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Organic small molecule solar cells are used as a test bed to investigate the inﬂuence of ﬁlm morphology on the density of charge-transfer (CT) states. CT states are considered as precursors for charge
generation and their energy as the upper limit for the open-circuit voltage in organic donor-acceptor solar
cells. In this study the inﬂuence of morphology for two perylene donors [crystalline diindenoperylene
(DIP) versus amorphous tetraphenyldibenzoperiﬂanthene (DBP)] with almost identical ionization energy
is investigated. As acceptor material, the fullerene C60 is used. By combining device measurements with
optical and low-energy ultraviolet photoelectron spectroscopy, a comprehensive picture is obtained that
describes how morphology and the connected density of states (DOS) aﬀect device performance and the
spectroscopic signature of CT states. Especially for the crystalline donor material DIP, strong exponential
tail states reaching far into the gap are observed, which can be related to the presence of grain boundaries.
A voltage-dependent ﬁlling of these states is identiﬁed as the origin of a blue shift of electroluminescence spectra with increasing applied voltage. Diﬀerent approaches are compared to study the inﬂuence
of static and dynamic disorder in the description of CT emission and absorption spectra of organic solar
cells. Despite the fact that both donors yield almost identical CT energy (and, thus, the same open-circuit
voltage) the Stokes shift between photocurrent and electroluminescence spectra and, concomitantly, the
width of the CT DOS varies by more than a factor of 2. We discuss this observation in terms of the donoracceptor reorganization energy as well as an additional line broadening by static disorder. Remarkably,
the more crystalline donor DIP shows a signiﬁcant deviation from a Marcus-type description, while this is
not the case for the amorphous DBP. This highlights the importance of ﬁlm morphology in organic solar
cells.
DOI: 10.1103/PhysRevApplied.13.024061

I. INTRODUCTION
Organic photovoltaics (OPVs) have seen a tremendous
increase in power conversion eﬃciency over the last three
decades and are now reaching top eﬃciencies of more
than 16% [1]. However, the diﬀerence between the measured open-circuit voltage VOC and the energy gap of
the light-absorbing materials Eg , the so-called bandgapvoltage oﬀset, is considerably larger for OPV materials than for inorganic semiconductor or perovskite solar
cells [2,3]. One reason is that charge generation in OPVs
occurs through charge-transfer (CT) states, which consist
of Coulombically bound electron-hole pairs at the donoracceptor (DA) interface. Accordingly, detailed knowledge
of the CT density of states (DOS) and its occupation under
diﬀerent excitation conditions is crucial for understanding
OPV functioning. Central parameters are the CT energy
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ECT , i.e., the energy diﬀerence between the lowest CT
state and the ground state, as well as the reorganization
energy λ due to changes of nuclear coordinates in the CT
complex and its environment, which form the basis for
the description of CT spectra in the framework of Marcus theory [4–8]. Other authors have pointed to the role
of static disorder, the ﬁlm morphology as well as a potentially nonthermal site occupation [9–16]. Regardless of the
details, it is generally accepted that the CT DOS can be
described by a Gaussian distribution (or a superposition
of several Gaussians if vibronic progressions of higherenergy modes or the coexistence of diﬀerent electronic
DA conﬁgurations come into play). However, deviations
from this generic shape will have important consequences
reﬂected, e.g., in state-ﬁlling eﬀects under varying light
intensities or applied bias conditions. In particular, this can
lead to strongly voltage-dependent electroluminescence
spectra as well as nonideal recombination kinetics resulting potentially in ambiguities about the CT energy and
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related parameters. Diﬀerences between optical and electrical excitation can complicate the analysis additionally.
Here, we directly demonstrate the strong inﬂuence
morphology has on the CT DOS and show how ﬁlling of tail states aﬀects the optical spectra. We use two
molecular donor materials with almost identical ionization energy and combine them with the fullerene C60
as acceptor. Remarkably, however, one of the two perylene donors, diindenoperylene (DIP), shows crystalline
ﬁlm growth, while the other one, tetraphenyldibenzoperiﬂanthene (DBP), is amorphous. We combine morphological investigations with sensitive ultraviolet photoelectron
spectroscopy, as well as spectral electroluminescence and
photocurrent measurements to study the consequences of
diﬀerent ﬁlm morphologies for the CT DOS.

II. METHODS
Sample preparation: All samples are fabricated on
commercially available indium-tin-oxide- (ITO) coated
glass substrates (purchased from Thin Film Devices,
Inc., Anaheim, CA; sheet resistance approximately equal
to 20 /square). Prior to the evaporation of the
active organic layers, a 30-nm-thick layer of poly(3,4ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS; purchased from Heraeus Clevios GmbH, Leverkusen,
Germany as AI 4083 or HIL 1.3) is spin coated from
an aqueous solution and annealed at 125 ◦ C for 30
min on a hot plate under ambient conditions. Subsequently, the active donor and acceptor layers as well
as for the diodes a 5-nm layer of the exciton blocking material bathocuproine (BCP; purchased from Sigma
Aldrich as sublimed grade and used without further
puriﬁcation) and 100 nm of aluminium are deposited
using a standard thermal-evaporation procedure at base
pressures of 10−7 mbar. The aluminium is evaporated
through a shadow mask as a top electrode, resulting in
an active area of A = 4 mm2 . Thus the layer sequence
for all devices is ITO/PEDOT:PSS/organic layers/BCP/Al.
The active material diindenoperylene (DIP; purchased
from S. Hirschmann, University of Stuttgart, Stuttgart,
Germany) are puriﬁed twice by gradient sublimation
and tetraphenyldibenzoperiﬂanthene (DBP) as well as
fullerene C60 (both purchased from Lumtec, Taiwan) are
used as received.
Ultraviolet photoelectron spectroscopy (UPS): UPS is
performed using two diﬀerent excitation light sources (UV
and VIS), a Xe lamp and a D2 lamp for the energy ranges
of 1.5–6.5 and 3.6–8.0 eV, respectively. To eliminate
stray light, a zero-dispersion double monochromator (Bunloukeiki M25GTM-DZ) is adapted to the light sources. The
incident angle of the light beam is 55◦ from the surface normal and emitted photoelectrons are detected at the surface
normal direction with a 120-mm hemispherical analyzer

(PSP Vacuum Technology RESOLVE120). All measurements are performed under a sample bias of −10 V and the
total energy resolution of the setup is 0.23 eV. The samples are prepared in a separate preparation chamber and
are subsequently transferred into the measurement chamber without breaking vacuum. Both chambers have a base
preassure below 5 × 10−7 Pa.
Morphological characterization: Morphological characterization is performed by an atomic force microscope
(AFM, Thermo Microscopes Autoprobe CP-Research) in
tapping mode.
Electroluminescence (EL) measurements: EL measurements are carried out by using a liquid-nitrogen-cooled
CCD camera (PyLoN:100BR_ eXcelon, Princton Instruments) coupled with a spectrometer (SP2300i, Princton
Instruments) with a spectral sensitivity in the wavelength
range of approximately 300–1050 nm. The measurements
are performed under a dc voltage drive from a Keithley
source meter. The samples were transfered into a liquidhelium-cooled cryostat (Cryovac) with an inert gas atmosphere (approximately 300 mbar He) without air exposure.
Incident photon to current eﬃciency (IPCE): IPCE measurements are performed using a halogen lamp together
with a monochromator (Omni-λ300, Zolix Instruments
Co., Ltd.), which allows wavelength-dependent measurements in the range from 350 to 1100 nm in steps of 1 nm.
The current signal of the solar cell is measured using a
lock-in ampliﬁer (Stanford Research Systems SR830) and
compared to the signal of a Si-reference cell (Thorlabs,
FDS 100) that is measured by a Keithley 237 SMU.
III. RESULTS
A. Structure and morphology
The structure and morphology of thin ﬁlms of the two
donor materials—DIP and, to a lesser extent, DBP as
well—in combination with the fullerene C60 as acceptor
have already been the subject of several investigations
[17–19]. Thus, we only summarize the key ﬁndings here
and refer to the literature for further details. For comparison with electrical device characteristics, the donorfullerene blends are fabricated on ITO-glass substrates
covered with the hole-injection layer PEDOT:PSS. Prior
to codeposition of the 50-nm-thick D:A (1:1) blend a thin
neat donor layer (ca. 5 nm thickness) is deposited. Both of
the layers are grown at an elevated substrate temperature
of about 100 ◦ C.
Although the chemical and electronic structure of the
two donor molecules is quite similar (see Fig. 1, top), thin
ﬁlms show signiﬁcant diﬀerences concerning morphology,
molecular orientation, absorption, and transport properties [19,20]. While DIP is a ﬂat molecule consisting of
a perylene core with two indeno end groups, DBP has a
more extended core with additional benzene rings on each
end and, most importantly, four additional rotatable phenyl
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FIG. 1. Top: molecular structures of the donor materials DIP
and DBP; center: AFM images of 1:1 mixtures of both donors
with the fullerene C60 as acceptor; bottom: sketch of the layer
morphology for both cases.

groups at the perylene core such that the molecule is no
longer ﬂat but rather bulky (compare the analogous case
of tetracene and rubrene). Nevertheless, the similarity in
their molecular cores leads to almost identical ionization
energies of about 5.4–5.5 eV [7,21,22], and consequently
very similar DA gaps to the fullerene C60 leading to basically the same open-circuit voltage VOC of ca. 0.9 V in
solar cells [19] (see also Sec. I and II of the Supplemental
Material [23]).
However, the small diﬀerences in their molecular structure, especially the four rotatable phenyl rings, induce
fundamental diﬀerences concerning ﬁlm growth. For DIP
evaporated on various kinds of substrates highly crystalline ﬁlms with almost vertically standing molecules are
reported [18,24]. Domain sizes in these polycrystalline
ﬁlms can reach almost up to the micro-meter scale for
heated substrates. By contrast, DBP does not exhibit measurable crystallinity regardless of growth temperature and
the used substrate [25]. Still the ﬁlms are not perfectly
amorphous but show a preferentially lying orientation of
the molecules, which is also conﬁrmed by the huge diﬀerence in optical absorption of both materials (see Fig. SI1
of the Supplemental Material [23]). Thus, from an optical
point of view, DBP is more favorable for solar-cell applications, which is supported by the corresponding device data
(see Fig. SI2 and Table SI-I of the Supplemental Material
[23]).
When coevaporated with the fullerene C60 to form
a so-called bulk heterojunction, both donors keep their

diﬀerences in ﬁlm growth. DIP:C60 mixtures show pronounced phase separation with a noticeable reduction in
domain sizes as compared to the neat DIP ﬁlms at identical
growth conditions [18]. However, even these bulk heterojunctions are highly crystalline such that charge transfer
between donor and acceptor can only occur at grain boundaries between DIP and the fullerene. DBP and C60 , on
the other hand, exhibit intermixing on a molecular level
over a wide range of mixing ratios without indications for
crystallinity or large-scale phase separation [19,26]. All
these ﬁndings support largely diﬀerent scenarios for the
resulting ﬁlm morphology as shown in Fig. 1. DBP:C60
mixtures form smooth amorphous, spatially homogenous
ﬁlms, while the DIP:C60 counterpart has highly crystalline
neat D domains (and to a lesser extent also A) with very little intermixing and higher roughness. It was shown by earlier x-ray-diﬀraction studies that the vertical DIP domain
size typically is as big as the ﬁlm thickness in such crystalline D:A blends [17,18]. This means that in a solar cell
with a thin neat C60 layer evaporated on top of the blend,
C60 molecules will be sitting predominantly on edge-onoriented DIP molecules; nevertheless, there are also DIP
grain boundaries, where face-on-exposed DIP molecules
are in contact to C60 .
In the following, we study the consequences of these
structural diﬀerences for the electronic properties—and,
in particular, the density and spectral properties of intermolecular CT states at the DA interface.
B. Photoelectron spectroscopy
For a detailed understanding of CT states it is crucial to investigate the electronic structure of the material
combination of interest. In particular, states that possibly
exist within the bandgap region between the energy of the
highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) might strongly
inﬂuence device performance, not only by aﬀecting VOC
via the quasi-Fermi-level positions, but also by acting as
recombination centers and thus reducing the charge-carrier
mobility and the short-circuit current jSC of the device [27–
30]. To determine the DOS distribution of the HOMO
region of the donor, including tail states that reach far
into the bandgap region, low-energy ultraviolet photoemission spectroscopy (LE UPS) measurements on neat donor
layers as well as on 1:1 mixtures of the donors with the
acceptor C60 are performed. To keep the samples used for
UPS measurements as close as possible to the structure of
solar cells, the ﬁlms are prepared on ITO substrates using
the PEDOT:PSS derivative HIL 1.3 as the hole injection
layer. UPS spectra are recorded on neat 25-nm-thick donor
layers as well as on 50-nm-thick 1:1 mixtures of the donors
with C60 . Several spectra with excitation energies between
7.7 and 4.5 eV are recorded and combined to one overall
spectrum with a high dynamic range that provides insight
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into the distribution of occupied states far into the gap of
the investigated sample. The resulting spectra are shown in
Fig. 2 (see the Supplemental Material for more information
on how the spectra are obtained from a series of measurements with varying excitation energy). Neat donor layers
are compared to D:A mixtures of the respective donor with
the acceptor C60 .
As shown in Fig. SI4 and SI5 of the Supplemental
Material [23], the HOMO regions of all spectra can be
ﬁtted with Gaussian functions. They exhibit similar peak
(a)
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FIG. 2. (a) Comparison of the combined LE UPS spectra for
neat DBP (blue) and a DBP:C60 1:1 mixture (black). (b) The
same for a neat DIP layer (green) and a DIP:C60 1:1 mixture
(black). In both cases, the spectra of single donor layers and D:A
mixtures are normalized in intensity such that the ﬁtted HOMO
peaks (see the Supplemental Material for details) are identical,
as indicated by the gray dashed line. The pronounced exponential tail structure in the DIP:C60 mixture is visualized by an arrow.
EF denotes the Fermi energy of the respective sample.

energies of about 5.8–5.9 eV relative to the vacuum level
and the σ values, i.e., the standard deviations of the Gaussian functions, are about 0.25 eV for both neat donor
layers and slightly lower at about 0.23 eV for the mixtures with C60 . This probably reﬂects the circumstance that
dielectric screening is changed upon mixing the perylene
derivatives with the higher dielectric constant fullerene. In
general, σUPS contains several contributions as discussed in
Ref. [31] including, inter alia, static, and dynamic disorder.
However, the obtained numbers cannot directly be compared with bulk values, e.g., derived from modeling charge
transport, because a weaker screening at the surface of the
ﬁlms systematically broadens photoemission peaks [32].
Furthermore, in the case of the DIP:C60 mixture there
is a clear deviation from a Gaussian function above the
Fermi level, i.e., in the gap of the D:A mixture, as indicated
by the arrow in Fig. 2(b). The almost linear decay in this
semilogarithmic plot suggests the presence of exponential
tail states. A closer look at the raw data in the Supplemental Material shows that such tail states are also present to
some extent in neat DIP and in the DBP:C60 blend as well,
but they are strongest, if DIP is coevaporated with C60 .
Similar exponential gap states have been observed in the
literature for CuPc, rubrene, and thick layers of neat C60
[27,30]. The increased density of tail states for the mixture
of DIP and C60 compared to the neat DIP layer could as
well originate from the C60 LUMO states that are occupied due to a charge transfer from excited DIP molecules.
However, if this were the case similar results for DBP mixtures should be measured, which is not observed. Thus, a
plausible explanation, which takes the morphological differences between the two donor materials into account, is
that these tail states are the result of grain boundaries. In
the crystalline DIP, which undergoes strong phase separation, when codeposited with C60 , one can envision the
coexistence of diﬀerent local environments. As already
brieﬂy mentioned in the morphology section, DIP forms
relatively large crystalline domains in mixtures with C60 ,
which extend in vertical direction throughout the whole
ﬁlm. However, in lateral direction DIP molecules at grain
boundaries will expose their π -electron system to C60
molecules having diﬀerent polarizability, thus, transferring
spectral weight from the main DIP HOMO peak to these
exponential tail states.
Note that the origin of subgap states in polymers
has recently been discussed in the context of waterinduced trap states [33,34]. While the detailed mechanism might diﬀer in solution-cast polymer ﬁlms and
vacuum-evaporated molecular systems studied here, the
idea of water penetrating into nanovoids and changing the
dielectric screening might at least qualitatively explain the
diﬀerences between the dense amorphous DBP:C60 mixtures on one side and the rough polycrystalline DIP:C60
ﬁlms on the other side with its grain boundaries allowing
for the permeation of such species.
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C. Photocurrent and electroluminescence spectra
In order to analyze whether these exponential tail states
observed in the UPS spectra of DIP samples inﬂuence the
device performance of organic solar cells, it is interesting to investigate their contribution to the photocurrent
of the respective materials. Therefore, sensitive incident
photon-to-current eﬃciency measurements are used to
analyze particularly the inﬂuence of subgap states on the
photocurrent of organic solar cells.
IPCE spectra of DIP and DBP as well as C60 single-layer
devices [with the following structure: ITO/HIL 1.3/neat
donor or fullerene layer (50 nm)/BCP (5 nm)/Al] are
shown in a logarithmic representation in Fig. 3 (dashed
lines). The general shape of the curves is determined by
the absorption spectra (shown in Fig. SI1 of the Supplemental Material [23]). However, owing to diﬀerences in
the location where exciton dissociation and, thus, carrier
generation happens and the disparities in carrier mobility of the materials, there are noticeable diﬀerences in the
absolute magnitude of the photocurrent. The C60 device
yields the highest IPCE among these single-layer devices,
because the active junction is located at the interface to
the HIL1.3 layer through which the device is illuminated.
Additionally, C60 has the highest carrier mobility of the
three materials. Comparing DIP and DBP, the higher photocurrent for the former is striking in view of the much
lower absorption coeﬃcient. However, because of the
amorphous nature of DBP ﬁlms their exciton diﬀusion

FIG. 3. IPCE spectra of C60 , DIP, and DBP single-layer devices
with the architecture ITO/HIL 1.3/organic layer (50 nm)/BCP(5
nm)/Al in comparison to DIP:C60 (2:1) and DBP:C60 (1:2)
planar-mixed heterojunction devices with the layer sequence:
ITO/PEDOT:PSS/donor(5 nm)/D:A mixture (50 nm)/ C60 (10
nm)/BCP(5 nm)/Al.

length and charge carrier mobility are signiﬁcantly lower
so that only a small fraction of the generated excitons is
actually dissociated and extracted as charges. Furthermore,
since the active junction for both donors is located at the
cathode side to the BCP layer, at the given ﬁlm thickness
of 50 nm an internal ﬁlter eﬀect may also play a role in the
case of DBP (as evidenced, e.g., by the fact that the relative contribution of the 0-0 transition in the photocurrent
is lower than in absorption). The crystalline DIP, on the
other hand, has large exciton diﬀusion length (only limited by the ﬁlm thickness [35]) so that almost all excitons
can reach the dissociating interface and contribute to the
photocurrent.
Also shown in Fig. 3 (solid lines) are IPCE spectra of
DA heterostructures in a so-called planar-mixed heterojunction (PM HJ) conﬁguration, i.e., the D:A blend (50
nm) is enclosed by 5-nm neat donor and 10-nm neat C60 .
Both devices have similar IPCE in the dominant spectral
range of the fullerene absorption (400–500 nm), which is
about ﬁve times higher than for the single-layer C60 device.
Above 500 nm, however, huge diﬀerences between the
two donor materials as well as to the single-layer devices
become apparent. The DBP:C60 device shows a strong
donor contribution in the range of the DBP absorption
(500–650 nm) with the typical vibronic structure, while
for the DIP:C60 device the donor only adds little to the
C60 IPCE with a noticeable contribution between 500 and
550 nm. In the longer wavelength region, the IPCE of the
DIP:C60 PM HJ remains higher than for neat C60 in the
so-called subgap region [in this case the fullerene has the
lower gap of about 1.9 eV (650 nm)] and exhibits an almost
exponential decay down to values of some 10−4 . For the
DBP:C60 device we also observe an additional contribution in the subgap region (DBP and C60 have basically
the same gap). But owing to the diﬀerent ﬁlm morphology
as compared to DIP:C60 , the DBP:C60 PM HJ has significantly higher IPCE than its DIP counterpart. As will be
discussed further below, this can be related to diﬀerent
electronic couplings of the related CT states (standing vs
lying donor molecules) as well as the blend morphology
(phase separation vs miscibility).
For electroluminescence spectroscopy the organic solar
cell is operated as a light-emitting diode by applying a
forward voltage to the device and detecting the emission.
Figure 4 shows EL spectra for the single-layer devices
(left) of all used materials as well as for the DBP:C60
(center) and DIP:C60 (right) PM HJs. To understand the
emission spectrum of a DA heterostructure, the spectra of
the individual materials are essential. Furthermore, in order
to investigate possible eﬀects of state ﬁlling we measure
each single-layer EL spectrum at diﬀerent drive voltages:
once at the lowest possible value that still yields a reasonable signal-to-noise ratio and then at higher voltages of 2
and 4 V. Generally, the lowest HOMO-LUMO transition
in C60 molecules is symmetry forbidden [36], however,
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FIG. 4. Electroluminescence spectra of DBP, DIP, and C60 single-layer devices (a), as well as DBP:C60 (b) and DIP:C60 (c) PM HJ
solar cells for diﬀerent applied voltages between 0.9 and 4.0 V. The measurements are performed at room temperature. Please note,
that the rolloﬀ above 1020 nm for the DIP:C60 spectra may originate from the limited sensitivity of the used Si detector. Thus, this
range is not further considered in the following analysis.

vibronic coupling and disorder in thin ﬁlms allow violation of the parity selection rule [37]. The main emission of
C60 (gray and black lines) is located between 700 and about
900 nm [38] and does not change for diﬀerent applied voltages; but for 1 V an additional weak emission appears in
the longer wavelength region. This contribution is generally not discussed in the literature so that a clear assignment is not possible. Similar observations are made for
the DBP single-layer device (blue lines), where the spectra for 1.5, 2, and 4.0 V almost perfectly match each other,
although not showing clearly resolved vibronic structure in
this case. The spectral shape for the DIP emission (green
lines), however, strongly depends on the applied voltage.
For low voltages, a broad featureless spectrum with a
maximum at about 740 nm is measured. Increasing the
applied voltage to 2 V leads to a blue shift by about 50
nm and a pronounced vibronic structure, especially for
shorter wavelengths, appears, which becomes more pronounced upon increasing the voltage to 4 V. However, a
weak contribution of the broad featureless emission at the
same position as the spectrum for low applied voltage is

still present. The main EL peak positions are similar to
those found by photoluminescence measurements in the
literature [8,39,40].
For the PM HJ devices of both donors, the EL spectra
show a distinct dependence on the applied voltage. Firstly,
for low voltages just above VOC only a broad signal in the
long-wavelength range is detected. As the single materials
show no relevant signal at these wavelengths, this emission
is attributed to CT states at the DA interface. However, the
higher the applied voltage gets the more of the original
bulk emission of the donor at shorter wavelengths contributes. Secondly, the long-wavelength bands assigned to
emission from CT states show a distinct diﬀerence in their
peak positions for both donor materials. Both of them shift
toward shorter wavelength with increasing voltage, as indicated by the dashed arrows. However, the magnitude of the
shift is largely diﬀerent. For DBP:C60 the CT maximum
shifts by only about 25 nm over the whole voltage range,
whereas the shift for the DIP:C60 blend is more than 100
nm. As discussed in the following sections, this indicates
signiﬁcant diﬀerences in their CT DOS.
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IV. ANALYSIS AND DISCUSSION
According to fundamental thermodynamic principles
the absorption and emission spectra of a solar cell are
linked by reciprocity relations [41]. In particular, if absorption and emission are between states that are populated
according to Boltzmann statistics, which is an approximation, the respective spectra are related by


E
Emission(E) ∝ Absorption(E) × E 2 × exp −
,
kB T
(1)
whereby suitable spectral quantities have to be used for
“Emission” and “Absorption,” respectively.
In the context of organic solar cells it has become
common practice to take electroluminescence spectra on
the one side, and external quantum eﬃciency (EQE),
i.e., IPCE, spectra on the other side [42]; although some
authors have recently suggested to use PL instead of EL
[14]. Note that the conversion of measured EL spectra using a wavelength-dispersive spectrometer [yielding
intensities in W/(cm2 nm)] to reduced EL spectra not
only requires converting wavelength to energy (and, concomitantly, dividing intensity by a factor E 2 ), but needs
explicit division by another factor E. On the other hand, for
obtaining reduced IPCE spectra, which is a dimensionless
quantity, multiplication with a factor E is suﬃcient.
In the following, we use the methodology put forward
by Vandewal et al. on how to determine optical gaps in
organic photovoltaic materials [42], which was recently
challenged by the work of Kahle et al., who suggested
a diﬀerent approach to interpret absorption and emission
spectra of CT states in such systems [14]. We start with
the analysis of single-layer devices and demonstrate that
both perylene donors exhibit distinct diﬀerences concerning their DOS, which is thereafter found to cause diﬀerent
scenarios in DA solar cells as well.
A. Single-donor devices
The shape of absorption and emission spectra of organic
thin ﬁlms is commonly described using a Franck-Condon
progression of vibrational modes around the optical gap
Eopt , which is eventually multiplied by a Gaussian function
[(E) = (2π σ 2 )−1/2 exp(−E 2 /2σ 2 ) with variance σ 2 ] to
account for inhomogenous line broadening due to static
disorder [14].
Then the reduced EL spectrum ĨEL (E) is obtained by
dividing the EL spectrum IEL (E) by the energy E, and the
reduced IPCE spectrum η̃IPCE (E) by multiplying the IPCE
spectrum ηIPCE (E) with E:
IEL (E)
E
 Sm
exp(−S) × [E − (E0 − mωvib )], (2)
∝
m!
m

ĨEL (E) ≡

η̃IPCE (E) ≡ ηIPCE (E) × E
 Sm
exp(−S) × [E − (E0 + mωvib )].
∝
m!
m
(3)
Therein E0 is the energy of the purely electronic 0-0 transition, ωvib is the frequency of the intramolecular vibration to
which the electronic excitation couples predominantly, and
S is the Huang-Rhys factor indicating which vibrational
quantum number (m = 0, 1, 2, . . .) is most likely, i.e., how
large the diﬀerence in the equilibrium positions between
ground- and excited-state potential minima is.
This formalism is now applied to reduced IPCE and EL
spectra of DIP and DBP single-layer devices. Figure 5
shows normalized reduced photocurrent action spectra of
both donors on a logarithmic scale. The ﬁrst peak of the
DBP IPCE spectrum at E = 2.01 eV can be ﬁtted with
one single Gaussian having σ = 56.2 meV, whereas for
the DIP spectrum a shoulder at lower energies is visible,
so that two Gaussians at E2 = 2.25 eV and E1 = 2.15 eV
with σ2 = 59.0 meV and σ1 = 41.4 meV, respectively, are
necessary. In both cases, the energy of the dominant peak is
assigned to the electronic 0-0 transition, while the second
weaker peak in DIP probably results from a Davidov splitting, because the crystalline DIP phase has two molecules
per unit cell [43].
Please note that the σ values obtained from UPS and
optical spectra are not expected to be identical. As already
discussed in the section on photoelectron spectroscopy,
σUPS does not quantitatively reﬂect the width of the DOS
because it is broadened due to speciﬁc issues of this
method. Furthermore, one has to keep in mind that the
width of the DOS is larger for charged organic molecules
than for neutral excited species. Typically, it is found that
σcharge ≈ 2.5 × σexciton [45]. Using this relation, a width of
the transport DOS between 140 and 150 meV is expected
for DIP and DBP. It is also remarkable that the σ values are
almost identical for both donors in spite of the fact that DIP
grows as polycrystalline thin ﬁlms, whereas DBP ﬁlms are
amorphous.
Nevertheless, they exhibit signiﬁcant diﬀerences in the
so-called subgap region at energies below their respective
optical gaps. For DBP only a small deviation of the measured spectrum from the Gaussian ﬁt at the lowest energies
is observed. But still, the ﬁtted straight line indicates the
presence of a small amount of exponential tail states. In
the case of DIP, however, the deviation from the Gaussian ﬁt is much larger. For energies below about 2.0 eV
a pronounced exponential contribution of the IPCE spectrum can be observed. From the slope of these linear ﬁts an
Urbach energy EU characterizing the energetic depth of the
tail states can be calculated. It amounts to about 50 meV for
DIP, but is signiﬁcantly smaller (about 31 meV) for DBP,
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FIG. 5. Reduced normalized IPCE spectra of DIP (a) and DBP (b) single-layer devices with the architecture ITO/HIL 1.3/organic
layer (50 nm)/BCP(5 nm)/Al. The ﬁrst absorption peak of DBP is well described with one Gaussian only, whereas for DIP two
Gaussians are necessary. The low-energy region is ﬁtted linearly to emphasize the presence of tail states, most pronounced in DIP.
From the slopes an Urbach energy EU is calculated. The literature values for the optical gaps Eopt of 2.1 eV for DIP [43] and 1.9 eV
for DBP [44] are marked with black arrows.

which is comparable to high-performance polymer solar
cells [46].
We now turn to the combined analysis of EL and IPCE
spectra where, in particular, the voltage dependence of the
EL will yield further information. Figure 6 shows normalized reduced EL and IPCE spectra of the two donor
single-layer devices on linear scale. In both cases, the
IPCE spectra exhibit a well-resolved vibronic structure,
which can be described by a Franck-Condon formalism.
From the analysis shown in Fig. SI6 and Table SI-II of
the Supplemental Material [23], similar vibronic progressions ωvib between about 175 and 185 meV are obtained,
and the inhomogenous linewidth is almost 70 meV in
both cases—somewhat larger than in the analysis made
in Fig. 5, where the focus is on the low-energy slope
only.
By contrast, the EL spectra of both donors are aﬀected
by aggregate formation such that the apparent line width
does not reﬂect the intrinsic inhomogenous line broadening. As shown in the Supplemental Material [Fig. SI6(a)
[23] ], the EL of DBP can only be measured with vibronically resolved progression, if DBP is diluted in rubrene
as host material. Since both are nonpolar and have similar
dielectric constants, the excitonic energies of DBP should
be identical in both cases. Dilute DBP in rubrene has its 00 transition slightly above 2 eV, i.e., more or less directly at
the 0-0 transition in the IPCE with negligible Stokes shift,
and the 0-1 transition is found at 1.86 eV. However, in
the EL of the neat DBP ﬁlm shown in Fig. 6(b) the 0-0
transition is suppressed, probably due to self-absorption.
Rather, a broad peak with its maximum at about 1.78 eV

is observed, which is probably composed of an aggregate emission together with the 0-1 and 0-2 peaks (see the
Supplemental Material for a detailed analysis) [23]. This is
similar in the case of DIP, where the 0-0 transition is also
completely suppressed and the EL spectrum is dominated
by a broad peak at lower energies.
However, there is a striking diﬀerence between both
donors. In the case of the amorphous DBP there is basically
no diﬀerence on the high-energy side of the EL spectra
measured at 1.5, 2, and even 4 V [Fig. 6(a)]. Only at
the low-energy side of the spectra can one observe some
weak additional contribution for the lowest voltage, probably due to the above mentioned tail states. This is in
contrast to the DIP EL spectra, where the low-voltage
spectrum measured at 1.6 V is shifted as a whole by almost
200 meV towards lower energy [Fig. 6(b)]. Furthermore,
this spectrum is almost featureless and does not have a
vibronic substructure. By contrast, as soon as the voltage is
increased to 2 V the expected vibronic features of the 0-1
and 0-2 transitions at about 2.1 and 1.95 eV, respectively,
appear and do not change signiﬁcantly for higher voltages.
Thus, one has to conclude that at the lowest applied voltage of 1.6 V (which is about 0.5 V below the optical gap)
the EL of polycrystalline neat DIP devices is completely
dominated by defect luminescence from lower lying states
in the DOS.
B. Donor-acceptor heterojunction devices
Following Marcus theory for electron transfer reactions, Vandewal et al. have put forward the following
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to 2λDA ) and the width of both spectra (with the variance
w2 given by 2λDA kB T) [4]. It is important to note that λDA ,
i.e., the reorganization energy between the ground and
excited CT state, contains contributions of both the donor
and acceptor molecules [47]. It is thought to originate from
low-frequency intermolecular modes of the DA pair forming the CT state (“dynamic disorder”) that have energies
signiﬁcantly less than the thermal energy, which results in
a Boltzmann-type occupation of these modes [42]. Furthermore, in contrast to the Franck-Condon description from
above, this Marcus-type expression does not contain any
contribution of static disorder arising, e.g., from the coexistence of many diﬀerent electronic conﬁgurations at the
DA interface.
To account for this, Burke et al. have suggested to
modify these expressions by introducing a CT disorder
parameter σCT [9], such that the experimentally obtained
exp
exp
values for ECT and λCT are linked to their “intrinsic”
values by

Norm. Red. EL and IPCE (arb. units)

(a)

DIP

2.0 V
1.6 V

4.0 V

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Energy (eV)

Norm. Red.EL and IPCE (arb. units)

(b)

DBP

1.5 V
exp

ECT = ECT −

2.0 V

exp

λCT = λCT +

4.0 V

FIG. 6. Reduced normalized EL and IPCE spectra of DIP (a)
and DBP (b) single-layer devices with the architecture ITO/HIL
1.3/organic layer (50 nm)/BCP(5 nm)/Al. A detailed analysis of
the spectra using the Franck-Condon formalism is shown in the
Supplemental Material.

ĨEL (E) ∝ 

2
σCT
.
2kB T

(6)

These are Gaussian functions, where the CT energy ECT
is the crossing point of properly normalized reduced EL
and IPCE spectra, and the reorganization energy λDA determines the Stokes shift between their maxima (being equal

−

[E − (ECT − λCT −

2
σCT

)]2
kB T

2
4λCT kB T + 2σCT

1
η̃IPCE (E) ∝ 
2
2π(σCT
+ 2λCT kB T)


[E − (ECT + λCT )]2
.
× exp −
2
4λCT kB T + 2σCT

(4)

(5)

2
2π(σCT
+ 2λCT kB T)

× exp

ĨEL (E) ∝ √

η̃IPCE (E) ∝ √

1



expressions for the high-energy side of the reduced EL as
well as the low-energy part of the reduced IPCE spectra
originating from CT states in DA solar cells [4,5]:

1
4π λDA kB T


[E − (ECT + λDA )]2
.
× exp −
4λDA kB T

and

Following the reasoning in Ref. [9], this results in slightly
modiﬁed expressions for the reduced EL and IPCE lineshapes:

1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Energy (eV)

1
4π λDA kB T


[E − (ECT − λDA )]2
× exp −
4λDA kB T

2
σCT
2kB T

,

(7)

(8)

Please note that the expression (7) was originally not
derived by Burke et al. However, if the redeﬁnition of ECT
and λCT from Eq. (6) and reciprocity are used, it follows
that the expression for the EL spectrum should take this
form. As a consequence, the Stokes shift between both
spectra does now also contain a contribution of disorder
2
and amounts to 2λCT + σCT
/kB T, just like the variance,
2
2
which is now given by w = 2λCT kB T + σCT
.
A diﬀerent approach to include static disorder has been
put forward by Kahle et al. using a Franck-Condon formalism [14] to describe reduced PL and IPCE spectra. However, for the low-frequency intermolecular modes relevant
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FIG. 7. Reduced CT absorption (IPCE) and emission (EL) spectra of DIP:C60 (a) and DBP:C60 (b) and ﬁts with Gaussian line shapes
according to Marcus theory as proposed by Vandewal et al. [4,5]. The ﬁt parameters are given in Table I. In addition, the EL spectra
are converted into absorption using the reciprocity relation (1).

for CT states, this also leads to Gaussian line shapes:
1
4π λlow kB T


[E − (ECT − λlow )]2
× exp −
,
4λlow kB T + 2σ 2

ĨPL (E) ∝ √

1
4π λlow kB T


[E − (ECT + λlow )]2
× exp −
.
4λlow kB T + 2σ 2

(9)

η̃IPCE (E) ∝ √

(10)

Thus, the Stokes shift is now only 2λlow , but the variance again contains a contribution of static disorder: w2 =
2λlow kB T + σ 2 . It is argued that the smaller Stokes shift as
compared to Burke et al. reﬂects the fact that EL spectra
are shifted to lower energy as compared to PL, because the
former include a contribution from spectral relaxation [14].
We analyze our data mainly using the expressions (4)
and (5) and (7) and (8), however, by considering the
alternative description (9) and (10) as well.
For DA heterojunction solar cells the analysis requires
using a semilogarithmic representation of reduced absorption and emission spectra, because the contribution to the
photocurrent originating from CT states is located in the
subgap region and is signiﬁcantly lower than the main
absorption features of the neat materials. Figure 7 shows
normalized spectra together with ﬁts according to Marcus
theory. For the devices with DBP as donor, the CT contribution to the IPCE spectrum in the subgap region (i.e.,

below 1.9 eV) is clearly visible and has its pendant in the
EL emission at lower energies, which is normalized to the
same peak height. Both can well be ﬁtted by Gaussian line
shapes according to Eqs. (4) and (5) yielding ﬁt parameters
of ECT = 1.49 eV and λDA = 0.18 eV [Fig. 7(b)], which
are also listed in Table I for comparison with other models.
Furthermore, we use the reciprocity between absorption
and emission according to Eq. (1) to convert the measured EL spectrum to a photocurrent signal. As shown in
Fig. 7(b), the EL spectrum corresponds (after proper multiplication with a scaling factor) very well to the IPCE
spectrum for E ≤ ECT . In addition to the EL spectrum
obtained at an applied voltage of 1.0 V, we also obtain
spectra up to 4 V (shown in the Supplemental Material,
Fig. SI7 [23]). However, there is very little shift between
them yielding basically the same CT and reorganization
energies.
This is in stark contrast to the DIP:C60 devices, where
the contribution of CT states to the IPCE spectra is more
smeared out and, accordingly, not very well described by
TABLE I. Compilation of CT energy ECT , reorganization
energy λ and disorder parameter σ from ﬁtting CT spectra of
DIP:C60 and DBP:C60 solar cells according to the Marcus formalism [Eqs. (4) and (5)] as well as the Burke model [Eqs. (7)
and (8)].
Marcus

Burke

Device

ECT
(eV)

λDA
(eV)

ECT
(eV)

λCT
(eV)

σCT
(meV)

DIP:C60

1.48

0.45

DBP:C60

1.49

0.18

1.55
1.75
1.55

0.38
0.18
0.12

59
116
56
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a Gaussian [Fig. 7(a)]. It rather appears that there is an
additional exponential contribution, most likely originating from tail states as already discussed in the context
of photoemission spectroscopy and single-donor devices.
Moreover, if the EL spectra at an applied voltage of 0.9 V
(i.e., at VOC ) and higher voltages (see Supplemental Material and the discussion below) are compared one observes a
large shift that would result in diﬀerent ECT values depending on the applied voltage. For this reason we again use
the reciprocity relation [Eq. (1)] to convert the reduced EL
to IPCE. As shown in Fig. 7(a), the converted EL data
obtained at VOC correspond reasonably well to the measured IPCE spectrum for E ≤ ECT , whereas this would not
be the case for the EL spectra at higher voltages. We therefore argue that EL spectra measured close to VOC should
be used for the extraction of the CT energy. Furthermore,
the obtained value of ECT = 1.48 V agrees reasonably well
with the extrapolated VOC at T = 0 K, (shown in Fig. SI3
of the Supplemental Material [23]), which is an established
alternative method for the determination of ECT [8].
However, while both donor materials apparently yield
the same ECT , there is a striking diﬀerence in their reorganization energies (see Table I). Owing to the larger
Stokes shift observed between reduced EL and IPCE spectra, the λDA value for the DIP:C60 cell (0.45 eV) is
more than twice as large as for the DBP:C60 case (0.18
eV). Given the similar chemical structure of both donor
molecules, one would in the ﬁrst place not expect such
a huge diﬀerence in their donor-acceptor reorganization
energies. Indeed, density-functional-theory (DFT) calculations using the Schrödinger Materials Science software
yield relatively similar reorganization energies for holes
in DIP and DBP (λD = 106 meV vs 84 meV, respectively). If the reorganization energy for electrons in C60
(λA = 109 meV [48]) is added, one arrives at a total λDA of
215 meV for DIP:C60 and 193 meV for DBP:C60 , respectively. The latter is very close to the result obtained by
Marcus ﬁts to the measured CT spectra. However, because
reorganization energies can also contain a contribution by
the environment, which is expected to be diﬀerent in amorphous vs phase-separated nanocrystalline systems, this can
be seen as a direct indication for the importance of morphology for the CT DOS. Moreover, one can ask the
question if, in addition to dynamic disorder, there is also a
signiﬁcant contribution of static disorder in these systems.
Therefore, we use the procedures put forward by Burke
et al. and by Kahle et al. to analyze luminescence and photocurrent spectra of both systems and compared them to
the results from the Marcus-type expressions. All of them
describe Gaussian line shapes, however, they diﬀer in the
origin of the line width and the magnitude of the Stokes
shift. Let us start with the Burke expression. According
to Eq. (6) there is a straightforward correspondence to the
exp
exp
“experimental” parameters (ECT and λCT ), which are the
ones obtained from a Marcus ﬁt. However, the introduction

of a third parameter (σCT ) leaves room for variations. One
could, e.g., hypothetically assume that the line broadening
by static disorder derived from the analysis of single-donor
devices are the same in the CT spectra, although this may
not necessarily be the case, because an exciton on the
neat donor molecules sees a diﬀerent environment than a
CT exciton at the DA interface. Then, if σCT is ﬁxed, the
“intrinsic” values ECT and λCT are given by Eq. (6). These
parameters are listed in Table I for DIP:C60 (ﬁrst line) and
DBP:C60 (third line). The corresponding simulated EL and
IPCE line shapes are shown in Figs. 8(a) and 8(b). Alternatively, one could postulate that DIP:C60 should have
the same λCT as DBP:C60 (in the absence of static disorder) and derive the corresponding σCT required to yield
the same line shape as the Marcus ﬁt (see Table I, second line). At room temperature all these curves are—per
deﬁnition—indistinguishable. However, if temperature is
lowered they will exhibit diﬀerent progression of their peak
positions and line widths, as will be discussed in more
detail below.
Turning to the expression suggested by Kahle et al. and
using the same values as in the Burke model, it is apparent
from Figs. 8(a) and 8(b) that there is a large discrepancy: the simulated PL spectra are signiﬁcantly higher in
energy than the EL spectra from the other two approaches.
The reason is that the Stokes shift in this model is given
by 2λlow ≡ 2λCT and does not depend on the static disorder parameter σ . The authors argue that the diﬀerence
arises because PL (and not EL) spectra are used, because
the latter—as already mentioned above—undergo spectral
relaxation. However, in the case of DBP as donor, we
doubt that this can explain the discrepancy. Considering
that the DBP single-donor device [Fig. 6(b)] exhibits EL
spectra with very little Stokes shift to the IPCE and that
the DBP:C60 heterojunction device shows almost negligible shift of the EL spectra with voltage, we believe that
spectral relaxation is not relevant in DBP-based solar cells.
Furthermore, we compare EL and PL spectra originating
from CT states (see Supplemental Material Fig. SI8 [23]).
Although, the measured PL spectrum of DBP:C60 is shifted
to higher energies (PL peak at about 1.35 eV as compared to 1.31 eV for EL at the lowest voltage), the shift is
much less than in the simulated PL spectra according to the
model by Kahle et al. Moreover, the PL spectrum shows a
second peak at higher energies, which is not observed in
EL. These diﬀerences in peak position and shape between
EL and PL thus raise additional questions if they originate
from the same states. We note that in the case of DIP:C60
the PL spectra are also shifted to higher energy and broadened with respect to the EL spectra. But even there, the
shift is not nearly as large as predicted using the Kahle
expression.
However, this leads us to the question of how the CT
spectra of DIP:C60 with its apparent large Stokes shift and
line width can be understood. We therefore turn back to
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(a)

(b)

(c)

(d)

FIG. 8. Simulated EL and PL, and IPCE, spectra of CT states in DIP:C60 and DBP:C60 solar cells. (a),(b) Results for room temperature using the expressions for the Marcus-type analysis [Eqs. (4) and (5)], the model by Burke et al. [Eqs. (7) and (8)] as well as
the one by Kahle et al. [Eqs. (9) and (10)] with parameters indicated in the graphs. EL and PL spectra as a function of temperature
predicted by these models are shown in (c),(d).

the voltage dependence of their EL spectra (see Fig. 4).
As shown in Fig. SI9 and Table SI-III of the Supplemental
Material [23], the corresponding reduced emission spectra can be ﬁtted by Gaussians to determine their peak shift
with applied voltage and, thus, current ﬂowing through the
device. The result is shown in Fig. 9. We ﬁnd that the EL
peak shifts by about 160 meV over a range of 3 orders
of magnitude in current density. A linear ﬁt of the peak
position to log j results in a slope of about 60 meV/dec,
which is almost exactly the value expected for state ﬁlling
in an exponential DOS [(kB T) × ln(10) = 59 meV/dec at
room temperature, if an ideality factor of 1 is assumed]
[49]. DBP:C60 , on the other hand, exhibits a very small
slope of only 9.4 meV/dec in the same range, which again
conﬁrms that state ﬁlling does not play an important role
in this system.
Closely related to the issue of a voltage-dependent shift
of the EL spectra is the question whether the recombination

of electron-hole pairs comes from fully relaxed CT states
or whether it arises from a nonequilibrium occupation
of the DOS. While Roland et al. have found evidence
for the former scenario after photogeneration of carriers
in polymer:fullerene blends [50], Melianas et al. have
shown that the recombination of injected charge carriers in such systems is typically originating from states
that are not fully relaxed in the DOS [16]. In our studies, we ﬁnd clear evidence for a strong shift of CT EL
spectra in the case of polycrystalline DIP:C60 —following
log j ∝ (kB T) × ln(10)/decade, which is a strong indication for state ﬁlling in an exponential DOS tail. For the
amorphous DBP:C60 blends, however, we do not see such
a shift. Primarily, this means that state ﬁlling does not
play a signiﬁcant role in that system, which could simply
be a consequence of a Gaussian DOS without additional
tail states. Whether or not the occupation of this DOS is
in thermal equilibrium is another issue, which cannot be
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FIG. 9. Shift of the EL peak with current density for DIP:C60
and DBP:C60 solar cells. The peak positions are obtained from
Gaussian ﬁts to reduced EL spectra as detailed in the Supplemental Material. The dashed lines show linear ﬁts to the obtained data
with slopes given in meV per decade as indicated in the graph.

judged on the basis of our data. Nevertheless, the fact that
in the case of DIP:C60 —having a DOS with tail states—we
do see emission from lower lying CT states and the concomitant spectral shift upon increasing the carrier density,
can be taken as indication that relaxation to lower lying
states in the DOS occurs—at least to some extent. Of
course, this does not necessarily mean that EL stems from
fully relaxed electron-hole pairs.
Finally, we return to the question of how large the relative contributions of dynamic (λ) and static disorder (σ )
to the CT spectra are. As shown by the above discussed
simulations (Fig. 8), it is not possible to give a conclusive answer based on room-temperature spectra alone. We
therefore investigate how the EL peak position and width
for DBP:C60 , where tail states are less important, evolve as
a function of temperature. According to the expression (6)
suggested by Burke et al., the analysis of the temperaturedependent line width allows separation of the contributions
of both terms. A plot of the Gaussian variance:
2
w2 = 2λCT kB T + σCT

(11)

taken from Gaussian ﬁts to the experimentally measured
EL spectra [see Fig. 10(a)] for varying temperature should
2
yield 2λCT kB as the slope and the y axis intersect is σCT
.
2
From the data shown in Fig. 10(b) we see that w /2 ﬁrst
decreases approximately linearly with a slope λCT = 170
meV (if the linear ﬁt is forced to go through the origin). At
T < 150 K, however, it levels oﬀ and seems to saturate at
about w2 (T = 0)/2kB = 25 eV K, yielding σCT = 65 meV.
This value for the static disorder is in fairly good agreement with the inhomogenous line broadening obtained

(b)

FIG. 10. (a) Temperature dependence of reduced EL spectra of DBP:C60 measured at a constant voltage of 2 V. The
peaks at about 1.3 eV are ﬁtted using simple Gaussian functions to determine their variance. (b) Gaussian variance of the
EL peaks is plotted as a function of temperature to analyze the
relative contributions of static and dynamic disorder according
to Eq. (11).

from EL and IPCE spectra of single-donor devices. Nevertheless, it is apparent that the linear dependence predicted
by Eq. (11) is not strictly fulﬁlled. It rather appears that
there is temperature-independent oﬀset determining the
line width up to about 150 K, before an increase (probably even stronger than linear with T) takes over. We want
to note that the EL spectra are taken at constant voltage,
implying that the carrier density is decreasing with lower
temperature.
Turning again to the simulations on the temperature
dependence of the EL spectra by the diﬀerent models
[see Figs. 8(c) and 8(d)], it is apparent that the Burke
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Dstat (T) =

2
σCT
2
2kB TλCT + σCT

and

(12)

Ddyn = 1 − Dstat .
For DBP at room temperature we obtain Dstat ≈ 33%,
meaning that static disorder is not the dominant contribution to the CT line width in agreement with the ﬁndings by
Benduhn et al. [51] for a large number of donor:fullerene
blends.
V. CONCLUSIONS
The central result of this work is summarized in Fig. 11.
By combining photoelectron spectroscopy, probing the
HOMO DOS in the ground state, with optical spectroscopy
of the CT DOS in the excited state we obtain a comprehensive picture of the diﬀerent energy landscapes in the
two DA systems. In spite of their similar molecular structure and electronic properties the two donor molecules
show largely diﬀerent ﬁlm morphology in blends with the
fullerene C60 , which leads to rather disparate spectroscopic
behavior.
The crystalline donor DIP exhibits exponential tail states
in both the HOMO as well as the CT DOS, which leads
to pronounced state-ﬁlling eﬀects, like a blueshift of the
EL spectra with increasing carrier density. As a result, the
analysis of CT absorption and emission spectra using Marcus theory (or any related model including static disorder)
is questionable, because the DOS is non-Gaussian and the
reciprocity relations are not strictly valid. As the main origin of tail states, we suggest grain boundaries between DIP
domains with their particular “wedding-cake” terraces,
where standing donor molecules expose their π -electron
system to C60 acceptor molecules. Owing to the largescale phase separation this leads to a spatially nonuniform
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LUMO
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-

-

-

+
HOMO
Donor

DBP:C60

Intensity

+

+

S0

+

Intensity

CT-DOS

CT-DOS

Energy

model predicts an EL peak shift towards lower energy with
decreasing T, which is not observed. In the experiment the
EL peak position of DBP:C60 is more or less independent
of T at about 1.31 eV (see also Table SI-IV of the Supplemental Material [23]). In the Kahle model, in spite of the
fact that it predicts a PL peak too high in energy, the line
width exactly follows Eq. (11), which means that it yields
a ﬁnite value at low T. The Marcus model, on the other
hand, seems to work well at room temperature, but it predicts too strong line narrowing towards 0 K. Thus, one has
to conclude that none of the presented models works perfectly, because we observe contributions of both dynamic
(λCT ) and static disorder (σCT ) being dominant in diﬀerent
temperature ranges.
Using Eq. (11) it is possible to set the Gaussian variance of the EL line shape caused only by static disorder
in relation to the total variance by both static and dynamic
disorder, which in turn allows their relative contributions
at a given temperature to be quantiﬁed [51]:

S0

Energy

Energy

HOMO
Donor

DIP:C60

FIG. 11. Schematic illustration of the energy landscape at the
two DA interfaces studied in this work. The occupation of interfacial CT states is indicated for low (orange) and high (red)
charge-carrier density. For DBP:C60 , shown on the left side, the
CT DOS is Gaussian with little eﬀect of state ﬁlling as evidenced by the almost negligible shift of the EL spectra. Whereas
DIP:C60 , shown on the right side, exhibits strong state ﬁlling
eﬀects with a concomitant shift of the EL peak upon increasing
carrier density.

morphology with strong local variations in the electronic
structure.
For the amorphous donor DBP, on the other hand, spatially homogenous, nonphase separating D:A blends are
obtained that show very little indications for tail states in
their DOS. Consequently, there is no signiﬁcant spectral
shift of their EL with increasing current and the CT spectra
are well described by Marcus theory. At room temperature dynamic disorder caused by low-frequency modes of
the DA molecules are the dominant line-broadening mechanism. Nevertheless, static disorder becomes relevant as
well at low temperatures such that the line width does not
completely narrow down upon cooling.
In summary, the perylene derivatives DIP and DBP
are model systems to study diﬀerent energy landscapes
of CT states in DA solar cells resulting from their different blend morphology. Crystallinity and large-scale
phase separation—in spite of the positive eﬀect on charge
transport—cause additional tail states and, thus, CT DOS
broadening, which is expected to cause extra losses in the
process of photogeneration of charge carriers.
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