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Owing to the excitonic nature of photoexcitations in organic semiconductors, the working mechanism of
organic solar cells relies on the donor-acceptor (D/A) concept enabling photoinduced charge transfer at the
interface between two organic materials with suitable energy-level alignment. However, the introduction of
such a heterojunction is accompanied by additional energy losses compared to an inorganic homojunction cell
due to the presence of a charge-transfer (CT) state at the D/A interface. By careful examination of planar
heterojunctions of the molecular semiconductors diindenoperylene (DIP) and Cgy we demonstrate that three
different analysis techniques of the temperature dependence of solar-cell characteristics yield reliable values for
the effective photovoltaic energy gap at the D/A interface. The retrieved energies are shown to be consistent with
direct spectroscopic measurements and the D/A energy-level offset determined by photoemission spectroscopy.
Furthermore, we verify the widespread assumption that the activation energy of the dark saturation current AE
and the CT energy Ect may be regarded as identical. The temperature-dependent analysis of open-circuit voltage
Voc and dark saturation current is then applied to a variety of molecular planar heterojunctions. The congruency of
AFE and Ecr is again found for all material systems with the exception of copper phthalocyanine/Cg. The general
rule of thumb for organic semiconductor heterojunctions, that Voc at room temperature is roughly half a volt
below the CT energy, is traced back to comparable intermolecular electronic coupling in all investigated systems.
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I. INTRODUCTION

Organic solar cells (OSCs) have recently surmounted the
important barrier of 10% efficiency for the conversion of
incoming solar to electrical power,! and the current record
value for the power-conversion efficiency of molecular OSCs
has even reached 12%.> The rapid progress over recent years
poses the question of where the fundamental efficiency limits
of these materials are.?

For inorganic photovoltaics, this question was answered
more than 50 years ago by the well-known Shockley-Queisser
(SQ) limit.* Based on very few fundamental assumptions,
the SQ theory is able to predict an upper limit for the
power-conversion efficiency of single-junction cells with the
energy gap E, of the active semiconductor material as the only
input parameter. Owing to their excitonic nature, however, an
important modification of this concept is required for OSCs,
where a donor-acceptor heterojunction is used to enable charge
separation.’ This is related to the existence of a charge-
transfer (CT) state [see Fig. 1(a)] as an intermediate in the
dissociation process from the photoexcited (excitonic) state on
one molecular species towards free charge-separated states on
both molecular species.® The inclusion of the energy Ecr and
absorption strength ot of the CT state at the donor-acceptor
interface in thermodynamic efficiency limits for OSCs has
recently been demonstrated by different authors.!®'® They
found that the photocurrent is not severely affected by the
existence of a CT state, as long as its absorption strength
is weak compared to that of the main absorber material. In
that case the number of generated charge carriers remains
governed by the fundamental absorption across the optical
gap of the absorber. The open-circuit voltage V¢, on the
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other hand, is a measure of the chemical potential of the
photogenerated charge-carrier pairs. As such, it is strongly
affected by the introduction of the CT energy, which needs
to be lower than the optical gap in order to enable charge
transfer. Because of this fact Ecr takes the role of E; in the
derivation of the thermodynamic efficiency limits of OSCs
and is sometimes also termed photovoltaic gap'* or effective
gap.!> As a consequence, calculations predict both lower
power-conversion efficiencies (20% to 25%) compared to the
classical SQ model and larger values for the optical gap, where
the highest efficiency is achieved.'"!'> Note that practical
efficiency limits are lower by a factor of 2 if more realistic
values (~75% each) are chosen instead of 100% quantum
efficiency and ideal fill factors.>%!1%16.17

In the meantime the concept of an interfacial CT state
is well established in polymer-fullerene bulk-heterojunction
solar cells. Its existence has unambiguously been proven by
spectral subgap absorption and photocurrent measurements as
well as by electroluminescence spectra,'®! and a consistent
description of temperature-dependent device characteristics
was obtained.?” These investigations could directly show that
Ecr sets the upper limit for Vpc as temperature approaches
0 K. However, for molecular semiconductors such a conclusive
picture of the role of CT states at mostly planar donor-acceptor
(D/A) heterojunctions is still missing. Rand et al. have
presented the first systematic study of the interrelation between
the measured open-circuit voltage and the energy-level offset
Epa on a range of D/A systems.?! They observed an increase
of the open-circuit voltage Vpc with decreasing temperature
until a saturation was reached. This maximum Vpc was found
to correlate with the energy-level offset at the D/A interface,
as estimated from the ionization potentials of the donor and
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FIG. 1. (Color online) (a) Schematic illustration of the formation
of a CT state with energy Ecr. (b) Steplike absorption in a D/A
heterojunction solar cell. In addition to the absorption ¢ of photons
with energy exceeding the optical energy gap E,, absorption from the
CT state acr already takes place for photon energies above Ecr but
is typically several orders of magnitude weaker.

acceptor and the optical gap of the absorber. Potscavage et al.
used the thermally activated behavior of the dark saturation
current of solar cells to identify the crucial role of the
energy-level offset at the D/A interface for Voc.?? Perez et al.
noted that in addition to the activation energy A E of the dark
current under reverse-bias conditions, its prefactor, depending
on the electronic coupling between both molecular species, is
also important for the magnitude of the recombination current
and thus determines Voc.?* Giebink et al. have put forward
an extended diode model for organic heterojunctions based
on polaron pair generation and recombination processes.’*
Remarkably, they predict two different ideality factors related
to trapping in both materials forming the interface and
apply their model to analyze current-voltage characteristics
in terms of polaron pair recombination. However, in spite
of the successful description of the temperature-dependent
device behavior in the dark and under illumination, no direct
spectroscopic evidence for the existence of a CT state at the
respective energies was given. Note that the claimed evidence
for an exciplex emission of CuPc/Cgy in Ref. 24 has to be
considered as indirect evidence because no clear spectroscopic
signature was found. Furthermore, the two different ideality
factors postulated are expected to cause two different slopes
in Voc(T), which have not actually been observed.>*

The aims of this paper are therefore, on the one hand, to es-
tablish temperature-dependent current-voltage characteristics
(in the dark and under illumination) of planar heterojunction
OSC:s as a straightforward method for determining the effec-
tive photovoltaic gap and, on the other hand, to validate these
results by comparison with photoelectron spectroscopy, optical
absorption, and electroluminescence spectra. In particular, we
will demonstrate that the different quantities Ect, Epa, and
AE used in the literature are, within an experimental error of
40.1 eV, identical. For this purpose we will use the aromatic
hydrocarbon diindenoperylene (DIP; C3;,H¢) as the donor in
combination with the fullerene Cgy as the electron acceptor
in planar heterojunction solar cells, where a broad range of
experimental data has been gathered since this system was
first introduced by Wagner et al.>> Thereafter the developed
analysis will be applied to a broader range of molecular
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materials, including sexithiophene (6T), pentacene (Pen), and
Cu phthalocyanine (CuPc) as donors together with Cgo and
DIP as acceptors, to obtain a more general picture of energy
losses in molecular OSCs.

II. THEORETICAL CONCEPTS AND STATE OF THE ART

A. Dark-current activation energy

In a simplistic picture the electrical behavior of a solar
cell can be described as a current source in parallel with a
diode, representing the voltage response of the device in the
dark. These two contributions are added and yield the current

density vs voltage (j-V) characteristics:*%%’

J = Jdark — Jphoto = Jjolexp(qV /nkgT) — 1] — jsc, (1)

where the expression for jgu is also known as the Shockley
equation. jsc is the short-circuit current density of the solar
cell under illumination and is assumed to be identical to the
photocurrent jphoto- Jjo is the reverse saturation current density,
q is the elementary charge, n is the diode ideality factor, kg is
Boltzmann’s constant, and T is the absolute temperature.

The saturation current density jy, which sets the magnitude
of the current in the absence of illumination, is also dependent
on temperature according to%°

Jo = jooexp(—=AE/nkgT), @

where joo depends on the material system and is a mea-
sure for the coupling between the electronic states at the
heterojunction. AE is the energy barrier at the interface,
which has to be surmounted to generate a pair of oppositely
charged carriers. In a classical p-n homojunction diode this
would be the band gap of the semiconductor, while in a
heterojunction device it denotes the band offset at the interface
between the two different semiconductors.”® Accordingly, in
organic heterojunctions this quantity can be identified with
the energy offset between the highest occupied molecular
orbital (HOMO) of the donor, where holes flow, and the lowest
unoccupied molecular orbital (LUMO) of the acceptor, which
is the relevant transport level for electrons. In inorganic p-n
junctions the ideality factor n, appearing in both equations,
takes a value of 1 if direct recombination in the bulk dominates
and 2 if trap-assisted recombination in the junction region
is dominant.”® Note that Potscavage et al. have introduced
two different ideality factors in both expressions, however,
at the same time noting that they are virtually identical in
actual devices.’> According to the Shockley equation, an
analysis of temperature-dependent j-V characteristics in the
dark should thus allow for a determination of AE as the
activation energy of jy. This analysis has been applied by
various authors,2=242% and the outcome was compared to the
energy-level difference Epa at the D/A interface predicted
from photoelectron spectroscopy or cyclic voltammetry. Note
that some authors used a modification of Eq. (2) with an
additional factor of 2 in the denominator®-> to obtain a better
agreement with expected values for Epa; however, as we will
briefly address later on, this seems to be a peculiarity of the
investigated systems and not generic.

If the cell is illuminated (typically under simulated sunlight
conditions) without an external load, there will be no net
current (jgark = Jphoto)» and the voltage drop between both
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contacts equals the open-circuit voltage Vpc, which is there-
fore given by

qVoc = nkgT In(jsc/jo — 1). 3
Inserting Eq. (2) yields
qVoc = AE — nkgT In(joo/jsc), “4)

where the assumption that exp(qVoc/nkgt) > 1 has been
used. This identifies AE/q as the limit of Voc for T — 0.

B. The detailed balance approach

Following the approach taken by Shockley and Queisser,
i.e., adetailed balance limit, the photocurrent of the cell jsc and
the dark saturation current j, can be expressed by integrals over
the radiation absorbed and emitted by the cell, respectively.
The absorbed light is given by the solar spectrum (at the surface
of the earth) &, (E), and the emitted radiation is given by a
blackbody spectrum at 300 K ®;;(E), both weighted by the
absorption coefficient «(E) of the cell.* This yields

Jsc = q/ a(E)Pan(E)IE, &)
0

Jo = Q/O a(E)Peen(E)dE. 6)

Therein, the absorption spectrum «(E), originally resembling
a step function with a(E) =0 for E < E; and a(E) =1 for
E > Eg, needs to be modified to account for the presence of a
CT state with energy Ecr at the D/A interface in organic solar
cells. For example, a double-step function is commonly used
[see Fig. 1(b)]:!1-13

0, E < Ecr,
a(E) = act, Ecr < E < Eg, )
oo, E > Eg,

where acr stands for the absorption strength of the CT state
(relative to the fundamental absorption across the gap being set
to unity). Following this approach, Vo is readily calculated
from Eq. (3) by the postulate that under open-circuit conditions
all photogenerated carriers have to recombine so that no net
current flows in the external circuit. Numerical calculations
(for details see Ref. 13) predict an almost-linear increase in
Voc with decreasing temperature, leading to Ect/q as the
upper limitat 7 = 0.

Note that Eq. (4) also predicts a linear temperature
dependence of Voc with AE as the limiting value for T — 0.
However, in the following we will identify the extrapolated
upper limit of Voc with the energy Ecr of the interfacial CT
state, where recombination of charge carriers occurs. We do
not a priori set this value equal to AE, which is relevant
for carrier generation across the heterojunction barrier in the
reverse-bias direction.

In contrast to the idealized situation in the original SQ
model, where all recombination was assumed to be radiative,
the occurrence of predominantly nonradiative recombination
in real cells can be taken into account by an enhanced

. . .(nonrad) .(rad) 13
recombination current j, =kujo .~ Rau et al. have
shown that k,, is equal to the inverse of the electroluminescence
quantum efficiency of a solar cell.** Performing this procedure
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for varying temperature, it follows again that g Voc(T — 0) =
Ecr; thatis, the upper limit of the open-circuit voltage remains
unchanged.'? Furthermore, knowing the relative strength of
nonradiative recombination, it is now possible to express losses
in V¢ at finite temperature as radiative and nonradiative ones:

Voo(T) = Ect/q — AVSEY — AVEE™Y. (8)

Vandewal et al. have recently applied the detailed balance
approach to polymer bulk-heterojunction solar cells.”’ They
have been able to relate V¢ and its losses to spectroscopically
accessible quantities at the donor-acceptor interface. These are,
in particular, the energy of the CT state Ecr, the reorganization
energy Ao in forming the CT state by light absorption, and a
parameter f that is proportional to the number of CT states in
the device as well as the electronic coupling between CT and
the ground state:

Voc(T) = Ecr/q + (ksT/ )ln(jSC—W>
ocC = Lcr/q BL /4 27 fq(Ecr — o)

+ (kT /q) In(neqE,EL), 9)

where i and ¢ are Planck’s constant and the speed of light,
respectively, and nggg g, denotes the electroluminescence
quantum efficiency. Using experimental parameters from
photocurrent and electroluminescence spectra, the authors
have been able to achieve a consistent description of the
temperature dependence of Vpc for a range of polymer-
fullerene-blend solar cells. In particular, they could show that
the open-circuit voltage measured at room temperature (under
one sun illumination) is typically between 0.5 and 0.6 V less
than the CT energy of the respective D/A interface.?’

In the following we will use DIP/Cgy as a prototypical
molecular donor-acceptor system to establish a conclusive
model for the origin of the open-circuit voltage from the
offset energy at the D/A interface. By a priori independent
consideration of the energy values obtained by photoemission
spectroscopy (Epa), dark current analysis (AE), and the
detailed balance approach (Ect) as well as optical spec-
troscopy (EEPT[), we show that these energies are related. We
present various methods that consistently yield the effective
photovoltaic energy gap at the heterojunction.

III. MATERIALS AND METHODS

Organic solar cells in planar heterojunction (PHJ) ar-
chitecture [see Fig. 2(a)] were fabricated on commercially
available indium tin oxide (ITO) coated glass substrates
(purchased from Thin Film Devices, Inc., Anaheim, CA; sheet
resistance ~20 /square). Prior to the evaporation of the active
D/A heterojunction, an approximately 30-nm-thick layer
of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS; purchased from Heraeus Clevios GmbH, Lev-
erkusen, Germany) was spin coated from an aqueous solution
and annealed at 125 °C for 45 min on a hotplate under ambient
conditions. Subsequently, the active donor and acceptor layers
as well as a 5-nm layer of the exciton blocking material
bathocuproine (BCP; purchased from Sigma Aldrich as
sublimed grade and used without further purification) were
deposited using the standard thermal evaporation procedure
at base pressures of 107°~10~7 mbar. Finally, 100nm of
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FIG. 2. (Color online) (a) Device stack of the investigated planar heterojunctions. (b) Chemical structures of the active organic
semiconductors «-sexithiophene (6T), copper phthalocyanine (CuPc), diindenoperylene (DIP), pentacene (Pen), and Buckminster fullerene
(Cgp). (c) Energies of the HOMO (open symbols) and LUMO (solid symbols) levels for the investigated materials. The values are taken from
the literature.'*332 The LUMO levels of CuPc and Pen are estimated by adding transport gaps of 2.3 eV (Ref. 33) and 2.2 eV (Ref. 34) to the
respective HOMOs. The LUMO of 6T is estimated from the optical gap of 6T (E, = 2.4¢eV) and the relation between the optical gap and the

transport gap, both found in Ref. 35.

aluminum were evaporated through a shadow mask as
a top electrode, resulting in solar cells with an active
area of A = 4mm?. The active materials, diindenoperylene
(DIP; purchased from S. Hirschmann, Universitat Stuttgart,
Stuttgart, Germany), a-sexithiophene (6T; purchased from
Sigma Aldrich), and Cg (purchased from Creaphys, Dresden,
Germany), were purified twice by gradient sublimation.
Copper phthalocyanine (CuPc) was purchased from Sigma
Aldrich as sublimed grade and was additionally purified once
by gradient sublimation. Pentacene (Pen; purchased from
Sigma Aldrich) was used without further purification. The
chemical structures of the organic semiconductors as well
as the literature values of their transport levels are depicted
in Figs. 2(b) and 2(c). For the PHJ solar cells, the exact
film thicknesses of the active layers are specified in the
results section. Please note that growth conditions and film
thicknesses have not been optimized for all devices. All
evaporated organic layers have been grown while the substrate
was kept at room temperature. Only in the case of DIP donor
films in solar cells was an elevated substrate temperature of
100°C used to avoid injection barriers.3¢

Current density vs voltage (j-V') characteristics of the solar
cells were recorded using a source measure unit (Keithley 236
SMU) in the dark and under illumination. Unless otherwise
stated, a white light-emitting diode (LED; Luxeon LXHL-
NWES) was used as the light source. Since the illumination
conditions do not fulfill the AM 1.5 g standard, values for
power-conversion efficiencies are not specified. However,
representative data can be found in Ref. 25.

Temperature-dependent j-V characteristics were measured
in an inert-gas atmosphere (300-mbar N;) using a liquid-
nitrogen-cooled cryostat (Cryovac) into which the samples
were transferred without air exposure. Temperature was
measured using a sensor mounted in close proximity to the
sample. Temperature-dependent measurements of Vpoc and
Jjsc have been recorded for different illumination intensities
ranging from approximately 0.5 to 0.5 x 1073 sun.

Photothermal deflection spectroscopy (PDS) was applied to
neat and mixed films (ratio of approximately 1:1) of DIP and

Ceo (co)evaporated on quartz glass substrates. Perfluorohexane
was used as the deflection medium, which assures high trans-
mittance in the energy region of 0.6-6¢eV and large changes
in index of refraction with small changes in temperature.
Moreover, it dissolves neither DIP nor Cgy.
Electroluminescence (EL) measurements were carried out
on cells with a planar-mixed heterojunction (PM-HJ) with
a coevaporated active layer of DIP:Cq, and compared to
single-layer devices with neat DIP or Cgy. EL measurements
were realized by using a liquid-nitrogen-cooled CCD camera
(PyLoN:100BR, Princeton Instruments) with a spectral sensi-
tivity in the wavelength range of approximately 300—1000 nm.
All EL measurements were performed on encapsulated solar
cells under a dc voltage drive from a Keithley source meter.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. DIP/Cg as a prototypical molecular donor-acceptor system

1. Temperature-dependent j-V characteristics in the dark:
Analysis of saturation current and ideality factor

Earlier studies on the material combination DIP/C¢, have
proven its suitability as a donor-acceptor pair in planar
and mixed heterojunction solar cells.>>*® Concerning its
application as a donor in organic solar cells, the main advantage
of DIP can be found in its high ionization potential and
the concomitant favorable energy-level alignment with the
acceptor Cgp, leading to high open-circuit voltages exceed-
ing 0.9 V.2> Moreover, favorable film morphology together
with high crystalline order allows for improved transport
properties of both excitons®’ and charges®® in photovoltaic
cells, resulting in high fill factors up to 75%.%° To study
its temperature-dependent behavior, dark j-V characteris-
tics have been recorded in the temperature range from
350 to 130K for a planar heterojunction cell consisting
of ITO/PEDOT:PSS/DIP(50 nm)/Cgp(80 nm)/BCP(5 nm)/Al
[see open symbols in Fig. 3(a)]. Based on the general
diode equation (1), the exponential part of the forward-bias
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FIG. 3. (Color online) (a) Dark j-V characteristics of a
planar heterojunction with structure ITO/PEDOT:PSS/DIP(50 nm)/
Ce0(80 nm)/BCP(5 nm)/Al recorded for several temperatures ranging
from 130 to 350K (open symbols). The solid lines are fitted curves
in the forward-bias region using the Shockley equation. (b) Dark
saturation current density j, and diode ideality factor n depending on
temperature, analyzed with the Shockley equation. (c) Temperature
dependence of the dark saturation current evaluated by studying
nIn(jo) plotted versus 1/kgT in order to estimate the activation
energy AE from Eq. (2). For clarity only a subset of temperatures is
shown in (a).

characteristics can be described using a modified Shockley
equation:

1) = snf exp [ LD a0
nkBT

where an additional specific series resistance Rs A accounts for

the slower increase of the current within the drift-dominated

regime at high voltages. While the Shockley equation was

originally applied for analyzing and parameterizing the

PHYSICAL REVIEW B 88, 235307 (2013)

j-V characteristics of inorganic p-n junction solar cells,?®
it was recently successfully adapted to organic solar cells,>**
even in its modified variant.?> By a fit with the modified
Shockley equation (10) jo and n can be extracted from the
data.

The obtained temperature dependencies of n and j, are
depicted in Fig. 3(b). Within the wide range of 240K < T <
350K, the ideality factor shows an almost-constant value of
n = 1.6 (dashed line), while the dark saturation current obeys
a temperature dependence of the form In(jy) o< 1/kgT. The
deviation from this behavior below 240 K may be attributed to
nonideal shunt and series resistances that become relevant at
low temperatures.*! According to Eq. (2), an activation energy
of AE = (1.46 £0.03)eV can be determined from plotting
n In(jo) versus 1/kgT [see Fig. 3(c)].

2. Temperature-dependent j-V characteristics under
illumination: Analysis and extrapolation of open-circuit voltage

The corresponding j-V curves of the same PHJ DIP/Cg
solar cell under white LED illumination corresponding to
roughly 0.2 sun are shown in Fig. 4(a). The short-circuit
current density stays almost constant in the high-temperature
range; however, when cooling below 7' = 180K, it markedly
decreases, and the curves are characterized by pronounced S
shapes; that is, they show a decrease of the current close to
Voc and in the forward direction of the diode. Assuming a
temperature-independent exciton generation rate, the reasons
for the continuously decreasing jsc can, on the one hand, be
found in a reduction of charge-carrier extraction efficiency as
a result of thermally activated charge-carrier mobility. On the
other hand, a decline of exciton transport may contribute to
the temperature dependence of jsc.

Regarding the temperature dependence of the open-circuit
voltage, an almost-linear increase in Voc with decreasing T
is observed in a wide temperature range [see Fig. 4(b)]. A
similar relation has experimentally been found for a variety of
material systems.>'*>* The deviation from the linear behavior
for temperatures 7 < 150K can be attributed to the series
resistance, which is found to strongly depend on temperature,
as will be discussed below. Theoretical considerations predict
this approximately linear temperature dependence of Voc.!**
This is based on the notion that the contribution of entropy
to the electrochemical potential vanishes at 0 K (Ref. 45) and
the energy gap that is responsible for charge recombination
(Ecr) sets the upper limit for g Voc. Following this approach,
an extrapolation of the linear behavior towards 7 = 0 K yields
avalue of Ect = (1.42 £0.02)eV.

Equation (4) shows that the dark saturation current has
a decisive impact on the open-circuit voltage and presumably
also on its temperature dependence. According to this relation,
the open-circuit voltage can be calculated solely based on
AE, n, and joo extracted from dark j-V characteristics,
together with the short-circuit current density jsc under
given illumination conditions. As can be seen from Fig. 4(b)
(blue diamonds), a very good agreement with the measured
open-circuit voltage is obtained. The slight difference between
the values determined for AE and Ect becomes visible in the
small deviation of reconstructed Vpc from measured V¢ data.
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FIG. 4. (Color online) (a) j-V characteristics of a planar hetero-
junction solar cell under white LED illumination in the temperature
range 130K < T < 350K,AT = 10 K. The device has the following
structure: ITO/PEDOT:PSS/DIP(50 nm)/Cgy(80 nm)/BCP(5 nm)/Al.
(b) Open-circuit voltage Vo depending on temperature revealed from
illuminated j-V data shown in (a) (green circles) with an extrapolation
of the linear regime (dashed line) and reconstructed data according
to Eq. (4) (diamond-shaped blue symbols). For clarity only a subset
of temperatures is shown in (a).

Please note that the reconstruction has only been performed
down to 200 K, where jgc starts decreasing more substantially.

3. Intensity and temperature-dependent open-circuit voltage:
Analysis of saturation current and ideality factor

Figure 5(a) shows the temperature dependence of the open-
circuit voltage for different illumination intensities from 0.5
to 0.5 x 1073 sun using a solar simulator and neutral density
filters, measured on a DIP/Cgy-based PHJ solar cell with a
structure similar to that investigated before. The solid lines in
Fig. 5(a) show the simulated temperature dependence for the
different intensities. By solving Egs. (6) and (3) and accounting
for additional nonradiative recombination, the temperature
dependence of Vpc can be calculated with a single value of
Ecr = 1.4 eV for all intensities (for details refer to Ref. 13).
However, the reduced photocurrent alone [as indicated by
Eq. (3)] is insufficient to explain the steeper slope at low
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intensities. Significantly larger values of the dark saturation
current jo have to be used. To account for this circumstance, a
biexponential function relating the nonradiative recombination
current to light intensity can be used (not shown here).

Just like the simulated curves, the extrapolation of the linear
regimes for the various illumination intensities all coincide
in the same value of Ecr = 1.4V at T = 0K, as expected
from Eq. (4). In fact the simulated lines in Fig. 5(a) can
hardly be distinguished from a simple linear extrapolation.
This demonstrates that the determination of the CT energy by
linear extrapolation of Vo to 0 K is actually valid. However,
this does not a priori mean that all curves can be described
with a single set of parameters AE, n, and jg.

For a closer look into this issue, the measured Voo (T) data
sets are plotted vs jsc, which is approximately proportional
to the illumination intensity if the slight decrease of jsc with
decreasing temperature [see Fig. 4(a)] is ignored. Figure 5(b)
shows that, apart from the lowest two intensities, the propor-
tionality of V¢ to log(jsc) according to Eq. (3) is well fulfilled.
The fitted straight lines yield a temperature-dependent set
of values for n and In(jy) that are plotted versus 1/kgT,
as shown in Fig. 5(c). The perfect linear relation confirms
the validity of this approach and yields an activation energy
of AE = (1.43£0.03)eV, in excellent agreement with the
analysis of the dark saturation current shown in Fig. 3. For
the lowest two light intensities Voc falls below the straight
lines in Fig. 5(b). This shows that Vpc is disproportionately
reduced at low intensity, implying severely increased non-
radiative recombination losses. This is in accordance with
what has been observed by simulation and can be seen as an
indication that trap-assisted recombination becomes dominant
at low light intensity, leading to enhanced nonradiative
recombination.3%46

4. Direct spectroscopic evidence for the charge-transfer state from
absorption and electroluminescence measurements

While the electrical investigations discussed so far give
more indirect information on the energetics at the D/A
interface, direct spectroscopic evidence can be obtained from
absorption and electroluminescence measurements. Note that
for clear distinction the CT energy derived from spectroscopic
measurements is denoted by EEPTt As CT absorption features
are typically characterized by low absorption coefficients, di-
rect detection requires very sensitive spectroscopic techniques.
Among the most common methods is PDS, which allows the
determination of values for wct that are several orders of
magnitude smaller compared to the bulk material absorption.
PDS is based on local heating of the sample which is caused
by even very weak absorption of light. Figure 6(a) shows PDS
data of a coevaporated mixed layer of DIP and Cgy compared
to the spectra of the single materials (0.5-1 um on quartz).
To obtain absolute values of the absorption coefficient, the
PDS signal is calibrated using standard reflection/transmission
measurements in the high-energy regime (open symbols),
where both measurement ranges overlap.'?

The DIP spectrum is characterized by a steep increase of
absorption around E = 2.0 eV, presumably originating from
tail states of the DOS distribution below the optical gap at
about 2.25 eV. The tiny peak at 1.1 eV is a multiphonon
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FIG. 5. (Color online) (a) Temperature dependence of Voc measured for different illumination intensities. The solid lines show simulated
behavior calculated with a modified SQ theory13 and Ecy = 1.4 eV. (b) Voc as a function of jsc measured for different temperatures and
illumination intensities. The straight lines are fits according to Eq. (3). (c) Temperature dependence of the dark saturation current evaluated by
studying n In(jy) plotted vs 1/kgT as given by the fit results extracted from (b). For clarity only a subset of intensities/temperatures is shown

in (a) and (b).

absorption due to vibrational stretching modes of C-H bonds,
whereas the high-energy part (>2.25 eV) is due to w-7*
transitions (for details see Ref. 47). In Cgy the increase of
absorption already starts around 1.75 eV, in accordance with
an optical gap commonly taken to be 1.9 eV. The spectrum
of the mixed film of DIP:Cg is characterized by signatures
of both materials: While at low energies the multiphonon
absorption of DIP can be detected, the high-energy region
is governed by the characteristic absorption of the fullerene,
which implies that the main contribution to light absorption
in a heterojunction device with comparable layer thickness
of both materials comes from the fullerene. However, what
clearly distinguishes the simple superposition of the single
spectra from the measured spectrum of the blend film is the
extra, broad absorption in the energy range between 1.3 and
1.7eV (hatched area), which cannot be found in any of the
neat materials. This extra feature can be considered as a direct
measure of the CT state as it presents the energetically lowest
state to absorb light.

Figure 6(b) shows EL spectra of a PM-HJ DIP:Cg¢ solar
cell (blend layer of 50 nm sandwiched between neat layers of
5-nm DIP and 10-nm Cgp) that was operated as an LED under
varying forward bias, starting just above Vpc. As in PDS, a
coevaporated blend was chosen to increase the D/A interface,
allowing for a larger signal from weak CT emission. The
spectra are compared to those of single-layer devices with DIP
and Cgp (active layer of 100 nm). The luminescence signals
were corrected for the spectral sensitivity of the detector and
normalized to their respective maximum values. The relative
signal strengths are indicated by their magnification factors
(given in brackets next to the respective curves). Due to the
detection limit of the CCD camera the spectra are cut off at
1010 nm.

The EL signal of a pure Cg device is extremely low and only
detectable when applying a forward bias of 6 V. One reason can
be found in the symmetry-forbidden HOMO-LUMO transition
of Ceo:*® Both the ground state Sy and the first excited state
S exhibit even parity, which renders the transition between
them dipole forbidden. However, vibronic coupling as well

as disorder in the film may lead to a certain degree of
mixed components of even and odd states, which can partially
allow the violation of parity conservation.*” The results are
comparable with literature values for the photoluminescence
of Cg deposited on a quartz substrate, as found in Ref. 50: The
authors attribute the main band at E = 1.71 eV to the Frenkel
exciton within one Cgp molecule followed by its vibronic
progression on the low-energy side.

The DIP single-layer device shows a pronounced EL signal
already at moderate forward bias. The main EL peak positions
are similar to those found by photoluminescence measure-
ments, characterized by the 0-0 transition at E ~ 2.14¢eV,
which is followed by pronounced vibronic progression with
peak energies of 1.98 and 1.80eV.*>! The broad band around
1.7-1.6 eV is assigned to an aggregate emission due to the high
crystallinity of DIP. Apart from the spectra of the single-layer
devices, Fig. 6(b) comprises the EL spectra of a PM-HJ solar
cell. As expected, luminescence bands of both materials are
identifiable in the wavelength range between 600 and 900 nm
as the two materials form a phase-separated blend when
they are evaporated simultaneously.”> However, EL offers the
possibility to suppress the signals of the individual materials
by reducing the applied voltage to a minimum, just above
the open-circuit voltage. Thus, we observed a pronounced
luminescence feature in the low-energy part of the spectrum
(900-1000 nm), which becomes the dominant signature when
the voltage is reduced to V = 1.1 V. As there is no indication
for light emission from any of the neat materials in this
near-infrared spectral range, we attribute it to the transition
from the interfacial CT state to the ground state. We note that
the apparent shift of the peak maximum for increasing bias
voltage reminds us of a Stark effect. However, the complex
morphology of the blend film>?> makes a detailed interpretation
very difficult and is beyond the scope of this paper.

In a recent publication, Tvingstedt er al. report electro-
luminescence from several types of polymer-fullerene BHJ
solar cells biased in the forward direction, deducing Ecy from
the peak energy of the CT emission.”® This approach was
refined by Vandewal et al.:** Based on the framework of the
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FIG. 6. (Color online) (a) Absorption spectrum for a blend of DIP:Cgj [lines: photothermal deflection spectroscopy (PDS);'? open symbols:
transmission/reflection measurement (T/R)]. For comparison, the single spectra of both materials as well as their sum are plotted to demonstrate
the additional feature caused by the charge-transfer-state absorption. (b) Electroluminescence spectra of PM-HJ solar cells based on DIP:Cg.
The curves are obtained by applying a forward voltage of given magnitude. For better comparability all curves are normalized to their maximum
values; however, the magnification factors are given in brackets to illustrate the strong variations in signal height. (c) Reduced absorption from
PDS, blue circles, corresponding to the difference between the absorption spectrum of the blend and the sum of single absorption spectra) and
emission (from EL, green straight line) for DIP:Cg measured at room temperature. The dashed curves are fits according to Eq. (11), using the

opt

same values for E-; and A on both sides.

Marcus theory, the authors extracted the CT energy Eg’}t by
analyzing the absorption and emission spectra of a series of
polymer-PCBM blends. They fitted the reduced absorption
[o(E)E] and emission [1;(E)/E] spectra of the CT manifold,
respectively, by

o(E)E } fotr (—(ng}‘ 420 — E)2>
= —— — X .
IE)E | = JamagaT P kT
(11

Asin Eq. (9), Ao denotes the reorganization energy (related
to the Stokes shift). f, and f;, are proportional to the square
of the electronic coupling matrix element. The plus sign is
used for the reduced absorption, the minus sign is used for the
reduced emission.

The reduced absorption and emission spectra for the DIP-
and Cgp-based devices are shown in Fig. 6(c). By fitting both
spectra with Eq. (11), a reorganization energy of 1o =~ 0.26 eV
as well as an energy of the CT state of Engt ~ (1.50 £ 0.06) eV
can be deduced. The reorganization energy Ao corresponds to
nonradiative energy losses as a result of relaxation, and its
magnitude is found to be similar to values determined for a
variety of polymer-fullerene blends.”’ Note, however, that a
relatively large error of 0.06 eV has to be assumed for E(O:I}t
since no clear absorption maximum is visible in the data,
which reduces the reliability of the fit. Additional uncertainty
is introduced by the fact that a mixed film has been used

instead of a bilayer in order to increase the signal strengths.
Furthermore, the potential temperature dependence of Ect has
not been investigated. If present, these effects are expected to
be within 0.1 eV.?°

5. Discussion

As a key outcome, the presented results convincingly
show that different temperature-dependent electrical device
characterizations and optical spectroscopies yield very similar
values for the effective photovoltaic gap at the D/A interface in
DIP/Cg solar cells. The energy of the CT state Eg‘}t =15eV
obtained from PDS and EL spectra can be identified with the
value Ect = 1.42eV extracted from the extrapolation of V¢
towards O K. Both are in very good agreement with the acti-
vation energy AE = 1.46eV extracted from the temperature
dependence of the dark saturation current. In addition, we want
to note that an interfacial energy gap Epy = 1.40 +0.15eV
at the DIP/Cg heterojunction has recently been determined
by means of photoelectron spectroscopy by Wilke et al.'*
Together with this work, the correspondence between Eg%l,
Ecr, AE, and Ep, is thus clearly demonstrated for the material
system DIP/Cgy. The a priori different energies are basically
the same within an error of 0.1 eV. This fact qualifies the
extrapolation of V¢ to 0 K and the analysis of the thermally
activated jj as suitable methods to identify the intermolecular
energy gap at the D/A interface of an organic heterojunction.
These methods are especially helpful since they allow the
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FIG. 7. (Color online) (a) Dark j-V characteristics of a series
of PHJ solar cells employing different donor-acceptor combinations
recorded at room temperature. The respective device structures and
parameters are summarized in Table I. (b) Temperature dependence of
Voc of different PHJ solar cells. The extrapolation of the linear regime
towards 7 = 0 K gives a measure of the energy of the charge-transfer
state Ecr.

examination of the buried interface in device geometry. We
would like to stress that even though the methods presented in
Figs. 3 and 5 eventually rely on the analysis of jj, they have to
be regarded as substantially different. In particular the cell is
analyzed in the dark in the former case and under illumination
in the latter one.

B. Application to other molecular D/A systems

1. Temperature-dependent j-V characteristics
in the dark and under illumination

After the clear demonstration that temperature-dependent
electrical device characteristics yield direct access to the
effective photovoltaic energy gap at the D/A interface, which
sets the upper limit for Vpoc in organic heterojunction pho-
tovoltaic cells, we now apply this approach to a series of
molecular D/A combinations. An overview of their current-
voltage characteristics in the dark and at room temperature is
given in Fig. 7(a). Characteristic device parameters extracted
from the fits according to the modified Shockley equation,
i.e., RsA, jo, and n, are given in Table I. An analysis of
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the temperature-dependent measurements was done for each
material combination following the same procedure as exem-
plarily shown above for the DIP/Cgy PHJ cell. The activation
energy AFE extracted from the temperature dependence of jj
according to Eq. (2) is also included in Table L.

The characteristic solar-cell parameters under illumination,
such as Voc, Jjsc, and FF, were determined for each cell at
room temperature at illumination intensities of about 0.2-0.4
sun (see Table I). Remarkably, there is a strong variation of V¢
between ~0.3 V for Pen/Cgy and 1.24 V for 6T/DIP, which
cannot be caused by the slight variation of jsc. As in the
case of DIP/Cgp, temperature-dependent Voc measurements
were extrapolated linearly towards 7 = 0K, yielding Ecr.
Figure 7(b) depicts the measured data for the different material
systems (symbols) recorded in a temperature range of 110K <
T < 320K. The linear fits are included as straight lines, and
the values for Ecr are summarized in Table 1. In the case of
CuPc/Cqg the selection of the fit data obviously has a strong
impact on the value extracted for Ect. However, the dashed
line in Fig. 7(b) indicates a fit that is consistent with the
literature from both direct spectroscopy®* and extrapolation
of VOC(T).15

The experimentally determined values for Ect are com-
pared to values of the intermolecular energy gap Epa as found
in the literature. The good correlation confirms the suitability
of our approach. Furthermore, for most of the heterojunctions
remarkably good agreement between AE (as extracted from
the temperature behavior of jj) and Ecr (as extracted from the
linear extrapolation of Vo versus 7)) is observed. The only
exception is the material combination CuPc/Cgy, which shows
a large discrepancy between both energies: The activation
energy AE of the CuPc/Cgp system is almost twice as high as
Ec7. We attribute this to a different recombination mechanism,
as will be discussed below.

Note that while Pen/Cgy and 6T/Cg, show a linear be-
havior over the entire temperature range, the other material
systems deviate from linearity below a certain temperature.
Comparable effects are reported in the literature and have
been explained by energetic disorder> and injection barriers.>°
We attribute the observed saturation or even decrease of Vpc
to injection barriers and insufficient carrier mobility at low
temperatures. This manifests in a strongly increased series
resistance Rg visible in a reduced dark injection current [cf.
Fig.3(a)], which is accompanied by a distinct S kink of the light
j-V curve around Vpc. Additionally, this leads to a strongly
reduced fill factor. Finally, jsc is decreased, which hints at
severe recombination losses [cf. Fig. 4(a)]. As predicted by
Eq. (3), Voc depends on jsc, representing the photocurrent.
In the thermodynamic limit, which forms the basis for the
linear extrapolation to 7 = 0 K, however, the photocurrent
solely depends on the exciton generation rate and is thus
a constant value. By replacing the ideal photocurrent with
the measured short-circuit current, additional recombination
losses caused by Rg are included. This directly yields the
sublinear dependence of Vg observed at low temperatures.

Overall, the extrapolation of the temperature-dependent
Voc seems to represent a reliable method to determine Ect
not only for DIP/Cg but also for a whole range of material
combinations. This indicates a more general suitability of this
method.
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TABLEI. Characteristic parameters for a series of PHJ photovoltaic devices with different donor-acceptor materials. All cells have a similar
device structure of ITO/PEDOT (230 nm)/donor/acceptor/BCP(5 nm)/Al, with donor and acceptor layer thicknesses (in nm) as given below.
Quantities extracted from illuminated j-V characteristics at room temperature are open-circuit voltage Voc, short-circuit current density j,
and fill factor. Light illumination inside the cryostat was realized with a white LED with an estimated intensity /.. Ecr denotes the energy of
the charge-transfer state as extracted from a linear extrapolation of the temperature-dependent Vo towards 7 = 0 K. The comparatively small
differences in I [cf. Fig. 5(a)] are considered negligible for the values of Ecr. Quantities extracted from dark j-V characteristics at room
temperature are specific series resistance RsA, dark saturation current density jy, and ideality factor n. AE denotes the activation energy as
deduced from the temperature dependence of the dark saturation current. With these parameters joo was derived from Eq. (2). For comparison,

the intermolecular energy gap Eps = |EL00 ) — Efes”| as taken from literature values is listed.
Iluminated j-V characteristics Dark j-V characteristics Literature

Voc Jsc FF I Ecr RsA Jo AE Joo Epa
D/A V) (mA/cmz) (%) (MmW/ cm?) (V) (2 cm?) (mA/ cm?) n (eV) (mA/ cm?) eV)
DIP(50)/Cs0(80)  0.91 —-1.3 63.6 18 1.42 5 1.0x 107 1.6 146 2.13x10° 1.4 (Ref. 14)
6T (60)/DIP(60) 1.24 —-1.3 42.5 37 1.86 14 8.0x 1071 23 203 537 x 10* 1.8 (Ref. 14)
6T(40)/Ce(80) 0.41 -23 60.0 32 0.93 6 7.1x107° 1.7 094 138 x 10° 0.95 (Ref. 14)
Pen(50)/Ceo(80)  0.29 -3.1 48.3 36 0.89 5 6.0x 1073 2.1 098 4.15x10° 1.05 (Refs. 57 and 58)
CuPc(25)/Cep(50) 0.51 -1.9 34.0 28 1.08 8 20x1073 49 198 1.23 x 10* 1.0 (Ref. 31)

2. Energy losses from the CT state to open-circuit voltage

Figure 8 summarizes the overall result of the present studies
by showing the relation between Vo at room temperature and
Ect of the different devices. Here, an excellent correlation is
found for all of the material systems, clearly affirming that the
open-circuit voltage is determined by the energy of the CT
state, as predicted by Eq. (8). By applying a best fit to the data
the linear dependence can be described by

VOC = ECT/C] —0.55V. (12)

In this context, it has to be mentioned that the V¢ loss A Voc
derived from experimental dark j-Vcurves by gAVpe =
nkgT In(joo/jsc) [cf. Eq. (4)] is a result of both radiative and
nonradiative recombination currents. Separation of the two
components can be achieved by simulation if the absorption
strength of the CT state acr is known. For a DIP/Cgy PHJ

cell this has been done by Gruber et al.; at room temperature
AVED 2 0.1V and AVIE™ ~ 0.4 V were found.'?

This indicates that in all of the investigated molecular D/A
cells there is an energy loss of roughly half a volt between the
energy of the CT state and V¢ at room temperature and that
the dominant fraction is nonradiative losses.

3. Discussion

For most of the investigated heterojunctions we could
observe remarkably good agreement between AE (as ex-
tracted from the temperature behavior of jy) and Ect (as
extracted from the linear extrapolation of V¢ versus T'). The
direct correlation between AE and Ecr indicates with great
confidence that the activation energy for the dark saturation
current AE corresponds in a one-to-one manner to the CT
energy. Both quantities represent the effective energy gap
for an organic heterojunction solar cell. The only material

20— system which shows deviations from this general rule is the
I CuPc/Cgp heterojunction. This deviation is already indicated

. — Vo= Byp/q-0.55V b . .
= a0l i y the shape of the dark j-V curves: As can be seen from
o Fig. 7(a), the current in the diffusion-dominated voltage regime
o is characterized by two differently steep slopes, a feature
§0 L5 which becomes less pronounced at low temperatures. In
= literature, this double-exponential j-V characteristic observed
; 10k for CuPc/Cg has been addressed by the introduction of two
5 independent diode ideality factors which consider the recom-
z bination of free acceptor electrons with trapped donor holes
g2 05 Gt CuPe/Cy T and vice versa.”* Another peculiarity of CuPc/Cg is that CuPc
© e Pen/C,, shows very fast intersystem crossing and that its 7 triplet state
00k L lies energetically close to the donor-acceptor CT state.>*>%-%0
0.0 0.5 1.0 1.5 2.0 2.5 The exceptional importance of triplets at this interface might

Charge-transfer state energy £, (eV)

FIG. 8. (Color online) Relation between Voc and Ect (as ex-
tracted from the linear extrapolation of V¢ towards 0K) for the
different studied photovoltaic devices as listed in Table I. Their
linear dependence for all material combinations is confirmed by a
fit according to Voc = Ecr/q — 0.55V. The dashed line marks a
one-to-one correspondence.

possibly lead to a more complex recombination mechanism
compared to other systems. In any case, this observation
suggests that CuPc/Cgy is not the material combination of
choice to investigate a correlation between AFE and Ect. The
data might lead to the assumption that AE corresponds to
twice the effective band gap.zl’B’61 This is, however, not true
for a broad range of other material systems and needs to be
carefully reviewed.
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Concerning the band-gap-voltage offset, i.e., the difference
between the effective gap at the heterojunction (e.g., Ect/q)
and the Vpc measured at room temperature, Fig. 8 clearly
shows that about 0.5-0.6 V is lost for each investigated het-
erojunction. These losses are caused by recombination, both
radiative and nonradiative. Both parts can be summarized in
one experimentally accessible quantity AVoc o In(joo/jsc)-
Joo is generally considered to be a measure of the intermolecu-
lar coupling between the donor and acceptor molecules, where
low jiyo corresponds to weak coupling, a property which can be
modified by varying the strength of the 7 interaction.?%2%:61:62
Consequently, the experimentally apparent independence of
the absolute V¢ loss on the material system becomes evident
by considering these coupling constants (cf. Table I). Even
though jgo varies by roughly one order of magnitude, the
value enters logarithmically into AVpc. This means that the
electronic coupling is virtually identical for all investigated
heterojunctions, independent of the effective photovoltaic
energy gap. This results in very similar absolute losses. Even
though a high short-circuit current will also favor a high Vo,
direct comparison between the values found for jyy and jsc
shows that the coupling constant dominates the impact on Voc
by far.

These findings emphasize that in order to achieve the
highest possible Vpoc two fundamental requirements have to
be met by the material system: (1) The effective gap (be
it AE or Ect) has to be as large as possible in order to
enable a large chemical potential of the charge-carrier pairs.
(2) Recombination has to be suppressed to a minimum in order
to maintain the chemical potential. The second requirement
crucially depends on minimizing the coupling constant jy
while at the same time keeping jsc high. Note that considering
the mechanisms of charge generation in excitonic solar cells,
weak electronic coupling at the D/A interface and large jsc
have to be regarded as potentially concurring aims. However,
the predominant recombination losses are nonradiative and
thus avoidable.'3*

The fact that AVpc is identical for all systems implies
that the relative loss with respect to the particular effec-
tive photovoltaic gap is larger for material combinations
with small intermolecular gaps. This is shown in Fig. 9.
The measured relative Voc loss with respect to Ecr/q
derived from solar-cell characteristics under illumination
(i.e., 1 —qVoc/Ecr) is plotted vs the predicted relative
losses derived from dark j-V characteristics using Eq. (4)
[i.e., (nkgT/AE)In(joo/jsc)l. The almost-perfect one-to-
one match of predicted and measured values shows that
Voc losses observed for the illuminated solar cell emerge
already from the dark behavior of the diode, presumably
from the strength of the donor-acceptor electronic coupling.
This again underlines the fact that both techniques for the
determination of the effective photovoltaic energy gap are fully
equivalent.

In passing, we want to note that, interestingly, even
inorganic single-junction solar cells exhibit band-gap-voltage
offsets between 0.4 and 0.6 eV, more or less independent
of the absolute magnitude of the semiconductor band gap.®
This may be taken as a further confirmation that both
organic and inorganic heterojunctions obey basically the same
physics.
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FIG. 9. (Color online) Relative Voc loss of the different studied
photovoltaic devices as listed in Table I, measured under illumi-
nation vs the predicted relative loss using parameters from dark
characteristics and Eq. (4). Measured values are normalized by Ecr;
predicted values are normalized by A E (extracted from light and dark
characteristics, respectively). The dashed line marks a one-to-one
correspondence.

V. CONCLUSIONS

In this paper the effective photovoltaic gap acting as the
upper limit of the open-circuit voltage of organic molecular
heterojunction solar cells has been analyzed, and energy losses
have been identified. For this purpose the quantities AE, Ecr,
and Epp typically used interchangeably in the literature have
a priori been considered to be independent. In this scope, AE
denotes the activation energy of the dark saturation current and
can be regarded as the minimum energy required for charge
generation. Ect denotes the energy of the lowest radiative
transition and is thus dominated by recombination. Epy is
the D/A intermolecular gap as determined by photoemission
spectroscopy. These quantities were then shown to have equal
values, indeed rendering them interchangeable.

In the first part of this work a thorough investigation
of the CT energies of planar heterojunction DIP/Cgy cells
was carried out. AE and Ecr were determined by two
complementary methods each. While A E was extracted from
the temperature dependence of the dark saturation current in
both cases, jo itself was determined by distinctly different
experiments. In the first case the dark injection current under
forward bias was evaluated; in the second case the intensity
dependence of V¢ was analyzed. Despite completely different
solar-cell conditions, almost-identical results were extracted.
Ecr was extracted from the temperature dependence of V¢
by extrapolation to 0 K. This value was compared to direct
spectroscopic detection of the CT state by combined analysis
of emission and absorption. Again, a close match of both
values was obtained. By comparison of AE, Ecr, and Epa
from the literature (determined by photoemission and inverse
photoemission spectroscopy)' all three values could clearly
be identified to be identical for the DIP/Cg system. This shows
that all four methods may reliably be applied to retrieve the
effective energy gap at organic heterojunctions.
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In the second part the temperature dependences of the
dark injection current and of Vpc were analyzed for a
series of material systems. Good agreement of AE and
Ecr was found for all systems except CuPc/Cgy, where
recombination via trap states or triplets is assumed to play
a major role.”*> The general rule well established for bulk-
heterojunction solar cells, that V¢ typically is 0.5-0.6 V
below the effective photovoltaic gap, could clearly be verified
for molecular planar heterojunction devices. Furthermore, we
attribute this apparent generality to similar donor-acceptor
electronic coupling strength, as indicated by relatively small
variations of jyo. Additionally, we could show that the
relative Ve loss observed under illumination can already be
predicted from the dark characteristics of the solar cell. The
overall good agreement of values macroscopically observed
and calculated from microscopic quantities shows that the
temperature-dependent analysis of solar-cell characteristics

PHYSICAL REVIEW B 88, 235307 (2013)

provides a simple and convenient tool to probe the effective
energy gap at the donor-acceptor interface directly in device
geometry.
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