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Abstract

In organic photovoltaic (PV) cells, the well-established donor-acceptor (D/A) concept
enabling photo-induced charge transfer between two partners with suitable energy level
alignment has proven extremely successful. Nevertheless, the introduction of such a hetero-
junction is accompanied with additional energy losses as compared to an inorganic homo-
junction cell, owing to the presence of a charge-transfer (CT) state at the D/A interface.
Based on the principle of detailed balance we have developed a modified Shockley-Queisser
theory, including the essential effects of interfacial CT states, that allows for a quantitative
assessment of the thermodynamic efficiency limits of molecular D/A solar cells. Key
parameters, apart from the optical gap of the absorber material, entering the model are the
energy (Ect) and relative absorption strength (ocT) of the CT state. We demonstrate how the
open-circuit voltage (Voc) and thus the power conversion efficiency are affected by different
parameter values.

Furthermore, we show that temperature dependent device characteristics can serve to
determine the CT energy, and thus the upper limit of Voc for a given D/A combination, as

well as to quantify non-radiative recombination losses. The model is applied to
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diindenoperylene (DIP)-based photovoltaic devices, where open-circuit voltages between 0.9

and 1.4 V, depending on the partner, have recently been reported.

1. Introduction

Harvesting solar energy can be established by several methods including natural processes,
like photosynthesis, or artificial processes, like photovoltaics (PV) and solar thermal heat
conversion. In the latter cases, the underlying basic principles are the solar thermal converter
and the photochemical converter, respectively.™? Solar thermal processes use the whole sun
spectrum to convert photo-induced heat into extractable energy, whereas photochemical
converters, like PV cells, only use sunlight exceeding a specific energy. Regarding this under
thermodynamic aspects, the Carnot limit exhibits the best description for solar thermal
processes being mainly classical heat engines, while photochemical converters have a more
stringent limit first described by Shockley and Queisser in 1961, which is of course consistent
with the Carnot theory.[34

The Shockley-Queisser (SQ) limit for inorganic homo-junction cells, considers detailed
balance between the absorbed and emitted photon flux in thermal equilibrium.B The
calculations are almost independent of the details of the internal photovoltaic conversion
processes and establish a correlation between band gap energy (Eg) and maximum attainable
open circuit voltage (Voc), short circuit current density (jsc), fill factor (FF) and power
conversion efficiency (). One of the central assumptions made for the calculation is based on
complete absorption of photons with energy exceeding the band gap of the semiconductor. It
further assumes that generated electron-hole pairs are directly available as free charges and
not as Coulombically bound excitons. In crystalline inorganic semiconductors this assumption
is reasonable, as high dielectric constants and efficient carrier screening lead to low exciton
binding energies, which can be overcome by the thermal energy at room temperature.

In contrast, the working mechanism of organic semiconductors is markedly different, most
importantly due to the excitonic nature of photo-excitations. Using them in photovoltaic
devices thus requires finding ways for an efficient dissociation of excitons with binding

energies of the order of 0.5 eV, mainly resulting from weak electronic delocalisation and low

dielectric constants.[®! In this context, the well-established donor-acceptor (D/A) concept
enabling photo-induced charge transfer between two partners with suitable energy level

alignment has proven extremely successful.[”# However, the hetero-junction concept entails
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an intrinsic energy loss in the dissociation process of excitons given by the energy difference

of the lowest unoccupied molecular orbitals (LUMO) and the highest occupied molecular
orbitals (HOMO) of both partners (see Figure 1), leading to a reduction of the open-circuit
voltage and thus of the overall device efficiency. Furthermore, charge generation and
recombination are no more exclusively related to the optical gap of the absorbers (Eg), but
additionally depend on the energy of the charge transfer (CT) state (Ect), which is formed at
the D/A interface and its relative absorption strength (act).*% While light absorption, and
with that the generated photocurrent of the solar cell, is still dominated by Eg as long as acT is
small, Ect severely affects charge carrier recombination and, accordingly, the open circuit
voltage of a solar cell, as will be discussed in detail in this paper.

Thus, for calculating the efficiency limits in organic D/A solar cells, the basic approach of the
SQ theory has to be modified to account for the peculiarities of organic semiconductors and
the energetic constellation determined by the D/A hetero-junction. Corresponding studies
have recently been performed, suggesting that a modified SQ theory is applicable to calculate

the radiative efficiency limits of organic hetero-junction solar cells.**l

In the present work, we follow the approach put forward by Giebink et al.¥l, however, we
extend their treatment in two ways. First, we investigate the influence of different absorption
strength act of the CT state on the open-circuit voltage and the overall PV efficiency. And
second, we demonstrate that the temperature dependence of Voc can be used to determine the
a priori unknown energy of the CT state. Additionally, the extended SQ limit is applied to a
novel small molecule planar hetero-junction solar cell system based on diindenoperylene
(DIP) and derivatives, where open-circuit voltages between 0.9 and 1.4 V, depending on the
respective partner, have recently been reported.[*° Relevant parameters, such as the energy
Ecr and absorption coefficient act of the CT state — both being crucial for the simulations —
are derived from experiment. Furthermore, the comparison of measured Voc(T) data to
simulations based on the here presented modification of the SQ theory allows to quantify non-

radiative recombination losses in this D/A system.

The paper is organized as follows: In the first part, we will introduce the basic principles of
the modified SQ limit, comprising a general discussion of its implications for organic solar
cells. Thereby the presentation of the theory is restricted to some basic formulae, as the
detailed procedure can be found in Ref.[31123 Special emphasis will be put on the role of the

CT state for the open-circuit voltage and its temperature dependence. The second part will
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focus on the temperature dependence of the open-circuit voltage of a DIP/Cesg planar hetero-

junction cell and its analysis by the afore-described modified SQ theory.

2. Modified Shockley-Queisser theory

Following to the classic work of Shockley and Queisser, our calculations are based on the
principle of detailed balance, which requires equilibrium between incoming sunlight and
radiation from the solar cell under open circuit conditions, both assumed as black bodies —
though at largely different temperatures (about 5778 K for the surface of the sun and 300 K
for the PV cell, respectively).l®l While the basic considerations of the original work — valid for
inorganic homo-junction solar cells — can be adapted, some modifications referring to the
electronic structure of organic hetero-junctions have to be included. The SQ theory assumes a
single-step function for the absorption coefficient, i.e. the absorption of the idealized solar cell
equals unity for photon energies above the band gap (E > Eg), while photons with energies
below Eg4 do not induce any effect. In organic solar cells, the high exciton binding energies
necessitate the introduction of a D/A hetero-junction with the concomitant possibility to form
a CT state with energy Ecrt, being lower than the optical gap of either of the two
semiconductors to ensure successful electron or hole transfer, respectively. The energetic
offset AE between both energy gaps (AE = Eq4 - EcT) acts as the driving force for the
photoinduced charge transfer (see inset Fig. 1).

Please note that the exciton binding energy itself is already included in the following
treatment by the convention that Eq denotes the optical gap of the semiconductor and not the
single particle or transport gap. It is also worth mentioning that we will not consider the
microscopic nature of the CT state (whether it is localized or delocalized and the decay rate;
see ongoing discussion) and also not the question if it is coulombically bound or not.[22 |n
our treatment Ecr is simply a parameter that determines at which energy radiative (and non-
radiative) recombination — required for detailed balance in a PV cell — occurs, thus governing
the open-circuit voltage measured under steady state conditions. How this energy is related to
values obtained, e.g. from photoelectron spectroscopy, remains to be investigated.

With the absorption of the CT state, ac, being in the range of 10 to 102 relative to the main
absorption ao in common bulk hetero-junction organic solar cellst??, the absorption spectrum

a(E) has to be extended by an additional step™?, resulting in
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0 for E<Eq
a(E)=4 a, for Eo <E<Eg, 1)

a,=1 for E>E,

where Egq is the optical gap of either the donor or acceptor material, depending on which of
both has the smaller value. This decisive assumption is illustrated in Fig. 1.
In accordance with Planck’s law, the number of photons per unit area and time, N(Ecr,T),

which is absorbed or emitted by the organic solar cell can be calculated as

© © -1 .
N(E.,,T) = E{Ta(E) -n(E,T)dE = E{T a(E).- hzs’fz {exp(kBETj—l} E2dE = é )
Therein n(E,T) is the flux of photons with energy E emitted by a black body at a certain
temperature T, h is Planck’s constant, ¢ the speed of light in vacuum, ke Boltzmann’s constant
and g the elementary charge. Following SQ this expression can now be used in two
fundamentally different ways: First, to calculate the photocurrent generated in the PV cell by
absorption of incoming sunlight; and, second, to quantify the emitted radiation by the PV cell
following from radiative recombination of carriers driven by a current through the device (in
the absence of illumination).

Under the assumption that each absorbed photon creates exactly one electrical charge, the
short circuit current of the solar cell (j = jsc) is determined by the fraction of sunlight being
absorbed by the solar cell, with T being the temperature of the sun (T = Ts ~ 5778 K) and s =
2.18-10°° being a geometrical factor, which accounts for the fraction of solar radiation
reaching the earth’s surface.l®! In analogy, the solar cell’s emitted black body radiation
equivalent (j = jo) can be expressed by radiative recombination of carriers under dark
conditions, where T now denotes the temperature of the cell Tc ~300 K and s = 1.

When the solar cell is operated under open-circuit conditions, the number of absorbed photons
must be equal to the emitted radiation flux. With the emission assumed as black body
spectrum at ambient temperature and by taking Shockley’s equation for an ideal diode (jdiode =
jo-(exp(g-V/ks-T)-1)) into account!?®l the open circuit voltage Voc of a solar cell can thus be

written as

v, = Xel -|n(‘_i+1]. @3)
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In this context jo is often denoted as reverse saturation current of the solar cell, which is
experimentally accessible via current-voltage characteristics under dark conditions.?-28! Note
however, that the value extracted from experimental j-V characteristics is — in contrast to its

meaning in Eq. (3) — not exclusively of radiative origin, but might contain a considerable

amount of non-radiative recombination current (see the discussion at the end of this section
for details).

In case of vanishing CT state absorption (act — 0) the theory outlined above exactly
describes the radiative limit for an inorganic homo-junction cell with a band gap energy Eg, as
derived by Shockley and Queisser. As we will show below, the presence of the CT state in
molecular D/A cells essentially does not change the short-circuit current jsc (unless the CT
absorption becomes comparable to the main material absorption), however, there will be a
significant loss in quantum energy affecting the open-circuit voltage already for very low CT
absorption strength. The reason is that with Ts ~ 5778 K the black-body spectrum of incoming
sunlight has its maximum at 0.79 eV and is fairly broad (see Fig. 1), while the corresponding
spectrum for radiation emitted by the PV cell at Tc ~ 300 K peaks at 0.041 eV (not visible in
the graph) and tails off very rapidly towards higher energy. As a matter of fact, there is
virtually no overlap with the main absorption at Eq and only recombination processes at Ect
will contribute to the recombination current determining Voc. Thus, to minimize the loss in
photon energy, smallest possible offset energy AE is favored, provided that it suffices for
effective photoinduced charge transfer. Veldman et al. showed that a minimal driving force of

AE >ca.0.1eVis necessary to populate the CT state, whereas usual values for organic

photovoltaic cells are found in the range of 0.3-1.1 eV.12"-%

Based on the considerations introduced above, Figure 2 shows the calculated short circuit
current jsc as a function of the optical gap Eg, assuming a fixed driving force for charge
transfer AE =0.5 eV and a CT state absorption of act = 103, There is essentially no difference
to the original SQ limit. Even for larger values of AE deviations from SQ are too small for
visualization, implying that charge generation is mainly determined by the optical gap Eg of
the contributing donor or acceptor. Both underlying solar spectra, the standardized air mass
1.5 global (AM1.5g) spectrum — used for subsequent calculations — as well as a black body

spectrum at 5778 K are depicted in the inset of Fig. 2.
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As discussed above, the influence of an existing CT state will be more pronounced, when

considering the open-circuit voltage dominated by radiative recombination. Figure 3 shows
Voc calculated from Eq. (3) with AM1.5g illumination at 1 sun and Tc = 300 K, as a function
of the optical gap for several values of AE and acr.

The limiting case of act — 0 or AE — 0 represents the original SQ limit, lying already below
the voltage equivalent of Eq due to unavoidable radiative recombination losses for finite cell
temperature. All other values of act and AE cause a further decrease of Voc. Thus, larger
driving forces for charge separation and higher absorption acr lead to increased
recombination from CT states, which manifests in a reduced maximum achievable open-
circuit voltage. The strong influence of AE on Voc emphasizes the demand for engineering the
HOMO-LUMO gap in optimized organic hetero-junction solar cells, especially since efficient

exciton dissociation is already fulfilled for AE > 0.1 eV. But not only AE plays an important

role in optimizing Voc; also a tuning of the CT state absorption act is necessary. For act = 1,
the hetero-junction equals the case of a homo-junction semiconductor in the classical SQ
theory with an effective band gap of E¢' = EcT, which indicates the lower limit for Voc in the
diagram. This can be achieved, if D and A are intimately mixed in a bulk-hetero junction
device, so that absorption from the CT state becomes the dominant electronic transition.
However, it is well known that such a situation is not favorable for charge separation and

transport.[4

The power conversion efficiency # of a solar cell is defined as the efficiency at the maximum
power point, i.e. 7= js -V - FF/ P, with Pr; being the intensity of solar illumination.
Figure 4 shows 7 as a function of the optical energy gap for several values of AE and the CT
absorption act fixed at 1073, All curves are characterized by a distinct maximum in efficiency,
visualizing the trade-off between preferably low band gap energies for efficient light
harvesting (high jsc) and large band gap energies Eq as requirement for high Voc. The
calculations predict a severe drop in the maximum achievable efficiency with increasing
energy level offset (AE) and a slight shift of the peak value to higher gap energies, starting
from 33.4 % at a band gap energy of Eq=1.34 eV for the original SQ limit (AE = 0) towards a
value of about 23.6 % at Eq=1.40 eV for AE = 0.5 eV. The inset demonstrates the
corresponding behavior of the fill factor. All in all, the decreasing efficiency for increasing
offset energy AE is mainly ascribed to the drop in open-circuit voltage. The influence of the

fill factor is less pronounced and almost no change in the short circuit current (cf. Fig. 2) is
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observed. A similar dependence was shown by Giebink et al., however, with peak

efficiencies being lower in magnitude there. The reason for this deviation can be found in the
underlying solar spectrum, which is an AM1.5g spectrum in our case instead of a black body
radiation as in Ref.[**]

The calculation of Voc for different CT state absorption strength acrt, as it was shown in Fig. 3,
implies a similar effect of act on the efficiency. A detailed analysis is depicted in Figure 5a,
showing both Voc and 7 as a function of act for a fixed value of the charge transfer driving
force (AE = 0.5 eV) with the cell temperature set to Tc = 300 K. Both, Voc as well as 7, show

a plateau for very low absorption of the CT state (act < 10°®), indicating the limiting case for
act — 0 (SQ limit at 300 K). Within this plateau, Voc reaches approximately 1.6 V entailing a

value of # around 25 %.

According to Fig. 5a, the efficiency features a second maximum at act = 1, because the CT
state absorption yields a significant contribution to jsc for act exceeding 1072, For this set of
data (Eg = 1.9 eV and AE = 0.5 eV) the second maximum is even higher than in the limit of
act — 0, because one now has a hypothetical semiconductor with an effective gap of Eg' = Eq4

- AE = 1.4 V. However, as discussed before, this case would require an intimate mixture of
donor and acceptor molecules, which, in turn, would lead to a full suppression of charge
carrier transport due to the absence of percolation paths.*Y For this reason, this second
maximum does not represent a case to be considered seriously. Conventional material
combinations exhibit values of acr ranging between 10 and 102, and are thus located around
the minimum of the efficiency curve.[??

These findings clearly show that suppressed CT state absorption and recombination are
essential requirements for maximum achievable organic PV efficiency. It was reported
recently that recombination rates can be reduced, if intermolecular coupling between donor
and acceptor are minimized.[?2323% This means that in terms of Marcus energy transfer the
electronic coupling matrix element from the CT state to the ground state should be as small as
possible, while the molecular reorganization energy should be increased, to maximize Voc.
However, too large values of the latter quantity will impede charge carrier and exciton

transport, leading to low short-circuit currents and fill factors.
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Another characteristic feature predicted by the SQ theory is the temperature dependence of

Voc. In the absence of non-radiative recombination, as assumed for the derivation of the SQ

limit, Voc(T) shows a temperature dependence given by eq. 3. This can be re-written ast3

Voo T) =%—Avs?f ) 4)

where AVoc™ represents the thermodynamically unavoidable loss in Voc due to radiative
recombination at finite temperature.

This is shown as an upper limit (for Eg=1.9 eV, act= 0 and AE = 0) in Figure 5b together
with different simulated curves for an excitonic solar cell with the same optical gap and AE =

0.5eV at various absorption strength of the CT state. All curves with act >0 end up in one
single value for Voc as T is approaching 0 K, which corresponds to the equivalent energy of
the CT state Ect/q, while the curve with act = 0 describes the original SQ limit for a band gap
energy Eg. As already discussed above, the case for act = 1 (and AE # 0) corresponds to a
homo-junction cell with E¢' = Ect. All other curves can be found within these two extremes.
Very small CT absorptions (act < 1029 result in a maximum of Voc at intermediate
temperatures; however, these values of act approach the limit of physical relevance and can
hardly be reached in practice. Interestingly, for a CT absorption close to 10 a nearly
temperature independent behavior of Voc is observed, which indeed has been found in some
experimental studies.®™ The important point, again, is that regardless of the value of acr all
curves of Voc(T) extrapolate to the same limiting value at T = 0, which represents the energy
of the CT state at the D/A interface.

However, before an unambiguous correlation between experimental data and simulations can
be drawn, another important factor influencing the temperature behavior of Voc has to be
considered, namely the presence of non-radiative recombination losses. Following the
reciprocity theoremf®®l, the losses in Voc due to non-radiative recombination can be expressed
via the electroluminescence quantum efficiency of the PV cell operated under forward bias
(carrier injection) conditions. Thus the total device current can be split into a fraction jo
yielding radiative recombination and another one, jnon(T), being responsible for non-radiative
recombination of charges, which usually is temperature dependent, too. Including this term in

Eq. 3 yields:
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kg T j
Voo =8l g Jsc 4
q JO(EgiT)+Jnon(T)

(®)

Taken all together, the open-circuit-voltage of an excitonic solar cell at finite temperature can

thus, in analogy to Eq. 4, be expressed as:

Eer

Voc (T) = - Avorgd (T) - Avggn (T) : (6)

(Although we did not make use of it, we would like to mention that analytical expressions for

both the radiative and non-radiative losses can be found in Ref.[?2])

With that in mind, two important consequences arise from the simulation results shown in
Fig. 5. One is that the knowledge of the CT energy and absorption strength for a given OPV
system will allow to quantify non-radiative losses from a comparison of simulated and
experimentally measured Voc(T) data, as we will show in the subsequent section. The other is
that, if non-radiative recombination is negligible, Voc at 300 K (where a PV cell would
normally be operated) can exceed the value of Ect/q, provided that the absorption strength of
the CT state is low enough (act < 10°), and can finally even reach the value given by the
original SQ limit for act < 10®. As discussed above, materials development towards this
direction entails both a big challenge but also a great potential.[*3 Apart from molecular
design, tuning of device architectures, process conditions, molecular orientations and film

morphologies are additional handles for achieving this goal.

3. Comparison to experiment

After having discussed some general features of the modified SQ theory we will now turn
towards its application to device data of an organic planar hetero-junction solar cell based on
diindenoperylene (DIP) and Ceo. Recently, DIP was successfully employed as donor in
organic solar cells, with its main advantage being found in the high ionization potential and
the favorable energy level alignment with the acceptor Ceo leading to high open circuit
voltages of up to 0.93 V.[**l Moreover, owing to its good transport properties®’-** combined
with a high electron mobility in Ceo“®4Y, PV cells exhibit high fill factors approaching 75 %.
We note that even higher Voc can be obtained, when DIP is used as acceptor in combination
with oligo- or polythiophenes.[*5]

10 10
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As outlined in the previous section, the temperature dependent measurement of the open-

circuit voltage is the most direct way to test the validity of the modified SQ theory for an
organic hetero-junction D/A cell and to assess some of its critical parameter values, most
importantly the energy Ecr of the involved CT state.

Before applying the theory to a real device stack, values for bulk absorption ag and the CT
state absorption act have to be determined. The bulk absorption of the organic semiconductor
materials is comparatively easy to obtain: Using standard transmission/reflection
measurements of the respective individual materials in combination with thin-film optical
modeling yield the absorption. Figure 6 (inset) shows the spectral dependence of the
absorption for thin films of both materials, DIP and Ceo 0n glass substrates (in agreement with
Ref.[*24%), The spectra imply that the main contribution to light absorption in a hetero-
junction device with comparable layer thickness of both materials (see below) will come from
the fullerene. Accordingly, the critical value for the optical gap entering the simulations is the
onset of absorption in Cgo at about 1.9 eV.

As mentioned before, CT absorption features are typically characterized by low absorption
coefficients, requiring sensitive spectroscopic techniques. Among the most common methods
is photothermal deflection spectroscopy (PDS) based on local heating of the sample even by
very weak absorption of light.[* Furthermore, CT absorption can be detected by Fourier
transform photocurrent spectroscopy (FTPS), a very sensitive technique to record the spectral
dependence of photocurrent.[45:46]

Here, we use PDS, which allows the determination of values for acr, being several orders of
magnitude smaller as compared to the bulk material absorption. The principles of this
technique are described in Ref.1*”] For PDS, neat and mixed films of DIP and Cgo were
evaporated on quartz glass substrates. Perfluorohexane was used as deflection medium, which
assures high transmittance in the energy region of 0.6 — 6 eVl and guarantees for
insolubility of both DIP and Ceo.

Figure 6 shows PDS data of a co-evaporated mixed layer of DIP and Cgo in comparison to the
spectra of the single materials. For absolute values of the absorption coefficient, the PDS
signal has to be calibrated using standard reflection/transmission measurements in the high
energy region (see inset Fig. 6). In the high and low energy region (above 1.9 eV and below
1.3 eV, respectively) the spectrum of the blend is similar to the combined absorption of the
single materials. Based on these findings act can be estimated to be around 2.3-10% lower
than the bulk absorption aw, which is calculated from the ratio of the CT absorption at an

energy of 1.4 eV (see below) and the averaged bulk absorption between 1.9 and 3.3 eV. Note

11 11
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that for the purpose of this paper only the order of magnitude of acr is required, but not a

precise value, as will be discussed in more detail at the end of this section.

A schematic drawing of the planar hetero-junction solar cell architecture — including the used
thicknesses — is shown in Figure 7 together with temperature dependent j-V characteristics
under white-light illumination. For a detailed description of device fabrication we refer to
Wagner et al.' These electrical measurements were performed in an optical cryostat using
liquid nitrogen for sample cooling. An LOT-ORIEL sun simulator with a 150 W Xenon arc
lamp equipped with an AM1.5g filter set was used for illumination at an intensity of about

46 mWcm??, i.e. at roughly half a sun. Current-voltage characteristics were measured using a

Keithley 237 High Voltage Source Measure Unit.

The obtained j-V characteristics for different temperatures shown in Fig. 7 exhibit an increase
of Voc as well as a decrease of jsc for decreasing temperatures, as was similarly reported for
other material systems.®>4%-51 The reasons for the continuous decrease in short circuit current
may be on the one hand a reduction of charge carrier extraction efficiency due to a lowering
of their mobility and on the other hand a decline of exciton transport at lower temperature.
Additionally, we observe the appearance of an s-shaped behavior for temperatures below

200 K, which can be ascribed to the contribution of a temperature dependent series resistance

Rs.%% In the present solar cell stack, the increasing series resistance can rather likely be
attributed to a non-ohmic contact at the anode/donor interface, which becomes limiting at low
temperatures.[525%1 Other material systems show a comparable effect in the temperature
dependence of Voc, but can be attributed to a low parallel resistance Rp.5 A theoretical
method explaining the curvature by a Gaussian disorder of the semiconductors with no need
of taking resistance limitation into account was given by Manor et al.**! showing promising
results for bulk heterojunction (BHJ) devices. With the DIP/C60 PV cell being highly

crystalline, disorder considerations should not play a major role.

Before the modified SQ theory, which is based on complete absorption of photons with
energy exceeding the band gap of the semiconductor (a(E > Eg) = 1), can be applied to our
data, the fact that a thin-film device actually does not absorb all photons with energy E > Eq4
has to be taken into account. Kirchartz et al. account for incomplete absorption at finite
thickness of the organic semiconductors by a Gaussian-shaped absorption coefficient that is
based on experimental results of absorption coefficients and photoluminescence data.>6! Here,

we keep the approach of a step-like absorption at Eg, but reduce it for photon energies E > Eq

12 12
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to ao = 0.19 (see below), with the energy gap of Ceo (Eq = 1.9 eV) being the limiting gap. This

effective value of the absorption is estimated from a comparison of simulated and measured
short-circuit currents. As jsc is basically only determined by the absorption of the bulk
material, the difference between experimentally measured and simulated jsc would
correspond to a deviation of the absorption from a(E > Eg) = 1, provided that other losses
caused by a finite exciton diffusion length and in-complete charge carrier extraction are

negligible. From Fig. 2 the simulated value of jsc for a band gap of 1.9 eV can be obtained as
jsc®™=17.1 mA cm for 1 sun. With the experimental data of jsc being 1.46 mA cm at about
half a sun and T =300 K, the absorption can be set to ao~ 0.19, which is consistent with the

averaged incident-photon-to-current efficiency (IPCE) value over the relevant wavelength
range. Correspondingly, act has to be corrected by the same factor. Moreover, it has to be
taken into account that the present solar cell is nominally a planar hetero-junction device,
however, with a rough D/A interface (see Refl'4l for details). This fact is considered in the
simulation by assuming that only about 1/3 of the total active layer thickness contributes to
the CT absorption. Both effects reduce act to 1-10* — 2-10. For the simulation we used
1.5-10* being the most reasonable value. We note that the estimations used above may
introduce some uncertainty in the simulation. However, this applies mainly to the magnitude
of the photocurrent which critically depends on the value of the bulk material absorption a,
whereas the influence of inaccuracies in o, and concomitantly also in act, on Voc is only of

minor extent (see Fig. 5a).

In this context, we would like to point out that DIP films used in our PV cells exhibit an
almost upright standing orientation of the molecules with respect to the substrate plain.
Although this orientation is not very favorable for achieving good light absorption and high
photocurrents (see above), it probably helps to keep the coupling between the CT state and the
ground state low. We thus assume that the perpendicular orientation of DIP/Ceo yields
reduced recombination rates as compared to a parallel one, as it was shown for pentacene/Ceo
by Yi et al.b’]

Figure 8 shows the temperature dependence of Voc extracted from j-V characteristics in Fig. 7

together with simulations based on the modified SQ theory. As predicted by a very general
theoretical approach(®®, and experimentally confirmed for a variety of material systems[?2,

Voc shows an approximately linear temperature dependence over a wide temperature range.
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The deviation of the linear behavior for temperatures below 150 K can be attributed to the

appearance of an s-shape (cf. Fig. 7), which is induced by a non-ohmic contact at the
anode/semiconductor interface, as already mentioned above. As a crude estimation for the
energy of the CT state at the D/A interface one can use an extrapolation of the linear behavior
towards Tc = 0, yielding a value of 1.42 eV (dotted line Fig. 8).

For a detailed analysis we will now use the modified SQ theory to simulate the temperature
dependence of Voc as described in the previous section. Taking the parameters (o, acT, Eg)
as given above and Ect= 1.4 eV (see below) and assuming that all recombination is radiative
(Eq. 3), one obtains a behavior of Voc given by the dashed line in Fig. 8. This curve describes
the thermodynamically unavoidable radiative loss in Voc with respect to its hypothetical
maximum at Tc = 0. At room temperature this loss term AVoc™ amounts to about 0.12 eV.
However, it is obvious that the actually measured Voc(T) data are significantly lower. Thus,
one has to take non-radiative recombination losses into account. This is done according to Eq.
5 by introducing an additional contribution jnon to the device current, being responsible for
non-radiative recombination of carriers. The relative magnitude of this term is determined by
a scaling factor = jnon/jo. The solid line shows a fit of the experimental data with equation 5
yielding an excellent description over the whole temperature range. Importantly, this fit
results in a CT energy of Ect = 1.40 eV differing only slightly from the value given by the
linear extrapolation, which emphasizes its suitability to be a reasonable first approach.
Moreover, the value of Ecr is very close to the intermolecular HOMO-LUMO gap determined
as 1.25 eV by photoelectron spectroscopy for this D/A pair.[*4]

Further on, the fit allows for an estimation of the non-radiative recombination current. We
find that jnon indeed scales with jo, i.e. jnon/jo = const. = 4.8-10° (see inset Fig. 8),
demonstrating that non-radiative recombination presents the prevailing recombination
mechanism leading to an additional loss term AVoc™" of about 0.40 V. However, this
observation does not provide a rule of generality, but might be a special feature of the current
solar cell.

Concerning the influence of the CT absorption strength on the ratio of radiative and non-
radiative recombination, one has to admit that both parameters are coupled. From Fig. 5 it is
evident that an increase of act by one order of magnitude also yields a stronger decay of Voc
with increasing temperature, which therefore results in a reduction of jnon/jo Of the same order

of magnitude. Nevertheless, this would not change the dominant role of non-radiative
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recombination losses compared to the radiative ones, as even for the unrealistic case of act =

1, jnon Would still exceed jo by a factor of 1000. Thus for an independent and unambiguous
determination of both the CT absorption strength and the contribution of non-radiative
recombination losses further experiments, e.g. measuring the electroluminescence quantum

efficiency of a PV cell’™, are required.

Finally, after verification of its applicability to an organic hetero-junction PV cell, the
modified SQ theory can serve as a tool to predict the ultimate thermodynamic efficiency limit
of a given material system (provided that the cell is a single junction device devoid of
additional measures for light management etc.). In the present case (see Fig. 4), one can
estimate an upper limit for the power conversion efficiency of about 20%. The major loss
term is obviously insufficient light absorption as discussed before. However, the analysis
shows that reducing non-radiative recombination could also give the device efficiency a
considerable boost. Interestingly, the measured fill factors of almost 75% are not too far from
the theoretical limit (inset in Fig. 4). This in turn can be taken as a manifestation of excellent
charge extraction in this highly crystalline molecular hetero-junction device.

4. Conclusion

In summary, we have been able to successfully adapt the Shockley-Queisser theory to the
peculiarities of organic hetero-junction solar cells, most importantly their excitonic nature.
While the D/A concept enables successful photo-induced charge transfer, the introduction of
such a hetero-junction is accompanied with additional energy losses as compared to an
inorganic homo-junction cell, owing to the presence of a CT state at the D/A interface.
Detailed simulations show the important impact of the CT absorption strength on the open-
circuit voltage Voc, elucidating the potential of enhancing solar cell efficiencies by keeping
the absorption of the CT state as low as possible.

The model is applied to a planar hetero-junction device based on DIP as donor and Ceo as
acceptor. All relevant parameters, such as the energy and absorption coefficient of the CT
state — both being crucial for the simulations — are assessed by PDS. Temperature dependent
device characteristics, in particular Voc(T), can serve as an experimentally accessible method,
which allows for a quantitative test of the model. Thereby, the modified SQ theory provides a
refined approach to determine the energy of the CT state — and thus the upper limit of Voc for
a given D/A combination. Furthermore, temperature dependent device characteristics serve to

quantify recombination losses, emphasizing that non-radiative recombination exceeds their
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radiative counterpart by orders of magnitude. All in all, our method can provide quantitative

predictions of the thermodynamic efficiency limits of molecular D/A solar cells.
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Figure 1. Spectral dependence of photon flux and step-like absorption in a donor/acceptor
hetero-junction solar cell. The dashed line shows the incident solar radiation, which after
multiplication with the absorption spectrum yields the light grey-shaded area. The dark grey-
shaded area represents the emission of the solar cell under open circuit conditions, which has
to be equal to the incident photon flux. The inset shows the relative positions of the energy
levels and the resulting optical energy gap Eg as well as the energy Ect of the CT state.
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Figure 2. Maximum short circuit current densities jsc predicted for an organic hetero-junction
solar cell as a function of band gap energy Eq for act =10 and AE = 0.5 eV, assuming
different illumination conditions (AM1.5g and the spectrum of black-body radiation at a
temperature of Ts =5778 K). The dotted line marks the Ceo gap energy Eq = 1.9 eV of the solar
cell under consideration. The inset shows the corresponding solar radiation spectra.
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Figure3. Maximum open circuit voltage Voc predicted for an organic hetero-junction solar
cell as a function of band gap energy Egq for several different offset energies AE = Eg— Ect
and varying CT absorption acr, assuming the AM1.5¢ solar radiation spectrum and the solar

cell as black body radiator at a temperature Tc = 300 K.
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Figure 4. Maximum efficiency # and fill factor FF (inset) predicted for an organic hetero-
junction solar cell as a function of band gap energy Eq for act = 102 and several different
offset energies AE, assuming the AM1.5g solar radiation spectrum and the solar cell as black
body radiator at a temperature Tc = 300 K. The dotted lines mark the Ceo gap energy
Eg=1.9eV of the solar cell under consideration.
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Figure 5. a) Maximum open circuit voltage Voc and power conversion efficiency # predicted
for an organic hetero-junction solar cell as a function of CT absorption act, assuming an

offset energy of AE=0.5eV, a band gap of Eq=1.9 eV and the AM1.5g solar radiation
spectrum. The maximum efficiency of 33 % at act =1 corresponds to the case of a homo-
junction in the classical SQ theory with E¢g” = 1.4 eV. b) Maximum open circuit voltage Voc
predicted for an organic hetero-junction solar cell as a function of temperature T for several
different CT absorptions act, assuming an offset energy of AE =0.5 eV, a band gap of
Eg=1.9eV and the AM1.5¢g solar radiation spectrum.
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Figure 6. Photothermal deflection spectroscopy (PDS) measurements for a blend of the donor
DIP and the acceptor Ceo. Moreover the single spectra of both materials are plotted to
demonstrate the difference caused by additional charge transfer state absorption. The inset
shows the absorption coefficients of the single materials extracted from
reflection/transmission measurements, which were used to calibrate the PDS data
quantitatively.
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Figure 7. Current density vs. voltage (j-V) characteristics of a planar hetero-junction solar cell
under simulated solar illumination in the temperature range 119K <T <296 K. The stack
(inset) is build-up on a glass substrate and consists of an indium tin oxide (ITO) anode
covered by 30 nm poly(3,4-ethylenedioxythiophene): poly(styrenesulfonate) (PEDOT:PSS) as
hole injection layer, followed by the active materials diindenoperylene (DIP) and Ceso With
thicknesses of 50 nm and 80 nm, respectively. For exciton blocking and protection against
aluminum penetration into the active layer, a 5 nm thick layer of bathocuproine (BCP) is
inserted between Cgo and the aluminum electrode.
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Figure 8. Open circuit voltage Voc as function of temperature extracted from the
measurement data of the planar hetero-junction solar cell shown in Figure 7. The data is fitted

by equation 5 with jnon = jo- 4.8:10° and the Ceo optical energy gap of Eq=1.9 eV resulting in a

CT gap of 1.40eV. To elucidate the device’s potential the solar cell is simulated with the
same parameters, excluding non-radiative recombination losses resulting in the modified SQ
limit. To point out the similar temperature behavior of jaon and jo, the ratio is plotted vs.
temperature (inset).
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Modifying the Shockley-Queisser limit with an additional absorption and emission of the
charge transfer state leads to a useful tool for describing organic solar cells. The charge
transfer energy gap can be determined by fitting the theoretical open circuit voltage to a
temperature dependent measurement, whereby non-radiative recombination losses can be

quantified.
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