpin = AEcsmin + AEngmin = 0.35 eV + 0.31 eV = (0.66 + 0.08) eV. (4)

This is in good agreement to a value of 0.6 V reported by Veldman et al.,’> but our study
provides substantial insight into the composition of this value.

The V¢ limit has implications especially for donors with optical bandgaps higher than the
fullerene (Eg > 1.7 V). Their open circuit voltage is limited by the fullerene to around 1V,
while most of the absorption occurs above the polymer bandgap, resulting in an additional
energy loss (e.g., 0.2-0.3 eV for P3HT and PFODTBT). This also explains why open-circuit
voltages of these polymer:fullerene solar cells have been limited to around 1 V.** Higher
open circuit voltages (1.2 V-1.4 V) have been observed solely in blends containing non-
fullerene acceptors with higher optical bandgaps.égf72 Different acceptors might therefore be
needed in organic tandem solar cells, for which the optimal bandgap may lay above 1.7 eV,

depending on the low-bandgap subcell.”

A research of the literature shows that the lowest energy loss reported for single junction
polymer:fullerene cells is AE = 0.69eV, realised in a blend composed of a
diketopyrrolopyrrole-based copolymer and PC;0BM.™ It features a relatively high fill factor
(FF = 0.60), but shows a low external quantum efficiency. The most efficient reported cells,
devices with 8.3% power conversion efficiency,””° operate at an AE = 0.85 eV — 0.90 eV.
Assuming AEyg < 0.4eV , this results in a AE.g > 0.45eV , indicating significant
improvement potential by reducing the energetic losses of the solar cells.

V. Conclusion

We used EL and PL spectroscopy to study a selection of high-performance polymers blended
with a series of fullerenes featuring different LUMO levels. Measurement of the
electroluminescence of the charge transfer state allows a determination of the CT state energy
directly in the device and is therefore much better suited to study the limits of the CT state
than methods based on the measurement of electrochemical energy levels measured in
pristine materials. We found that singlet activation in the EL occurs when the difference
AEs between the energy of the CT emission E¢rgp, and the lowest component absorption
onset Eqpemin » 1s smaller than 0.35 eV. This singlet activation is correlated to a reduction in

PL quenching and photocurrent generation: for 0 < AEcs < 0.35 eV, we observe a transition
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from working device with pure CT emission to devices with strongly reduced photocurrent
and predominantly polymer or fullerene singlet emission. This allows us to derive an
empirical limit for Vy for efficient polymer:fullerene solar cells which is related to the lowest
absorption onset of the components in the blend: V. S Egpmin/e — 0.66 V
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