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Organic small molecule solar cells are used as a test bed to investigate the influence of film mor-
phology 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 Cg 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 electrolumines-
cence 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 donor-
acceptor 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.

DOL: 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 mea-
sured open-circuit voltage Voc and the energy gap of
the light-absorbing materials E,, the so-called bandgap-
voltage offset, is considerably larger for OPV materi-
als 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 donor-
acceptor (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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Ecr, i.e., the energy difference between the lowest CT
state and the ground state, as well as the reorganization
energy A 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 Mar-
cus theory [4-8]. Other authors have pointed to the role
of static disorder, the film morphology as well as a poten-
tially 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 higher-
energy 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 result-
ing potentially in ambiguities about the CT energy and
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related parameters. Differences between optical and elec-
trical excitation can complicate the analysis additionally.

Here, we directly demonstrate the strong influence
morphology has on the CT DOS and show how fill-
ing of tail states affects the optical spectra. We use two
molecular donor materials with almost identical ioniza-
tion energy and combine them with the fullerene Cgg
as acceptor. Remarkably, however, one of the two pery-
lene donors, diindenoperylene (DIP), shows crystalline
film growth, while the other one, tetraphenyldibenzoper-
iflanthene (DBP), is amorphous. We combine morpholog-
ical 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(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:
PSS; purchased from Heraeus Clevios GmbH, Leverkusen,
Germany as Al 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. Subse-
quently, the active donor and acceptor layers as well
as for the diodes a 5-nm layer of the exciton block-
ing 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 1077 mbar. The aluminium is evaporated
through a shadow mask as a top electrode, resulting in
an active area of 4 =4 mm?. 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 Cg (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 D, 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 (Bun-
loukeiki M25GTM-DZ) is adapted to the light sources. The
incident angle of the light beam is 55° from the surface nor-
mal and emitted photoelectrons are detected at the surface
normal direction with a 120-mm hemispherical analyzer

(PSP Vacuum Technology RESOLVE120). All measure-
ments are performed under a sample bias of —10 V and the
total energy resolution of the setup is 0.23 eV. The sam-
ples are prepared in a separate preparation chamber and
are subsequently transferred into the measurement cham-
ber without breaking vacuum. Both chambers have a base
preassure below 5 x 107 Pa.

Morphological characterization: Morphological char-
acterization is performed by an atomic force microscope
(AFM, Thermo Microscopes Autoprobe CP-Research) in
tapping mode.

Electroluminescence (EL) measurements: EL measure-
ments are carried out by using a liquid-nitrogen-cooled
CCD camera (PyLoN:100BR__ eXcelon, Princton Instru-
ments) 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 liquid-
helium-cooled cryostat (Cryovac) with an inert gas atmo-
sphere (approximately 300 mbar He) without air exposure.

Incident photon to current efficiency (IPCE): IPCE mea-
surements are performed using a halogen lamp together
with a monochromator (Omni-A300, Zolix Instruments
Co., Ltd.), which allows wavelength-dependent measure-
ments 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.

ITI. 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 Cgy 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 com-
parison with electrical device characteristics, the donor-
fullerene 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 proper-
ties [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 Cgy 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 Cg leading to basi-
cally 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 struc-
ture, especially the four rotatable phenyl rings, induce
fundamental differences concerning film growth. For DIP
evaporated on various kinds of substrates highly crys-
talline 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 mea-
surable 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 differ-
ence 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 applica-
tions, 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 Cgy to form
a so-called bulk heterojunction, both donors keep their

differences in film growth. DIP:Cgy mixtures show pro-
nounced 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 hetero-
junctions are highly crystalline such that charge transfer
between donor and acceptor can only occur at grain bound-
aries between DIP and the fullerene. DBP and Cgy, 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:Cg
mixtures form smooth amorphous, spatially homogenous
films, while the DIP:Cg¢ counterpart has highly crystalline
neat D domains (and to a lesser extent also A) with very lit-
tle intermixing and higher roughness. It was shown by ear-
lier x-ray-diffraction studies that the vertical DIP domain
size typically is as big as the film thickness in such crys-
talline D:A blends [17,18]. This means that in a solar cell
with a thin neat Cg layer evaporated on top of the blend,
Cgo molecules will be sitting predominantly on edge-on-
oriented DIP molecules; nevertheless, there are also DIP
grain boundaries, where face-on-exposed DIP molecules
are in contact to Cgg.

In the following, we study the consequences of these
structural differences for the electronic properties—and,
in particular, the density and spectral properties of inter-
molecular CT states at the DA interface.

B. Photoelectron spectroscopy

For a detailed understanding of CT states it is cru-
cial 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 low-
est 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 photoemis-
sion spectroscopy (LE UPS) measurements on neat donor
layers as well as on 1:1 mixtures of the donors with the
acceptor Cg 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 Cg. 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 measure-
ments with varying excitation energy). Neat donor layers
are compared to D: A mixtures of the respective donor with
the acceptor Cgp.

As shown in Fig. SI4 and SIS of the Supplemental
Material [23], the HOMO regions of all spectra can be
fitted with Gaussian functions. They exhibit similar peak

|
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|

—_
Q
N

DBP:Cy,

Intensity (arb. units)

80 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5
Binding energy relative to VL (eV)

Intensity (arb. units)

80 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5

Binding energy relative to VL (eV)

FIG. 2. (a) Comparison of the combined LE UPS spectra for
neat DBP (blue) and a DBP:Cgp 1:1 mixture (black). (b) The
same for a neat DIP layer (green) and a DIP:Cg 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 exponen-
tial tail structure in the DIP:Cg( mixture is visualized by an arrow.
Er denotes the Fermi energy of the respective sample.

energies of about 5.8-5.9 eV relative to the vacuum level
and the o values, i.c., the standard deviations of the Gaus-
sian functions, are about 0.25 eV for both neat donor
layers and slightly lower at about 0.23 eV for the mix-
tures with Cgg. This probably reflects the circumstance that
dielectric screening is changed upon mixing the perylene
derivatives with the higher dielectric constant fullerene. In
general, oypg contains several contributions as discussed in
Ref. [31] including, inter alia, static, and dynamic disorder.
However, the obtained numbers cannot directly be com-
pared 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:Cgy 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 Supplemen-
tal Material shows that such tail states are also present to
some extent in neat DIP and in the DBP:Cg blend as well,
but they are strongest, if DIP is coevaporated with Cgp.
Similar exponential gap states have been observed in the
literature for CuPc, rubrene, and thick layers of neat Cgg
[27,30]. The increased density of tail states for the mixture
of DIP and Cgy compared to the neat DIP layer could as
well originate from the Cqp LUMO states that are occu-
pied due to a charge transfer from excited DIP molecules.
However, if this were the case similar results for DBP mix-
tures should be measured, which is not observed. Thus, a
plausible explanation, which takes the morphological dif-
ferences 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 sepa-
ration, when codeposited with Cgy, 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 Cg,
which extend in vertical direction throughout the whole
film. However, in lateral direction DIP molecules at grain
boundaries will expose their m-electron system to Cg
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 water-
induced trap states [33,34]. While the detailed mech-
anism 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:Cgy mix-
tures on one side and the rough polycrystalline DIP:Cg
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 interest-
ing 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 Cg 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 Supple-
mental Material [23]). However, owing to differences in
the location where exciton dissociation and, thus, carrier
generation happens and the disparities in carrier mobil-
ity of the materials, there are noticeable differences in the
absolute magnitude of the photocurrent. The Cgqy 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, Cg has the highest carrier mobility of the
three materials. Comparing DIP and DBP, the higher pho-
tocurrent 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
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FIG.3. [IPCE spectra of Cg, 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:Cgy (2:1) and DBP:Cgy (1:2)
planar-mixed heterojunction devices with the layer sequence:
ITO/PEDOT:PSS/donor(5 nm)/D:A mixture (50 nm)/ Cgo(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 rela-
tive 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 lim-
ited 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 hetero-
junction (PM HJ) configuration, i.e., the D:A blend (50
nm) is enclosed by 5-nm neat donor and 10-nm neat Cg.
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 C¢ device.
Above 500 nm, however, huge differences between the
two donor materials as well as to the single-layer devices
become apparent. The DBP:Cgy device shows a strong
donor contribution in the range of the DBP absorption
(500650 nm) with the typical vibronic structure, while
for the DIP:Cgy device the donor only adds little to the
Ceo IPCE with a noticeable contribution between 500 and
550 nm. In the longer wavelength region, the IPCE of the
DIP:Cg9 PM HIJ remains higher than for neat Cg 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~#. For the
DBP:Cg device we also observe an additional contribu-
tion in the subgap region (DBP and Cgy have basically
the same gap). But owing to the different film morphology
as compared to DIP:Cg, the DBP:Cgy PM HIJ has signif-
icantly 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:Cgq
(center) and DIP:Cg (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 reason-
able signal-to-noise ratio and then at higher voltages of 2
and 4 V. Generally, the lowest HOMO-LUMO transition
in Cg molecules is symmetry forbidden [36], however,
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FIG. 4. Electroluminescence spectra of DBP, DIP, and Cg single-layer devices (a), as well as DBP:Cg (b) and DIP:Cg (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:Cg, 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 viola-
tion of the parity selection rule [37]. The main emission of
Ceo (gray and black lines) is located between 700 and about
900 nm [38] and does not change for different applied volt-
ages; but for 1 V an additional weak emission appears in
the longer wavelength region. This contribution is gener-
ally not discussed in the literature so that a clear assign-
ment is not possible. Similar observations are made for
the DBP single-layer device (blue lines), where the spec-
tra 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 pro-
nounced 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 HIJ devices of both donors, the EL spectra
show a distinct dependence on the applied voltage. Firstly,
for low voltages just above V¢ 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 con-
tributes. 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 indi-
cated by the dashed arrows. However, the magnitude of the
shift is largely different. For DBP:Cgy the CT maximum
shifts by only about 25 nm over the whole voltage range,
whereas the shift for the DIP:Cgy 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 absorp-
tion and emission are between states that are populated
according to Boltzmann statistics, which is an approxima-
tion, the respective spectra are related by

E
Emission(£) o Absorption(E) x E? x exp <_ﬁ> s
B
(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 spec-
tra using a wavelength-dispersive spectrometer [yielding
intensities in W/(cm? nm)] to reduced EL spectra not
only requires converting wavelength to energy (and, con-
comitantly, dividing intensity by a factor £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 £ is sufficient.

In the following, we use the methodology put forward
by Vandewal ef 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 concern-
ing 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
Eqpt, which is eventually multiplied by a Gaussian function
[[(E) = 2no?)~2 exp(—E?/20%) with variance o] to
account for inhomogenous line broadening due to static
disorder [14].

Then the reduced EL spectrum Ig (E) is obtained by
dividing the EL spectrum /g1 (£) by the energy E, and the
reduced IPCE spectrum 7jjpcg (£) by multiplying the IPCE
spectrum nppcg (E) with E:

- Ie (E
T (E) = EL; )

Sm
oD —rexp(=S) x T[E — (Eg — mho)], (2)

niece(E) = nipce(E) X E
Srﬂ
0% Z — exp(=S) x I'[E — (Ey + mhawyip)].
m!

&)

Therein Ej is the energy of the purely electronic 0-0 transi-
tion, wy;p 18 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 £ = 2.01 eV can be fitted with
one single Gaussian having o = 56.2 meV, whereas for
the DIP spectrum a shoulder at lower energies is visible,
so that two Gaussians at £, = 2.25eV and E; = 2.15eV
with 0, = 59.0 meV and o; = 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 split-
ting, because the crystalline DIP phase has two molecules
per unit cell [43].

Please note that the o values obtained from UPS and
optical spectra are not expected to be identical. As already
discussed in the section on photoelectron spectroscopy,
oups 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
Ocharge ~ 2.5 X Ocxciton [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 o 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 mea-
sured 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 Gaus-
sian fit is much larger. For energies below about 2.0 eV
a pronounced exponential contribution of the IPCE spec-
trum can be observed. From the slope of these linear fits an
Urbach energy Ey; 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 Ey is calculated. The literature values for the optical gaps Eqy 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 nor-
malized 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 progres-
sions hwy;i, 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 broaden-
ing. As shown in the Supplemental Material [Fig. SI6(a)
[23]], the EL of DBP can only be measured with vibron-
ically 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 0-
0 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 aggre-
gate 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, prob-
ably 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 volt-
age 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 reac-
tions, Vandewal et al. have put forward the following
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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.

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
I (B) X ——
EL( ) «/47T)»DAkBT
[E — (Ect — Apa)]?
_ 4
x exp ( BrpnksT @)

1
7l E) X ——————
niece (E) T

[E — (Ect + Apa)]?
x exp | — DronkaT O

These are Gaussian functions, where the CT energy Ecr
is the crossing point of properly normalized reduced EL
and IPCE spectra, and the reorganization energy Apa deter-
mines the Stokes shift between their maxima (being equal

to 2ipa) and the width of both spectra (with the variance
w? given by 2ApakpT) [4]. It is important to note that Apa,
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 form-
ing 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]. Further-
more, 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 coex-
istence 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 oct [9], such that the experimentally obtained
values for EC; and Ag; are linked to their “intrinsic”
values by

2
exp ocr
Ecr =Ect — and

2ksT
2
2SR = der + —CL 6
CT CT + 2k3T ( )

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

- 1
IgL(E)
\/27T (081 + 2hctkpT)
2
[E — (Ect — Act — 2D
X exp{ — 2 szT }, @)
)‘CTkBT'i' 2O’CT
- 1
mece(E) &
/2702 + 2icrksT)
[E — (Ect + AcD)]?
X exp | — —1 @
4hctksT + 2O'CT

Please note that the expression (7) was originally not
derived by Burke er al. However, if the redefinition of Ect
and Acr 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
and amounts to 2Acr + oréT /ksT, just like the variance,
which is now given by w? = 2ictksT + 0¢;.

A different approach to include static disorder has been
put forward by Kahle ef al. using a Franck-Condon formal-
ism [14] to describe reduced PL and IPCE spectra. How-
ever, for the low-frequency intermolecular modes relevant
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Reduced CT absorption (IPCE) and emission (EL) spectra of DIP:Cg (a) and DBP:Cg (b) and fits with Gaussian line shapes

according to Marcus theory as proposed by Vandewal ef 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:

I (E) o

1
A/ 47‘[)»10WkBT
[E — (Ect — hiow)
4)\,10kaT+ 202

X exp { — }, )

1
7 E) X —————
npce(E) T
N [E - (ECT + )Llow)]z
AhiowkpT + 202

y exp{ } (10)

Thus, the Stokes shift is now only 2Aj,, but the vari-
ance again contains a contribution of static disorder: w? =
2howks T + o2 Tt 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 absorp-
tion 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 con-
tribution 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 Egs. (4) and (5) yielding fit parameters
of Ect = 1.49 eV and Aps = 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 mea-
sured EL spectrum to a photocurrent signal. As shown in
Fig. 7(b), the EL spectrum corresponds (after proper mul-
tiplication with a scaling factor) very well to the IPCE
spectrum for £ < Ecr. 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:Cgo devices, where
the contribution of CT states to the IPCE spectra is more
smeared out and, accordingly, not very well described by

TABLE 1. Compilation of CT energy Ecr, reorganization
energy A and disorder parameter o from fitting CT spectra of
DIP:Cgy and DBP:Cg solar cells according to the Marcus for-
malism [Egs. (4) and (5)] as well as the Burke model [Eqgs. (7)
and (8)].

Marcus Burke
Device ECT )‘-DA ECT }\CT OCT
(eV) (eV) (eV) (eV) (meV)
DIP:Cyg 1.48 0.45 1.55 0.38 59
1.75 0.18 116
DBP:Cqgg 1.49 0.18 1.55 0.12 56
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a Gaussian [Fig. 7(a)]. It rather appears that there is an
additional exponential contribution, most likely originat-
ing 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 Mate-
rial and the discussion below) are compared one observes a
large shift that would result in different Ect values depend-
ing 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 V¢ correspond reasonably well to the mea-
sured IPCE spectrum for £ < Ect, whereas this would not
be the case for the EL spectra at higher voltages. We there-
fore 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 reor-
ganization energies (see Table ). Owing to the larger
Stokes shift observed between reduced EL and IPCE spec-
tra, the Aps value for the DIP:Cgy cell (0.45 eV) is
more than twice as large as for the DBP:Cgy 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) calcu-
lations using the Schrodinger Materials Science software
yield relatively similar reorganization energies for holes
in DIP and DBP (Ap = 106 meV vs 84 meV, respec-
tively). If the reorganization energy for electrons in Cg
(A4 = 109 meV [48]) is added, one arrives at a total Apa of
215 meV for DIP:Cgy and 193 meV for DBP:Cy, respec-
tively. The latter is very close to the result obtained by
Marecus 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 amor-
phous vs phase-separated nanocrystalline systems, this can
be seen as a direct indication for the importance of mor-
phology 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 Kabhle et al. to analyze luminescence and pho-
tocurrent 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
“experimental” parameters (E¢; and At ), which are the
ones obtained from a Marcus fit. However, the introduction

of a third parameter (oct) 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 ocr is fixed, the
“intrinsic” values Ect and Act are given by Eq. (6). These
parameters are listed in Table I for DIP:Cg (first line) and
DBP:Cg (third line). The corresponding simulated EL and
IPCE line shapes are shown in Figs. 8(a) and 8(b). Alter-
natively, one could postulate that DIP:Cgy should have
the same A as DBP:Cgq (in the absence of static disor-
der) and derive the corresponding ocr required to yield
the same line shape as the Marcus fit (see Table I, sec-
ond 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 discrep-
ancy: 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 2A1ow = 2Acr and does not depend on the static dis-
order parameter o. 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:Cg heterojunction device shows almost negligi-
ble 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:Cg is shifted
to higher energies (PL peak at about 1.35 eV as com-
pared 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:Cgq
the PL spectra are also shifted to higher energy and broad-
ened 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:Cg with its apparent large Stokes shift and
line width can be understood. We therefore turn back to
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FIG. 8. Simulated EL and PL, and IPCE, spectra of CT states in DIP:Cgy and DBP:Cy solar cells. (a),(b) Results for room temper-

ature using the expressions for the Marcus-type analysis [Egs. (4) and (5)], the model by Burke et al. [Egs. (7) and (8)] as well as
the one by Kahle et al. [Egs. (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 spec-
tra 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 logj results in a slope of about 60 meV/dec,
which is almost exactly the value expected for state filling
in an exponential DOS [(kgT) x In(10) = 59 meV/dec at
room temperature, if an ideality factor of 1 is assumed]
[49]. DBP:Cg, 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 ef al. have found evidence
for the former scenario after photogeneration of carriers
in polymer:fullerene blends [50], Melianas ef al. have
shown that the recombination of injected charge carri-
ers in such systems is typically originating from states
that are not fully relaxed in the DOS [16]. In our stud-
ies, we find clear evidence for a strong shift of CT EL
spectra in the case of polycrystalline DIP:Cg—following
logj o (kgT) x In(10)/decade, which is a strong indica-
tion for state filling in an exponential DOS tail. For the
amorphous DBP:Cg, 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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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:Cgp—having a DOS with tail states—we
do see emission from lower lying CT states and the con-
comitant 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 rel-
ative contributions of dynamic (A) and static disorder (o)
to the CT spectra are. As shown by the above discussed
simulations (Fig. 8), it is not possible to give a conclu-
sive answer based on room-temperature spectra alone. We
therefore investigate how the EL peak position and width
for DBP:Cgg, 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 temperature-
dependent line width allows separation of the contributions
of both terms. A plot of the Gaussian variance:

(11

W2 = 2ActhkeT + O'(Z:T

taken from Gaussian fits to the experimentally measured
EL spectra [see Fig. 10(a)] for varying temperature should
yield 2Actkp as the slope and the y axis intersect is 02y
From the data shown in Fig. 10(b) we see that w?/2 first
decreases approximately linearly with a slope Act = 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 w?(T = 0)/2kz = 25 eV K, yielding oct = 65 meV.
This value for the static disorder is in fairly good agree-
ment with the inhomogenous line broadening obtained
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FIG. 10. (a) Temperature dependence of reduced EL spec-

tra of DBP:Cgy measured at a constant voltage of 2 V. The
peaks at about 1.3 eV are fitted using simple Gaussian func-
tions 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. Never-
theless, 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 (proba-
bly even stronger than linear with 7) 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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model predicts an EL peak shift towards lower energy with
decreasing 7, which is not observed. In the experiment the
EL peak position of DBP:Cg is more or less independent
of T at about 1.31 eV (see also Table SI-IV of the Supple-
mental 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 7. The Marcus model, on the other
hand, seems to work well at room temperature, but it pre-
dicts too strong line narrowing towards 0 K. Thus, one has
to conclude that none of the presented models works per-
fectly, because we observe contributions of both dynamic
(AcT) and static disorder (oct) being dominant in different
temperature ranges.

Using Eq. (11) it is possible to set the Gaussian vari-
ance 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]:

2
% and
2kpThcr + 087 (12)
Ddyn =1- Dyyt.

Dstat(T) =

For DBP at room temperature we obtain Dgye &~ 33%,
meaning that static disorder is not the dominant contribu-
tion to the CT line width in agreement with the findings by
Benduhn ef 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 compre-
hensive picture of the different energy landscapes in the
two DA systems. In spite of their similar molecular struc-
ture and electronic properties the two donor molecules
show largely different film morphology in blends with the
fullerene Cgp, 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 Mar-
cus 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 ori-
gin of tail states, we suggest grain boundaries between DIP
domains with their particular “wedding-cake” terraces,
where standing donor molecules expose their m-electron
system to Cgo acceptor molecules. Owing to the large-
scale phase separation this leads to a spatially nonuniform

A
LUMO LUMO
Acceptor Acceptor
»- »-
© ©
CT-DOS CT-DOS
>
20
2
3 @
£ LI
g g
L £ ® E
’ —S, Energy —S Energy
HOMO HOMO
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DBP:C,, DIP:C,
FIG. 11. Schematic illustration of the energy landscape at the

two DA interfaces studied in this work. The occupation of inter-
facial CT states is indicated for low (orange) and high (red)
charge-carrier density. For DBP:Cg, shown on the left side, the
CT DOS is Gaussian with little effect of state filling as evi-
denced by the almost negligible shift of the EL spectra. Whereas
DIP:Cg, 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, spa-
tially 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 tempera-
ture dynamic disorder caused by low-frequency modes of
the DA molecules are the dominant line-broadening mech-
anism. 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 dif-
ferent 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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