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Ambipolar organic semiconductor blends, i.e. mixtures
of electron and hole conducting materials, attain growing
interest due to their utilization in quasi-complementary
organic field-effect transistors and organic photovoltaic
cells. Many investigations in the latter field have reported
an increase of the solar cell efficiency by optimising
the balance between charge carrier transport in phase-
separated structures and exciton dissociation at the inter-
face between these phases. Here we show the implica-
tions of blending molecular materials for structural, op-
tical and electrical properties in two model systems for
organic photovoltaic cells.

We have investigated blends and neat films of the
hole transporting material Cu-phthalocyanine (CuPc)
together with fullerene Cgy and Cu-hexadecafluoro-
phthalocyanine (F15CuPc) as electron transporting ma-
terials, respectively. On the one hand, the difference in
molecular structure of the spherical Cgp and the planar
molecule CuPc leads to nanophase separation in a blend
of both of them, causing charge carrier transport being
limited by the successful formation of percolation paths.
On the other hand, blends of the similar shaped CuPc and
F16CuPc molecules entail mixed crystalline films, as can
be clearly seen by X-ray scattering measurements. We
discuss differences of both systems with respect to their
microstructure as well as their electrical transport prop-
erties in diodes and field-effect transistors. Furthermore,
we compare the photovoltaic properties of planar- and
bulk-heterojunction devices under white light illumina-
tion to relate the different morphologies of both material
systems to their performance in solar cells.

Sketches of different molecular arrangements in blended sys-
tems. The formation of phase-separated (left) or molecularly
mixed crystalline films (right) can occur depending on the ge-
ometry of the involved molecules.
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1 Introduction Molecular blends, this means the in-
tentional or unintentional mixture of two organic molecu-
lar species are present in a wide range of organic electronic
devices [1,2]. These are, e.g., guest-host systems with low
concentration of unintentional impurities or intentionally
added dyes or dopants where the matrix carries the current
and the dopants are used to modify the emission colour or
the elctrical conductivity. The semiconductor blends dis-
cussed here, however, are in a concentration range where
both components are active in the charge carrier transport,
i.e. above the percolation threshold.

A well ordered type of molecular blends are charge-
transfer crystals, such as TTF-TCNQ and its many deriva-
tives [3]. Due to the low ionization potential of one partner
and the high electron affinity of the other one a (partial)
charge transfer from the donor to the acceptor molecule
occurs. This ground state charge transfer leads in depen-
dence of the crystal structure to directions with insulating
or conducting properties. When transport takes place par-
allel to stacks with separated donor and acceptor molecules
it will be metallic-like along the stacking direction. It has
also been demonstrated that charge transfer salts can be de-
posited as crystalline films by thermal evaporation of the
bulk material [4].

Another class of blends are thin film mixtures of hole
and electron conducting molecules without any charge
transfer in the ground state but exhibiting a photoinduced
charge transfer when one partner is electronically excited
by light absorption. It has been demonstrated that this pro-
cess occurs on a sub-picosecond time scale in the case
of fullerenes as acceptor material [S]. This photo-induced
charge transfer is the basis of polymeric or molecular pho-
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Figure 1 Basic processes in organic solar cells related to the en-

ergy diagram of a donor-acceptor cell. The n’s give the efficien-
cies of the individual processes.
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tovoltaic cells where the following four basic steps occur
(see figure 1) [6]:

1. Light absorption / exciton generation (1aps)
2. Exciton diffusion (ngp)

3. Charge transfer / exciton dissociation (nct)
4. Charge collection (ncc).

Due to the high exciton binding energy in organic systems
the excitons need to dissociate at a donor-acceptor (DA)
interface in contrast to inorganic solar cells. The total solar
cell efficiency can then be calculated from the product of
the efficiencies of the four consecutive steps:

1 = Nabs * ED - 7)CT * 7CC- (D

Organic photovoltaic cells have been used as planar
heterojunctions [7] with two successively deposited films
or as bulk-heterojunctions [8] with a blended film. Due to
limited exciton diffusion length in organic materials DA
blends usually reach higher photocurrents [9, 10]. In planar
heterojunction solar cells excitons need to be closer to the
DA interface than the exciton diffusion length in order to
dissociate, while in a bulk-heterojunction virtually all exci-
tons fulfill this condition. So the active volume of the latter
type of cells is significantly raised in comparison to planar-
heterojunction cells of the same material combination.

A number of DA pairs have been implemented in
molecular blends for bulk-heterojunction solar cells.
Fullerene Cgg has been used as acceptor with different
donor materials such as phthalocyanines [11,12], pen-
tacene [13,14] or oligothiophenes [15]. Also some pery-
lene derivatives were used as acceptor for solar cells [9].
Complementary optical absorption is advantageous as well
as good transport properties of both materials.

Another application of molecular blends of hole and
electron conducting molecules are ambipolar organic field-
effect transistors (OFETs). Mixtures of phthalocyanine
and fullerene were analyzed in ambipolar OFETs and the
usability in ambipolar inverters was demonstrated [16].
Furthermore, blends of two electroluminescent materials
(oligothiophene and a perylene derivative) have been used
as light-emitting OFET [17]. In both cases balanced hole
and electron mobilities were achieved for certain concen-
tration ratios giving the best performance of inverters or
light-emitting OFETs. Ambipolar transport was also found
in neat materials [18-20], however, there the mobilities
cannot be tuned. So mixing of electron and hole trans-
porting materials has the advantage to adjust balanced
mobilities by the concentration ratio which is impossible
for neat materials.

In this study we present an analysis of two model
systems for donor-acceptor blends. These are (i) copper-
phthalocyanine (CuPc) combined with the fullerene Cgg
and (ii) CuPc in combination with its perfluorinated ver-
sion (F14CuPc). Thereby CuPc is the donor or p-conductor,
while Cgo and F14CuPc are the acceptor materials, which
are n-conducting. The study comprises structural, optical
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and electrical properties of the blends in comparison to the
properties of the neat films. Both systems will be examined
in solar cells as planar and bulk-heterojunctions.

2 Materials, devices and experimental methods
The materials used in this study are copper phthalocya-
nine (CuPc), purchased from Sigma Aldrich as sublimation
grade and additionally purified by temperature gradient
sublimation, as electron donor in combination with Buck-
minster fullerene (Cgg), purchased from Sigma Aldrich as
sublimation grade, as electron acceptor as well as perfluori-
nated CuPc (F;4CuPc), purchased from Sigma Aldrich and
additionally purified twice by temperature gradient subli-
mation, acting also as electron acceptor. The structural for-
mulas are given in figure 2a; it is noteworthy that both ph-
thalocyanines are flat molecules, whereas Cgq is spherical.
The organic semiconductor films were grown by thermal
evaporation from low-temperature effusion cells in a vac-
uum better than 107 mbar. The thickness of the films was
controlled via deposition monitors using quartz microbal-
ances. For mixed films two independent monitors were
used. The deposition rates were 0.35 A/s for neat films and
up to 1.4 A/s for the material with the higher volume frac-
tion in the mixtures.

Charge transport properties were analyzed in both
unipolar and ambipolar diodes as well as organic field-
effect transistors. All electrical measurements together
with the sample transfer were performed under inert con-
ditions or in vacuum. For hole-only diodes a bottom
contact of indium-tin oxide (ITO) covered with 30 nm
of the conducting polymer polyethylenedioxythiophene-
polystyrenesulfonate (PEDOT:PSS, purchased from H.C.
Starck as BAYTRON P, see figure 3) was used. The active
organic layer was deposited on PEDOT:PSS and after that
a 40 nm thick N,N’-bis(3-methylphenyl)-(1,1’-biphenyl)-
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Figure 2 (a) Molecular mate-
rials used in this study: Buck-
minster fullerene Cgo, copper
phthalocyanine CuPc and flu-
orinated copper phthalocyanine
F16CuPc. (b) Devices used for
electrical analysis: diode struc-
ture and top-contact bottom-gate
field effect-transistor. The or-
ganic semiconductor can be a
neat or a blended layer.

4,4’-diamine (TPD, see figure 3) film to prevent electron
injection from the 30 nm thick gold top electrode. TPD
is known as hole-transporting and electron-blocking layer
and can be neglected for the mobility analysis due to its
high hole mobility [21]. Alternatively a thin film (1-2 nm)
of 2,3,5,6-tetrafluoro- 7,7,8,8-tetracyano-quinodimethane
(F4TCNQ, see figure 3) was used as electron blocking
layer [20]. The electron-only diodes contain a 30 nm thick
Al electrode at the bottom and a 30 nm thick Al electrode
on top of the organic film with a 0.5 nm thick interface
doping layer of LiF. Using ITO/PEDOT:PSS together with
LiF/Al electrodes, ambipolar injection and charge trans-
port occurs. The electrode combinations are summarized
in table 1 together with the resulting transport behavior.
The organic semiconductor layer was either a 200 nm (for
CuPc/Cgp) or an 80 nm (for CuPc/F6CuPc) thick film of
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Figure 3 Structural formula of PEDOT:PSS, TPD and F4,TCNQ.
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Table 1 Electrode materials to realize the different transport be-
haviors in diodes (see figure 2b).

Transport behavior Bottom electrode  Top electrode

unipolar (hole only) ITO/PEDOT:PSS  F4TCNQ/Au
or TPD/Au

unipolar (electron only) Al LiF/Al

ambipolar ITO/PEDOT:PSS  LiF/Al

neat or blended materials with different mixing ratios and
had an active area of about 2 x2 mm?.

To analyze the current-voltage characteristics the mea-
sured curves were fitted by the model of trap-free space
charge limited current [22] combined with a Poole-Frenkel
type field-dependent mobility [23], which gives the current
density as

, 9 V2 V.
JsoLe = 3 Ho €0%osc d%ff exp [0-89 v % 2)

This dependence contains the zero-field mobility po and
the field activation parameter . Vg is the effective applied
voltage V'-Vp;, with Vg being the built-in voltage. The pa-
rameters (i, Y and Vp; are determined by fitting the mea-
surements in the voltage range above about 0.5 V.

Organic field-effect transistors incorporate photolitho-
graphically patterned Au (100 nm, using 1 nm Ti as adhe-
sion layer) source and drain electrodes made by electron-
beam evaporation and a subsequent lift-off process, as de-
scribed in [16,24]. The channel lengths ranged from 5 pm
to 80 um with a channel width of 2500 pum. Finally, a
25 nm thick film of the organic materials was deposited
on top of these prestructured substrates as described above
to realize a bottom-gate, bottom-contact OFET.

The charge-carrier mobilities 1 and the threshold volt-
ages V1 were extracted from the slope of the transfer char-
acteristics in the saturation region |Vp| > |V — V| using
the standard relationship:

ID,sat = % e COX (VG - VT)2 . (3)
Here W is the channel width, L the channel length, Cox
the gate-oxide capacitance per unit area, Vg the gate volt-
age, and additionally Vp the drain voltage. Mobility 1 and
threshold voltage Vi were determined from the linear re-
gression of the measured data plotted as /Ip sat Vs. Va.
Additionally, ambipolar diodes with ITO/PEDOT:PSS
and LiF/Al as electrodes were investigated as photovoltaic
cells. They had a total organic film thickness of 80 nm,
comprising either a 40 nm layer of the acceptor (Cgg or
F16CuPc) on top of a 40 nm thick CuPc film (’planar het-
erojunction’) or a 1:1 mixture of both materials (’bulk-
heterojunction’). Current-voltage characteristics of the so-
lar cells were measured in darkness and under illumina-
tion. The intensity of the solar simulator (AM1.5 filters)
was ranged up to 100 mW/cm?, i.e. one sun.
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In addition to the electrical measurements, the neat and
blended organic films were analyzed by scanning force
microscopy (SFM) and specular X-ray reflectometry. The
SFM measurements were performed using a Thermo Mi-
croscopes Autoprobe CP-Research in non-contact mode.
The X-ray scattering measurements were conducted on a
GE/Seifert x-ray diffractometer (Cu Kol radiation, mul-
tilayer mirror, and double bounce compressor monochro-
mator). Optical absorption spectra were recorded for films
deposited on quartz glass substrates using a Varian UV-
Vis spectrophotometer Cary 50. X-ray scattering, SFM,
and optical absorption measurements were performed un-
der ambient conditions.

3 Experimental results and discussion

3.1 Structural properties The film morphology was
determined by non-contact scanning force microscopy.
The results are shown in figure 4 for the CuPc/Cgg sys-
tem deposited on SiO,/Si substrates and in figure 5 for
the CuPc/F14CuPc material combination deposited on PE-
DOT:PSS/ITO/glass substrates. Neat films evaporated at
room temperature display a granular structure which con-
sists of crystallites of the respective material (see the X-ray
scattering measurements below). The slight differences
observed in neat CuPc films for the two different series in
figure 4 and figure 5 are related to the interaction of the
molecules with different substrates. Phthalocyanine films
deposited at high temperatures have in both cases a worm-
like structure. The high temperature during evaporation
allows a faster diffusion of the molecules and thereby a
better ordering resulting in these worm-like crystallites
and a smoother film surface.

The roughness of the Cgg films is in general higher
than the one of the phthalocyanine films and increases fur-
ther with higher substrate temperature during deposition.
The same trend is observed for blended CuPc/Cgq films
where the measured height scale of about 58 nm for the
heated blend exceeds the nominal film thickness of only
about 25 nm. This observation can be related to demixing
and phase separation between Cgy and CuPc at elevated
deposition temperature [25]. In contrast, the blended ph-
thalocyanine films show the same morphology as the neat
films and the roughness decreases for deposition at higher
temperatures. We also analyzed the morphologies of two
layer structures (not shown here). Thereby CuPc was evap-
orated first on PEDOT:PSS and then the acceptor on top
of it. Whereas Cgg forms rough films on top of CuPc,
the F;6CuPc films have a similar morphology as on PE-
DOT:PSS if a heated substrate is used. Thus, the different
film morphologies of the two blend systems is a first hint
towards different film growth modes, which will be dis-
cussed in more detail in the following.

Phthalocyanines are known to crystallize in a herring-
bone structure where the arrangement is similar for the hy-
drogenated and fluorinated version of the molecules. Due
to the different size of the outer atoms the diameter of the
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2x2 pm?
Max. height: 58 nm Max. height: 19 nm Max. height: 36 nm Max.
RMS roughness: 4.1 nm RMS roughness: 2.3 nm RMS roughness: 2.6 nm height
0nm
) Room
ceo r CuPe temperature Figure 4 Scanning force mi-
croscopy images taken in non-
Max. height: 59 nm Max. height: 58 nm Max. height: 12 nm contact mode for neat Cgp and
RMS roughness: 8.8 nm RMS roughness: 6.5 nm RMS roughness: 2.2 nm CuPc films as well as for 1:1
blend grown at 300 K (upper row)
and 375 K (lower row) deposited
on SiOs/Si substrates. The to-
tal image size is 2 x 2 pm?. The
max. height is given as the dif-
High ference between the lpwest value
C60 1:1 CuPc temperature (dark blue) and the highest value
(white) in each of the images.
2%2 um2
Max. height: 25 nm Max. height: 28 nm Max. height: 27 nm Max.
RMS roughness: 3.2 nm RMS roughness: 3.5 nm RMS roughness: 3.7 nm height
0nm
) Room
Fl6CuPe 1 Cupe temperature Figure 5 Scanning force mi-
croscopy images taken in non-
Max. height: 15 nm Max. height: 15 nm Max. height: 15 nm contact mode for neat F16CuPc
RMS roughness: 2.1 nm RMS roughness: 2.0 nm RMS roughness: 2.0 nm and CuPc films as well as for
1:1 blend grown at 300 K (upper
row) and 375 K (lower row) de-
posited on PEDOT:PSS. The to-
tal image size is 2 x 2 pm?. The
max. height is given as the dif-
High ference between the lpwest value
F16 CuPc 1:1 CuPc temperature (dark blue) and the highest value

molecule varies and thereby also the lattice spacing and
the tilt angle. The lattice spacing d perpendicular to the
substrate (and the tilt angle @) [26-28] (see figure 8 for
these quantities) are about 1.24 nm (25°) for the a-phase of
CuPc and about 1.4 nm (5-10°) for F14CuPc films. Several
other molecular arrangements have been observed. CuPc
crystallizes in a G-phase when heated higher than 480 K
[29]. A thin film phase and a transition to a bulk phase for
F16CuPc have been reported [28]. Both effects are not de-
tected in this study wherefore the crystal structures are not
given for these other polymorphs.

(white) in each of the images.

Cgo thin films crystallize at room temperature in a face-
centered cubic (fcc) lattice structure with a lattice constant
of 1.417 nm [30,31]. Thereby the (111) plane is mostly
parallel to substrate. Thermally evaporated Cgg films usu-
ally contain only small grains with a small volume for co-
herent scattering; to increase the grain size deposition by
hot wall epitaxy is required [32].

To analyze the molecular arrangement in the films, X-
ray scattering measurements were performed in 6-26 ge-
ometry. The obtained spectra are shown in figure 6. The
diffraction peaks of both types of phthalocyanines are well
pronounced. In contrast to previous measurements [16,33],

Copyright line will be provided by the publisher
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Figure 6 X-ray diffraction spectra for the CuPc/Cgo and the CuPc/F16CuPc material systems. The measurements for the neat films, the
bulk-heterojunction (mixing ratio 1:1) and the planar-heterojunction are shown. The films were evaporated on a PEDOT:PSS layer at
room temperature. The different ranges of the momentum transfer for the CuPc/Cgo material combination were recorded with different
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also the Cgq diffraction peak is detectable now due to the
parallelized and monochromated incident beam.

The diffraction peaks of the CuPc/Cg blend have the
same positions as the diffraction peaks of the respective
neat films. These are related to the c-phase of CuPc and
the fcc structure of Cgg. From this fact we conclude that
the blended film consists of both CuPc and Cgg crystallites.
This observation is in agreement with the SFM images dis-
cussed above and indicates the formation of a phase sep-
arated blend, which is related to the different molecular
shape of the flat CuPc and the spherical Cgg. The dimen-
sions of the coexisting crystallites are in the nanometer
range (about 10 nm) consistent with the low peak inten-
sities in the blends. The size of the phase separated crys-
tallites can be varied by the substrate temperate during de-
position or by the temperature of post deposition annealing
processes [34]. This is useful to optimize the internal inter-
face for exciton dissociation in bulk-heterojunction solar
cells.

By contrast, the blended CuPc/F16CuPc film shows
only one diffraction peak located between the diffraction
peaks of the neat materials. Due to comparable crystal
structures of both phthalocyanines they are able to form
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a mixed crystalline film. Thereby the peak width is com-
parable to the neat films and the lattice spacing lies be-
tween the ones of the neat materials. The dependence of
the lattice parameter on the concentration is summarized
in figure 7 for both donor-acceptor systems. Additional
blend ratios are included (3:1 and 1:3) which were not pre-
sented in figure 6 for clarity reasons. The system CuPc/Cg
shows for all blend ratios the same lattice constants, being
a clear indication of phase separation. The lattice constant
for CuPc/F14CuPc changes linearly with the concentration
between the lattice constants of the neat materials, consis-
tent with a mixed crystalline film.

The spectra taken by X-ray scattering of the bilayered
systems are also included in figure 6. Both acceptors, Cgg
and F;4CuPc, can be grown as crystalline films on top of
the crystalline donor CuPc. The crystallinity of the ph-
thalocyanines can be increased by evaporation of the films
on a hot substrate (not shown). Thereby the increased crys-
tallinity of CuPc acts as a template and leads to increased
crystallinity of F;gCuPc deposited on top.

Figure 8 shows schematic structures of films of neat ph-
thalocyanines and a blended film. A gradual change of the
lattice parameter in blends is related to the mixing of two
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Figure 8 Schematic molecular arrangement for the neat and a
mixed phthalocyanine film. The interlayer distance and the tilting
angle of the molecules change gradually from CuPc to the blend
and further to F16CuPc. To visualize the structure of the blend an
ordered structure is assumed parallel to the substrate. The lattice
parameter d is about 1.24 nm for the a-phase in CuPc and about
1.4 nm for F15CuPc [26,27]. The tilt angle @ is about 25° for
CuPc and between 5 and 15° for F16CuPc [28].

molecular species with different size and a change of the
tilt angle. Nevertheless, the observation of a single diffrac-
tion peak does not automatically imply the formation of
an ordered mixed crystalline film with an in-plane super-
structure (as one would guess from the figure). It merely
indicates that both constituents are homogenously mixed
on a molecular scale.

Mixed crystals of evaporated molecules have also been
observed for rod-like molecules [35]. The similar conju-
gated cores of sexithiophene, sexiphenyl and dihexylsex-
ithiophene together with the flexibility of the hexyl side
chains allows for a gradual change of the lattice parameter
with concentration. The conjugated system has a similar
size also for the here used phthalocyanines. By contrast,
the flat CuPc and the spherical Cgy with completely dif-
ferent m-conjugated systems form phase-separated blends.
Another material system, showing phase separation, is the
combination of rod-like pentacene und spherical fullerene
[36]. However, different from the phthalocyanine/fullerene
blends, which demix on a short scale (about 10 nm crystal
size), the pentacene/fullerene blends are demixing on the
length scale of the film thickness and can thus not be used
for photovoltaic applications.

3.2 Optical properties A prerequisite for efficient
solar cells is absorbtion of light in a broad spectral range.
We have thus analyzed the optical absorption for the two
material systems in the UV-Vis range. Complementary and
nearly non-overlapping absorption spectra are present for
CuPc and Cgg in neat films as visible in figure 9 (left) [37].
This means that the absorption of the acceptor is high in a
wavelength range where the absorption of the donor is low
and vice versa. The absorption spectrum of the blend with a
mixing ratio of 1:1 is also shown. It can be described quite
well by an effective medium approximation [38]. The grey
line gives an approximation for a blend with a concentra-
tion of 65 % CuPc. This difference to the nominal ratio

of 1:1 is related on the one hand to possible errors in the
thickness determination of the neat films or to an error in
the mixing ratio from the deposition process. Nevertheless,
the phase separated CuPc/Cgg blend can be described as a
mixture of crystallites composed of the neat materials and
the intensity of all the peaks follows the concentration of
the respective absorbing material. This fits very well into
the framework of phase separation in CuPc/Cg blends.

Overlapping absorption ranges are observed for the ph-
thalocyanines (figure 9 (right)). Both materials are almost
transparent in the range from 400 nm to 500 nm and are
absorbing strongly for wavelengths larger than 550 nm.
The absorption of CuPc films between 550 nm and 750 nm
is related to the Q-band of phthalocyanines [39]. The ab-
sorption of CuPc shows one strong peak at about 680 nm
in solution and displays a Davydov splitting in the solid
state (peaks at 630 nm and 690 nm) due to the presence of
two molecules in the unit cell of the herringbone structure.
For F14CuPc films two different crystal structures were re-
ported [28,40,41]. One is a structure with an in-plane her-
ringbone arrangement (Davydov split peaks at 650 nm and
700 nm) and the other structure has a large crystal shift
resulting in a peak around 790 nm. This second structure
is different from the herringbone type and was termed ’bi-
layer structure’ in ref. [28]. Thus only one peak is visible
for this case. These two structures cannot be distinguished
by out-of-plane x-ray diffraction where they show the same
lattice spacing [28]. The measured spectrum of the blend
(Figure 9) shows one strong peak at 630 nm and a shoulder
at about 700 nm. These features are located in the spec-
tral range were both molecules show absorption originat-
ing from a herringbone structure and are thus related to
the formation of a herringbone structure consisting of both
phthalocyanine molecules. In addition, the far red-shifted
peak at 790 nm related to a non-herringbone structure in
F16CuPc disappears indicating that this packing motif is no
longer present in the blend. Also the simulation using an
effective medium approximation cannot describe the fea-
tures of the blended film. This is another demonstration of
the formation of mixed crystalline films by co-evaporation
of the two different phthalocyanines and approves the her-
ringbone structure model of the blend shown in figure 8.

3.3 Electrical properties Besides structural and op-
tical properties also the charge carrier transport was ana-
lyzed in these blend systems. Figure 10 shows current-
voltage characteristics for hole-only, ambipolar, and
electron-only devices of 1:1 blends of CuPc/Cgy and
CuPc/F;,4CuPc as well as ambipolar characteristics for neat
films, blends and planar heterojunctions of both material
combinations. Thereby the transport behavior is controlled
by the choice of electrodes (see table 1). The unipolar
curves of the blends (part a and c¢) show almost no built-in
voltage, while the ambipolar characteristics start at low
voltages with a leakage current before the injected current
dominates the 7-V curve of the CuPc/Cgg (CuPc/F15CuPc)
blends at voltages higher than 0.4 V (0.25 V). This built-in
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voltage is related to the difference of the electrode work
functions. The ambipolar current of the CuPc/Cgy blend
is comparable to that of the electron transport in neat Cgp,
which is much higher than the hole current in CuPc. For
neat CuPc and Cg films the ambipolar I-V curves show
a built-in voltage which is higher than the built-in volt-
age of the 1:1 blend. The reduced built-in voltage of the
blend might be related to the energy alignment at the or-
ganic/organic interface between CuPc and Cgg (see also
figure 14).

Parts b and d compare the ambipolar currents of the
neat materials with the respective bulk-heterojunctions
(BHJ) and the planar-heterojunction (PHJ) for each ma-
terial combination. Thereby a different behavior of the
current in the blends is noticeable. The ambipolar current
of the CuPc/Cg blend is as high as the electron current in
neat Cgo. In contrast, the ambipolar current in the blend
of CuPc/Fi5CuPc is orders of magnitudes smaller than

Copyright line will be provided by the publisher
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material combination was grown

Voltage [V] on substrate at 375 K.

the ambipolar currents in the neat materials. This different
characteristics will be discussed further below.

Additionally, we have also measured ambipolar I-V/
characteristics of planar-heterojunctions of both material
combinations. Whereas the CuPc/Cg( two layer structure
displays a typical diode behavior, the CuPc/F;5CuPc sys-
tem shows higher currents under backward than under for-
ward biasing (for details see [42]). This can be related to
the formation of a charge generation layer at the organic-
organic interface as described in the literature for other ma-
terial combinations where the donor has an ionization po-
tential close to the electron affinity of the acceptor [43,44].

Using the SCLC model with a field-dependent mobil-
ity (see equation 2) the zero-field mobilities have been de-
termined for the neat and blended films of the CuPc/Cgg
(figure 11a) and the CuPc/F16CuPc (figure 11b) material
combinations. The field-activation parameter -y is very low
(or even zero) in both cases and therefore negligible [12].
The resulting mobilities for CuPc/Cgy decrease exponen-
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substrate temperature and substrate treatment for blend of Cgo/CuPc.

tially by dilution of the respective transport material with
the other species [12]. With the used electrode materials
the transport of both charge carrier types is observed in
Cgo as well as CuPc. However, the unipolar mobilities de-
pend strongly on the mixing ratio. The electron mobility
decreases exponentially with decreasing Cgy content and
in the neat CuPc film a further reduction of the mobility
occurs. From this it can be deduced, that the electron trans-
port in the blends is carried by the Cgy molecules only. By
mixing, the hopping distances are increased and as a result
the mobilities decrease exponentially. In this case the mo-
bility limiting step would be the hopping between grains
where the average distance between the phase separated
crystallites should also increase upon dilution. This is well-
established for molecularly doped polymers [45], where a
homogenous dilution of conducting molecules in an inert
matrix is present. This scenario might even hold for nano-
phase separated granular films. The strong mobility de-
crease between the mixed film with the lowest Cgo content
and the neat CuPc film is related to the much lower elec-
tron mobility in neat CuPc. By contrast, the hole mobility
changes over the whole concentration range uniformly, as
the difference in the hole mobility between the two ma-
terials is much smaller. As afore mentioned both molecu-
lar materials can transport electrons as well as holes in the
used electrode configuration. Using an electron and a hole
injecting electrode ambipolar transport occurs. The deter-
mined mobility for this ambipolar transport (shown also in
figure 11) is higher than the sum of the unipolar hole and
electron mobilities. This should be related to the ambipolar
nature of both materials [20]. Nevertheless the transport in
the blended films is based mainly on the transport of elec-
trons by the Cgy molecules. Conductive paths of the spher-
ical Cgog molecules are also expected in the presence of the
planar stacking CuPc molecules in the mixture [11].

The unipolar mobilities of the blended CuPc/F;4CuPc
film are located between the unipolar mobilities of the neat
films as shown in figure 11b. The gradual change of the

concentration in this mixed system results also in a grad-
ual change of the unipolar mobilities. However, the am-
bipolar mobility in the blended film is orders of magni-
tude lower than both unipolar mobilities and the ambipolar
mobilities of the neat materials. As the unipolar mobilities
are high the ambipolar transport cannot be limited by the
absence of percolation paths. Therefore, the strongly re-
duced ambipolar mobility should be related to the presence
of both charge carrier types at the same time. A tentative
explanation is the generation of charge transfer excitons
by the injected charge carrier pairs. These charge transfer
excitons will limit the transport by blocking the occupied
molecules for further injected charge carriers (for details
see [42]). The different transport behavior is summarized
in figure 12.

© ©

000400 0000100
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Unipolar and ambipolar Unipolar Ambipolar

Figure 12 Schematics for the unipolar and ambipolar trans-
port through blends of CuPc/Cso (left), unipolar transport
trough blends of CuPc/F16CuPc (middle), and ambipolar trans-
port trough blends of CuPc/FisCuPc (right). The transport
in CuPc/Cgp blends occurs via percolation pathways between
grains of the separated materials in both the unipolar and am-
bipolar case. The ambipolar transport in molecularly mixed
CuPc/F16CuPc blends is limited by the formation of charge trans-
fer excitons, which are absent if only one charge carrier type is
injected.
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The charge carrier mobilities of the CuPc/Cgy were
also measured in organic field-effect transistors [16,24].
Due to the sign of the applied effective gate voltage the
accumulation of electrons and holes can be chosen sepa-
rately. The unipolar mobilities of this blend are shown in
figure 11 (right diagram). No ambipolar transport was ob-
served in the OFET geometry for the neat molecular films.
The field-effect mobilities in blends also decrease expo-
nentially with decreasing concentration of the respective
transport material. Remarkably, all blends with different
mixing ratios show charge carrier transport for both charge
carrier types. This means that there is always a percolation
path for both electrons and holes. However, the hopping
distance between molecules of the same type is increased
upon mixing with the other species as reported above for
diodes. As compared to film growth at room temperature,
an increased mobility is found for the higher substrate tem-
perature (not shown, [24]) and a further increase is realized
by lowering the surface energy with OTS together with
high temperature deposition. This increase of mobility was
reported for unipolar OFETs [46] and is also valid for these
blends. Interestingly, for all treatments balanced mobilities
are found at about 25% Cgg content which is important for
an application of these ambipolar OFETSs in ambipolar in-
verters [16,24].

The mobilities of the CuPc/Cgp blends in OFETSs
change more drastic by dilution than in diodes. From
the exponential reduction with decreasing concentration
of the respective transport material, percolation between
the grains is identified as the limiting factor for charge
transport in these blends. The comparison of transport in a
diode with transport in an OFET supports this. In the latter
transport occurs at the interface between the insulator and
the semiconductor inside the accumulation layer and is
thus limited to a 2-dim. area. On the other hand, transport
in diodes is 3-dim., because there is no limitation of the
charge carrier distribution in the third dimension between
the two electrodes. Transferred to the transport in molecu-
lar blends a higher number of neighbour molecules results
in a larger number of transport pathways in the 3-dim.
system. Therefore transport in diodes is less reduced by
mixing in contrast to the transport in OFETs.

4 Photovoltaic cells Organic donor and acceptor
materials are promising candidates for photovoltaic cells.
In these cells the generated excitons dissociate into free
charge carriers at the DA interface by an ultra-fast photo-
induced charge transfer [5]. To create this active interface
planar-heterojunction [7] and bulk-heterojunction [8,47]
photovoltaic cells have been employed. These two differ-
ent architectures are shown in figure 13. In PHJ cells the
dissociation interface is localized between the two layers,
while the dissociation in the BHJ cells occurs within the
whole volume of the blended film. Due to this mixture of
donor and acceptor materials the photon-to-current con-

Copyright line will be provided by the publisher

Cgo0r
F,sCuPc

CuPc

Figure 13 Side view of the planar-heterojunction (left) and bulk-
heterojunction (right) solar cell, including metal electrodes (M),
the donor (D) and the acceptor (A) molecules. Additionally the
charge transport is sketched.

version efficiency and the power conversion efficiency are
expected to increase [8,47,37].

In the following planar-heterojunction and bulk-
heterojunction devices will be compared. Of particular
interest will be the difference in the open circuit voltage
between the two types of solar cells. As reported previ-
ously [50, 12] the intermolecular gap between the HOMO
of the donor and the LUMO of the acceptor, which is an
important parameter for the open circuit voltage of a solar
cell, is reduced in blends of CuPc/Cg( in comparison to the
bilayered system. This change is related to the gradual shift
of the common vacuum level with the composition of the
blend [50]. Together with a constant ionization potential an
unchanged transport gap (for both molecules 2.3 eV [49,
48]) leads to the reduced intermolecular gap as shown in
figure 14. The obtained values for the intermolecular gap
are 1.6 eV and 1.35 eV for the two-layer and the blended
system, respectively. However, it is noteworthy that the en-
ergy levels displayed in this figure do not describe the real
interface behavior. While there is no band bending at the
organic/organic interface [52], which is the relevant one
for photovoltaic cells, the electrode/organic interfaces are
shown only schematically in figure 14 without interface
dipoles or possible band bending.
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Figure 14  Schematic energy diagram for the planar-

heterojunction (left side) and bulk-heterojunction (right side) of
the material system CuPc/Cgo. The transport gap is 2.3 eV for
both neat materials [48,49], which is also assumed for the mix-
ture [50,12]. The Fermi energy is related to the conductive sub-
strate PEDOT:PSS. The dashed arrow indicates the magnitude of
the intermolecular HOMO-LUMO gap of 1.6 eV for the planar-
heterojunction and 1.35 eV for the bulk-heterojunction.
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The current-voltage characteristics of both types of
CuPc/Cgp cells are shown in figure 15a,b for different
light intensities. The crossing point of the curves for all
the different light intensities is the compensation voltage
Vcomp [51] where the dark current and the photocurrents
are equal. This compensation voltage is about 0.55 eV
for the PHJ cell and about 0.35 eV for the BHJ device.
The difference of the compensation voltages for the two
systems is only a little smaller than the difference be-
tween the intermolecular HOMO-LUMO gaps determined
by ultraviolet photoelectron spectroscopy (UPS) measure-
ments. The open circuit voltages (Vo) for the different
light intensities are collected in figure 16 on the left side.
Over the whole range of light intensities the open circuit
voltage in the bilayered cell is about 0.2 V higher than in
the blended system. This effect was already observed in
the CuPc/Cg system at high illumination intensities [11],
as well as for other material combinations using small
molecules [53] or polymers [54]. The open circuit voltage
is therefore related to the gap between the LUMO of the
acceptor and the HOMO of the donor [55]. Both the mea-
sured open circuit voltage and the compensation voltage
are smaller for the blended system as expected from the
UPS measurements. However, the open circuit voltage is
significantly smaller than the intermolecular gap. This is
related to further losses inside the organic photovoltaic cell

Light intensity [mW/cmz]

termined from the measurements
shown in figure 15. The lines are
to guide the eyes.

[55]. Nevertheless changes of the electronic levels of the
donor and acceptor molecules are seen directly as a change
of the open circuit voltage.

Figure 16 also compares the short circuit current den-
sity (Jsc) of both cell types of the CuPc/Cgg material com-
bination. The bulk-heterojunction solar cell is providing
the higher short circuit current. The reason is that by mix-
ing of the molecules a distributed donor/acceptor interface
is formed within the organic film. Thereby it is possible for
nearly all excitons to reach the DA interface to dissociate
even for a short exciton diffusion length [10,9]. It is re-
markable that the short circuit currents for the BHJ cells are
higher than for the PHJ devices even though the mobility
in the blended system is by far lower than in the neat films
as described above and in the literature [11,16]. The fill
factor reaches 32 % for the bilayered and the blended cell
at a light intensity of about 100 mW/cm?. Due to series re-
sistances and recombination losses the power efficiency is
rather low in our cells (at the highest intensity 0.4 % for the
blended and maximal 0.2 % for the planar-heterojunction
solar cell).

Figure 15c shows the I-V characteristics for a solar
cell containing a blended CuPc/F;¢CuPc film as active
layer. The measurements include the dark current and the
current under various illumination intensities. The analy-
sis of the open circuit voltage and the short circuit cur-

Copyright line will be provided by the publisher



physica status solidi (a), 206 (2009) 2683-2694

12

https://doi.org/10.1002/pssa.200925238

A. Opitz et al.: Molecular semiconductor blends

rent is included in figure 16. The compensation voltage is
about 0.35 eV and is comparable to the compensation volt-
age of the blended CuPc/Cgq cell. The current densities,
however, are about two orders of magnitude lower in the
blended CuPc/F;4CuPc cell in comparison to the CuPc/Cgg
bulk-heterojunction solar cell. Regarding the low ambipo-
lar mobility in the CuPc/F;4CuPc blends the very low pho-
tocurrents could also be related to a self-trapping process
of photo-generated charge transfer excitons instead of in-
jected ones. A fill factor of about 25 % and a power ef-
ficiency of only 0.002 % shows the low performance and
limited useability of this system in photovoltaic cells. Fur-
thermore, the bilayered system CuPc/F15CuPc (not shown
here) does not have an effect of illumination at all [42].

5 Summary The analyzed blends of hole and elec-
tron conducting materials show different layer formation
behavior. The system CuPc/Cg( forms separated phases of
each material with percolation pathways for the transport
of opposite charge carriers through the blend. Thereby
the hopping distance between crystalline grains limits the
transport. As a consequence, the mobilities decrease ex-
ponentially in both diodes and OFETSs upon diluting the
respective transport material with the other species. In
this system the obtained electron mobility is much higher
than the hole mobility in the neat materials as well as in
the blends. For that reason the current in blended films is
mainly based on the electron transport through Cgq clus-
ters. By contrast, blends of the two phthalocyanines CuPc
and F;4CuPc form molecularly mixed crystalline films
with a gradual change of the lattice parameter by chang-
ing the mixing ratio. Also the unipolar mobilities of both
charge carrier types show a gradual change between the
mobilities of the neat materials. The ambipolar mobility
of the blends, however, is reduced drastically. This could
be related to the generation of charge transfer excitons in
neighbouring CuPc and F;4CuPc molecules. These CT
excitons can only be created if both charge carrier types
are injected at the same time.

Both material combinations have also been analyzed in
planar- and bulk-heterojunction solar cells. While PHJ so-
lar cells are limited by the exciton diffusion efficiency ngp
due to the low active volume, this restriction is absent for
BH]J cells. However, in the latter charge transport is limited
by the size of grains which are necessary to form percola-
tion pathways in phase separated blends. Thus, for a further
increase of the efficiency of CuPc/Cgq bulk-heterojunction
solar cells the donor-acceptor interface needs to be opti-
mized in order to allow for both a high exciton diffusion ef-
ficiency ngp and a reasonable charge collection efficiency
Ncc via charge transport of both charge carriers. By con-
trast, in BHJ devices of CuPc/F;4CuPc the major obstacle
is seen in a very low exciton dissociation efficiency ncrt
which is reduced by the formation of charge transfer exci-
tons. Thus the material combination of hydrogenated and

Copyright line will be provided by the publisher

fluorinated phthalocyanines is not suitable for the applica-
tion in photovoltaic cells.
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