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To achieve efficient organic solar cells, donor and acceptor molecules are mixed in the photoactive layer to form
a so-called bulk heterojunction. Due to molecular interactions, a certain degree of phase separation between donor
and acceptor domains arises, which is necessary to achieve efficient charge extraction within the absorber layer.
However, the mechanism that induces the phase separation is not fully understood and gaining detailed information
about the molecular arrangement within these blend layers is quite challenging. We show that grazing incidence
x-ray diffraction, combined with variable angle spectroscopic ellipsometry is a suitable way to investigate the
molecular structure of blend layers in detail, consisting of a mixture of zinc-phthalocyanine (ZnPc) and Cgy. The
degree of phase separation within the blend layer is influenced by substrate heating during the co-evaporation of
ZnPc and Cg and by a variation of the mixing ratio. The effect of different blend layer morphologies on optical
and electrical device performance is investigated by solar cell characterization and mobility measurements. We
find that the molecular arrangement of Cgy provides the essential driving force for efficient phase separation.
Whereas spherical Cgp molecules are able to form crystalline domains when deposited at elevated substrate
temperatures, no ZnPc crystallites are observed, although the planar ZnPc molecules are not randomly oriented
but standing upright within its domains. Comparing specular and grazing incidence x-ray diffraction, we find that
only the latter method is able to detect nanocrystalline Cg in thin films due to its polycrystalline nature and small
sized nanocrystallites. Solar cell measurements show an increase in fill factor and external quantum efficiency
signal for blends with enhanced phase separation, induced by higher substrate temperatures. However, grazing
incidence x-ray diffraction measurements reveal that ZnPc and Cg already form separate domains in unheated

ZnPc:Cg blends, which provide fill factors close to 50% in the corresponding solar cells.

DOLI: 10.1103/PhysRevB.85.245314

I. INTRODUCTION

In the last decade, organic solar cells have achieved
impressive progress. Both polymer and small molecule organic
solar cells reach power conversion efficiencies approaching
10%.! The major challenge to achieve further improvements
originates in the high binding energy of several 100 meV
of the excitons created by absorption within the organic
photoactive layer.> So the instantaneous dissociation of the
Frenkel excitons into free charges is highly unlikely. However,
exciton separation is very efficient at interfaces of organic
acceptor and donor molecules.> One way to achieve a donor-
acceptor interface is to deposit two planar layers consecutively:
one containing the donor and the other the acceptor material.
This kind of photoactive layer is called planar heterojunction
(PHJ).> On the one hand, the photoactive layer thickness
of PHJ solar cells is limited, since exciton diffusion length
is in the range of only 10 nm for most organic materials.*
On the other hand, the light penetration depth is much
larger (in the order of 100 nm), thus such thin photoactive
layers consequently absorb only fewer photons and thus the
photocurrent is limited for PHJ’s.>® A possibility to overcome
this problem is mixing of donor and acceptor molecules
to form a so-called bulk heterojunction (BHJ).” In blend
layers, the interface between donor and acceptor is strongly
increased which leads to an improvement of exciton separation
and allows to use thicker absorber layers, harvesting more
sunlight. On the one hand, the challenge is to guarantee
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closed percolation paths for photogenerated electrons and
holes towards the electrodes.'® Hence the formation of isolated
donor or acceptor domains should be avoided within blend
layers. On the other hand, phase separation should not result
in domains larger than the exciton diffusion length to achieve
efficient exciton dissociation. Otherwise, the same problem
as for the planar heterojunction occurs. Thus it is essential
to find the optimized kind of phase separation of donor and
acceptor, i.e., the optimized blend morphology. One possibility
to achieve insights into the phase separation mechanism is their
modeling using the Ising model and Monte Carlo simulations.
These results show an increase of phase separation and
donor/acceptor domain sizes for elevated temperatures, i.e.,
higher kinetic energies of the molecules.!!!3 Experimental
evidences for phase separation are mainly carried out using
electron or atomic force microscopy, x-ray diffraction, and
absorption measurements. 410

A common approach to influence the phase separation in
small molecular BHJ organic solar cells is the use of substrate
heating during deposition of the blend layer in vacuum as well
as changing the mixing ratio of donor and acceptor.'”""* For
polymer BHIJ solar cells, postannealing of the blend layer is
the most common way to obtain enhanced morphology.'¢°
However, to understand the complex growth mechanism of
blend layers and gaining detailed experimental information
about their morphology is quite challenging and only a few
experimental methods are suitable for this.
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TABLEI. Overview about the ZnPc:Cg blend layers prepared for a direct comparison of the morphology (GIXRD, AFM, ellipsometry) and
electro-optical characterization (solar cells and mobility measurements). The blend layers are deposited on a glass substrate coated with 5-nm
Cgo for GIXRD and AFM measurements and directly on glass for absorption measurements (*1). Within fabricated solar cells, the ZnPc:Cg
layers are evaporated on ITO substrate/5-nm n-doped Cgp/20-nm Cgy (*2). For ellipsometry measurements, the blend layers are deposited on
Interference Enhanced Substrates (SiO,) (*3) and for mobility measurements on SiO, substrate with patterned gold contact (*4).

Blend layer structure GIXRD, AFM, absorption (*1) Solar cells (*2) Ellipsometry (*3) Mobility (*4)
ZnPc:Cgo 1:1, Ty, = 30°C 150-nm thick 60-nm thick 100-nm thick 40-nm thick
ZnPc:Cy 1:1, Ty = 100°C 150-nm thick 60-nm thick 100-nm thick 40-nm thick
ZnPc:Ceo 1:1, To, = 140°C 150-nm thick 60-nm thick - 40-nm thick
ZnPc:Cgo 1:2, Ty, = 140°C 150-nm thick 60-nm thick - -
ZnPc:Cgy 2:1, Ty = 140°C 150-nm thick 60-nm thick - -

In this study, we investigate the influence of substrate
heating and different blend ratios of zinc-phthalocyanine
(ZnPc) and Cgy small molecules in blend layers on the
morphology and directly relate these findings with solar cell
and organic field effect transistor (OFET) performances. The
blends are analyzed by grazing incidence x-ray diffraction
(GIXRD), atomic force microscopy (AFM), and variable angle
spectroscopic ellipsometry (VASE). GIXRD measurements
reveal detailed information about the molecular arrangement
within the layer and depict the central method to achieve
information about ZnPc and Cg( arrangement within the blend
layers.?!>> VASE enables a more detailed characterization of
the molecular orientation of ZnPc in the blend by measuring
the anisotropic optical constants.>>>* AFM images are taken
to complete the investigations of phase separation. Finally, the
influence of the different blend morphologies on solar cell and
OFET performance are discussed.

For all investigations, we used blend layers with compa-
rable morphologies by depositing the film using the same
parameters. In Table I, all samples are presented. We vary
the blend ratio of ZnPc:C60 (2:1, 1:1, 1:2 vol%) and the
substrate temperature (75, = 30, 100, and 140;°C) in the
same manner for all morphology measurements and solar cells
applications. Only the kinds of substrate and layer thickness
are different to some extent. The blend layer morphology is
found to be independent on the substrates and on the layer
thickness we use in this study, figured out by GIXRD and AFM
measurements. To achieve high comparability of all solar cells
and morphological samples, we process all solar cells and
morphological samples within one run, respectively.

II. EXPERIMENTAL

The materials are thermally evaporated at a base
pressure of 1077,...,10~® mbar. Within the solar cells N,N’-
((Diphenyl-N,N’-bis)9,9,-dimethyl-fluoren-2-yl)-benzidine
(BF-DPB) doped with 10 wt% 2,2’-(perfluoronaphthalene-
2,6-diylidene)dimalononitrile (F6-TCNNQ, Novaled AG,
Dresden, Germany) is used as p-doped hole transport layer
and Cgy doped with 2 wt% tetrakis(1,3,4,6,7,8-hexahydro-
2H-pyrimido'?-apyrimidinato)ditungsten (II) [W2(hpp)4,
Novaled AG, Dresden, Germany] as n-doped electron
transport layer.38 ZnPc (TCI Europe, Germany), Cgo (IPMS,
Dresden, Germany), and BF-DPB (Sensient) are purified
at least twice by vacuum gradient sublimation before thin
film preparation. All solar cells are deposited onto indium

tin oxide coated glass substrates [Thin Film Devices, USA
(sheet resistance <30 €2/sq)] pretreated with organic solvents
in an ultrasonic bath and by oxygen plasma cleaning.
For the organic materials, we use the following thin film
densities, determined by profilometer measurements: pz,pc =
1.34 g/cm3, Pceo = 1.54 g/cm3, PBF—DPB = 1.04 g/cm3.

Pristine films of ZnPc and Cgy as well as ZnPc:Cgg
blend layers for mobility and ellipsometry measurements are
deposited via thermal evaporation in a multichamber UHV
system (Bestec, Germany). Blend layers of ZnPc:Cgy are
prepared by coevaporating ZnPc and Cgp from two crucibles
using deposition rates of 0.3A/s for ZnPc and Cg for blend
ratio of 1:1 and 0.2A /s for ZnPc and 0.4A /s for Cy for a blend
ratio of 1:2 and vice versa for 2:1 by volume. Quartz crystal
microbalances are used to control the layer thickness. 150-nm
ZnPc:Cg blend films, used for morphological investigations,
as well as solar cell devices are fabricated in a custom-made
single chamber vacuum system (K. J. Lesker, UK). It offers
the opportunity to produce 36 different samples within one
process. Each of the samples consists of four solar cells
with identical device stacks to ensure the reproducibility. All
pristine and blend films for morphological investigations cover
an area of 20 mm x 20 mm on the substrate to ensure a
high-scattering area of the thin layer for x-ray diffraction
investigations.

The solar cells are encapsulated in a nitrogen glovebox
prior exposure to ambient conditions and characterized using
a 16 S-003-300 sun simulator (Solarlight Company Inc., USA)
and a Keithley Source Measure Unit (SMU2400). For all
devices, we use the same nominal illumination intensity I;om
of 128 mW /cm? as measured by a calibrated silicon reference
diode (Fraunhofer ISE, Freiburg, Germany). Spectral response
or external quantum efficiency is measured with a lock-in
amplifier (Signal Recovery SR7265) with the phase set to the
frequency of the mechanical chopper used to chop the incident
light. A Xe lamp coupled with a monochromator (Newport
Oriel Apex) is used as light source. The intensity of the incident
light is measured at each wavelength with a calibrated Si
photodiode (Hamamatsu). The mismatch corrected power con-
version efficiency is calculated using an effective intensity I
that corresponds to the product of I,,,, and the mismatch factor
determined from the EQE measurements of the solar cells.

Out-of-plane grazing incidence (GIXRD) and specular
(Bragg-Brentano geometry) x-ray diffraction measurements
are performed using a Bruker D8 Discover diffractometer
at the Fraunhofer CNT (Dresden, Germany). The CuKa1
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radiation beam positioned through a Gobel mirror on the
thin film sample and the resulting scattered signals are
recorded by a scintillation detector. The incident x-ray beam
is kept fixed at 26 = 0.20° and only the detector angle is
varied in 26 steps of 0.1° (recording time per angle step:
30 seconds) for GIXRD measurements. The specular w-26
scan mode was only used for a 50-nm thick Cg layer, all
other measurements are performed by the GIXRD scan mode.
Details about the GIXRD measurement routine is described
by Elschner et al.?> All x-ray patterns are not background
corrected. The topography and the root-mean-square (RMS)
roughness of the ZnPc:Cg blend layers is investigated using
a Combiscope 1000 (AIST NT) in the intermittent contact
mode with a tip amplitude of 100 nm and a spring constant of
40 N/m at ambient conditions. Absorption measurements of
the ZnPc:Cgg blend layers are determined from reflection and
transmission measurement using a Lambda 900 transmission
spectrometer (Perkin-Elmer).

Bottom-gate organic field effect transistors with a p-
Si/Si0, gate and predeposited gold contacts with channel
lengths between 5 and 20 um (IPMS, Dresden, Germany)
are used to estimate the electron and hole mobility from the
saturation regime of the OFET characteristics. Further details
can be found in Ref. 30.

The uniaxial anisotropic optical constants of the sample are
measured by VASE. This ellipsometric method measures the
polarization change of the reflected light for different incident
angles. A detailed discussion of ellipsometry can be found
in several textbook references.’>*’ In order to derive precise
results, we use interference enhanced substrates, i.e., silicon
wafer with an additional 970-nm thick layer of Si0,.?**! These
substrates are cleaned using sonication in aqueous detergent,
acetone, ethanol, and finally isopropanol. VASE measurements
are done at an M2000 UI ellipsometer (J. A. Woollam Co.,
Inc.), covering the wavelength range of 245 to 1680 nm. The
incident angles are varied from 55° to 75° in 5° steps. Analysis
of the measured data was performed using the WVASE32
software from J. A. Woollam Co., Inc. which benefits from the
Levenberg-Marquardt algorithm for fitting. To reach results,
that fulfill Kramers-Kronig consistency, we used the harmonic
oscillator approach applying several Gaussian oscillators,>
Details of the evaluation procedure are described in Ref. 24.

The uniaxial anisotropic samples exhibit birefringence
as well as different extinction coefficients of the in-plane
and out-of-plane components. From the corresponding peak
positions of the extinction coefficients we evaluate the ratio
kin—plane/Kout—of—plane and the orientation order parameter

1
S = Py(cosf) = 5(3 cos’6 — 1)

_ koutfoffplane - kinfplane

b
kout—of—plane + 2kin—plane

where 0 is the angle between the molecular transition dipole
and the direction perpendicular to the substrate surface, (- - -)
is the ensemble average and P»(x) is the second Legendre
polynomial.?* § = —0.5 denotes an orientation of the molec-
ular transition dipole ordered perfectly parallel to the substrate,
while S = 1 denotes a perfect perpendicular orientation. S = 0
when there is either no order, i.e., random orientation, or all
transition dipoles being perfectly oriented in a 54.7° angle.

PHYSICAL REVIEW B 85, 245314 (2012)

—— GIXRD-scan (0=0.20° fixed)]
—— specular 6-26-scan (XRD) 1

Intensity (arb. unit)

-fé'\ GIXRD-scan (0=0.20° fixed)
> A triclinic ZnPc i
o) i o
© @ monoclinic ZnPc
s i
‘»
[ o
Q
£

10 15 20 25 30

26 (deg)

FIG. 1. (Color online) (Top) Specular XRD scan (symmetric
0-20-scan mode) in Bragg-Brentano geometry (black line) and
out-of-plane GIXRD scan (w = 0.20° fixed, green/bright line) of a
50-nm thick pristine Cg layer deposited on unheated glass substrate.
(Bottom) Out-of-plane GIXRD scan of a 50-nm thick pristine ZnPc
layer also deposited on an unheated glass substrate (blue line).

III. RESULTS AND DISCUSSION

A. Blend layer morphology

First, we analyze the morphology of ZnPc:Cg( blend layers
deposited on heated and unheated substrates for different blend
ratios by out-of-plane GIXRD, AFM, VASE, and absorption
measurements. In order to interpret the x-ray diffraction pattern
of ZnPc:Cgy blend layers, we characterize a 50-nm thick
pristine Cgp and 50-nm thick ZnPc layer deposited on an
unheated glass substrate using GIXRD. The x-ray pattern of
the ZnPc layer in Fig. 1 reveals a 100 or 200 ZnPc Bragg
reflection and higher orders of triclinic ¢-ZnPc or monoclinic
y-ZnPc, which is often reported in literature for ZnPc thin
films.?! We are not able to distinguish between monoclinic
and triclinic phases because both show a Bragg reflection at
26 of around 7°. Considering the observation of this reflection
at low 20 angles implies, that the ZnPc molecules in this
crystallites are oriented standing upright with respect to the
substrate surface for both crystallographic phases.>! However,
with out-of-plane GIXRD we can only scan a fraction of
the reciprocal space and amorphous film regions are also not
detected. Hence, this upright standing orientation is only valid
for crystallites causing the 20 reflection at 7°. The GIXRD
pattern of Cg in Fig. 1 shows three distinct Bragg reflections
which are attributed to the face-centred-cubic phase of C¢y with
a = 14.224 A, as described by Elschner et al.*> Accordingly,
both ZnPc and Cg are able to crystallize in pristine layers.
To illustrate the importance of the GIXRD measurement
method we also record a specular x-ray diffraction (XRD) scan
(Bragg-Brentano geometry) of the same Cgy sample using the
same x-ray tool. The XRD pattern (black line in Fig. 1) reveals
that the Cgp film is amorphous because no Bragg reflections
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FIG. 2. (Color online) GIXRD pattern of 150-nm thick ZnPc:Cgg
(1:1) blend layers deposited at different substrate temperatures on
glass/5-nm Cg with the corresponding AFM micrographs and
resulting AFM roughness. The GIXRD pattern of a 50-nm thick
pristine ZnPc and of a 50-nm thick pristine Cg layer is inserted to
correlate the Bragg reflections of the ZnPc:Cg blend layers.

are visible, apart from a broad peak originated from the glass
substrate. In the GIXRD scan mode, the incident angle @ of
the x-ray beam is fixed at 0.20° and only the detector angle
26 is varied. Therefore the x-ray beam only penetrates the Cgg
layer but not the glass substrate, because of the total reflection
at the glass-Cg interface for such a small angle of incidence.?
Consequently, the scattering in Cg is strongly enhanced which
leads to an increased signal and the observation of three
distinct Bragg reflections of Cgy using this scan mode. For
preferentially oriented organic molecules within thin films,
like ZnPc, the Bragg reflections are intense enough to be
detected by specular XRD scan mode. However, the GIXRD
scan mode is indispensable when measuring polycrystalline or
nanocrystalline films, like Cg.

Most x-ray measurements on blend layers including Cg
are only done in specular XRD scan mode.!*>>2® Using this
method, these studies did not observe any Bragg reflection
of Cgp and hence argued that Cgy grows amorphous, even for
pristine Cg layers.>> Considering our finding Cg rather seems
to be growing nanocrystalline and not amorphous, because
specular XRD is not able to detect this in such thin layers.

In consequence, all x-ray diffraction measurements of
ZnPc:Cg blend layers are performed in out-of-plane GIXRD
scan mode. In Fig. 2, the x-ray pattern of 150-nm-thick
ZnPc:Cg (1:1 vol.%) blend layers deposited for substrate tem-
peratures (Tsub) of 30, 100, and 140 °C on 5-nm Cg(/glass are
presented. Two broad peaks are visible for the unheated blend
layer. Comparing this pattern with the observed reflections
of ZnPc and Cg in the pristine layers (see Fig. 1) we are
able to identify the two broad peaks of the unheated ZnPc:Cgg
blend. The first peak at 26 = 8° is caused by the overlap
of ZnPc and a minor part of Cgy, whereas the second one at
26 = 18° originates from Cgy. The full width half maximum
(FWHM) of the Bragg reflections reveals information about
the quality of the molecular arrangement, i.e., crystallite size
and microscopic strain.>! On the one hand, the large FWHM
of both peaks indicates a very small crystallite size and/or
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a very high microscopic stress/strain for ZnPc and Cgy. On
the other hand, the observation of these two distinct peaks
directly implies that ZnPc and Cg are phase separated even
for unheated blend layers. If ZnPc and Cgy are not phase
separated, no distinct peaks would be visible for ZnPc-ZnPc
and Cg-Cgp arrangements. The position of the ZnPc peak
at 260 = 8° indicates that at least a fraction of the ZnPc
molecules are not randomly oriented within their domains but
at least fractionally standing upright, as in pristine ZnPc layers.
However, the broad shape of the reflections points out, that the
molecular arrangement of ZnPc and Cg is strongly disturbed
when coevaporating both sort of molecules to one blend layer.
In more detail, a broadening of the Bragg reflection can be
caused by a decreased crystallite size or/and an increased
microscopic strain within the crystallites. Hence it is correlated
to a more disturbed formation of crystallites.

For samples with substrate temperatures of 100 or 140 °C
during deposition of the blends, the GIXRD pattern in Fig. 2
change significantly. For Ty, = 100 °C the broad peak at 26 =
8° splits into the ZnPc peak and a 111 Bragg reflection of Cg.
The peak at 260 = 18° also splits into two Bragg reflections,
both belonging to Cgq crystallites (220 and 311 orientation).
The resulting FWHM of the Bragg reflections of Cgy are much
smaller than for the unheated blend layer. This indicates that
Ceo grows polycrystalline within its domains when heating the
substrate. In contrast, the FWHM of ZnPc remains unchanged,
denoting that ZnPc remains nanocrystalline or amorphous.
Increasing the substrate temperature from 100 to 140 °C no
significant enhancement in crystallinity is observed. The RMS
roughness, determined by AFM measurements (see Fig. 2), of
the layers increases from less than 1 nm for unheated to 3 nm
for 140 °C substrate heated blends. This confirms the tendency
of amorphous, smooth growth for nonsubstrate heated and
crystalline, grainy growth for heated ZnPc:Cg layers.

The observation that Cg is able to crystallize but ZnPc
not, indicates that the molecular stacking of Cgy molecules to
energetically or sterically minimizing crystalline arrangement
is preferred in comparison to ZnPc molecules which remain
nanocrystalline or amorphous. This indicates that Cg stacking
might be the driving force for phase separation in ZnPc:Cg
blends. Because of its spherical shape, Cg( can arrange more
easily in a dense crystalline packing compared to the planar
shaped ZnPc molecule. Simon ef al. also found Cg crystallites
in ZnPc:Cg layers using transmission electron microscopy.?’

Another striking evidence for the argumentation that Cg is
the driving force in crystallization is the significant difference
in glass transition temperature T,. Kumar et al.** observed a
T, of 510 K for ZnPc, whereas the T, of Cg is at 90 K and
thus much lower.*? Additionally, the Cgp molecule is known
to rotate in thin films at room temperature in its crystalline fcc
structure.*? This clearly high molecular mobility indicates that
Ceo seems to be more mobile than ZnPc, which is planar and
thus do not show such rotation.

Besides changing the substrate temperature, the variation of
the blend ratio of ZnPc:Cg is expected to influence the phase
separation. Therefore we vary the blend ratio of ZnPc:Cgg
layers from 2:1, 1:1 up to 1:2 (vol%) deposited at Ty =
140°C on 5-nm Cgp/glass. The GIXRD diffraction pattern
in Fig. 3 is different for different blend ratios. The intensity
of the ZnPc peak changes due to the different ZnPc content
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FIG. 3. (Color online) GIXRD pattern of 150-nm-thick ZnPc:Cgg
blend layers deposited at a substrate temperature of 140°C on
glass/5-nm Cg for different blend ratios of 2:1, 1:1, and 1:2. For
the corresponding AFM micrographs and resulting AFM roughness
the same samples are taken.

in the blend layers, but the FWHM remains almost constant.
More pronounced is again the change in arrangement of the
Cgo molecules. For the heated 2:1 ZnPc:Cgy blend, only a
broad peak of Cg is visible, indicating that Cgp is almost
nanocrystalline or amorphous, comparable to the unheated 1:1
blend layer in Fig. 2. When changing the ratio to lower ZnPc
content, Cg starts to crystallise in its domains and the three
previously observed Bragg reflections of Cgy occur. The AFM
images confirm this trend by a low RMS roughness of less
than 1 nm for the 2:1 ZnPc:Cgy blend compared to the blends
with higher Cgo content with roughness higher than 2 nm.
Combining this, ZnPc significantly disturbs the formation of
Ceo crystallites when using higher ZnPc contents, even at a
high substrate temperature of 140°C. This is again astrong
evidence that Cg plays a major role for the phase separation,
whereas ZnPc molecules are not able to form crystallites, even
at high ZnPc contents and high 7.

Another possibility to prove if the ZnPc arrangement is
changed within the different blends is to compare ZnPc:Cg
absorption. Maennig et al. showed that the distance be-
tween the maxima within the Q-absorption bands of ZnPc
and the ratio of their maxima should change for different
ZnPc crystallinity.”® However, the absorption spectra of the
150-nm thick ZnPc:Cgj blend layers using different substrate
temperatures and blend ratios in Fig. 4 show no significant
difference in absorption. The absorption maxima of the Q
band are constant at 625 nm and 680 nm without any change
in their absorption ratio. This band arises from -7 * transitions
with the dipole moment in the plane of the molecule.”” The
detailed analysis of the thin film absorption spectra of ZnPc
and Cgo can be found elsewhere.!® This confirms that ZnPc
crystallinity is unchanged for all blend layers as found by the
GIXRD measurements.

To obtain more information about the ZnPc orienta-
tion, VASE measurements are carried out for 100-nm-thick
ZnPc:Cg (1:1) blend layers deposited on unheated and 100 °C
heated SiO, substrates. GIXRD and AFM measurement show
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FIG. 4. (Color online) Absorption of 150-nm-thick ZnPc:Cg

blend layers deposited on glass with varied blend ratio and substrate
temperature measured via transmission and reflection measurements.

similar ZnPc:Cgy growth on SiO; and glass/5-nm Cgy. Hence
samples for GIXRD, AFM, and VASE are comparable.

When rotating the samples around the z-axis equal mea-
surement results are obtained, indicating that there is no
in-plane anisotropy present. However, the samples turn out
to be uniaxially anisotropic. In Fig. 5, the optical constants of
both samples are presented. The optical model is built using
7 Gaussian oscillators, three of which are denoted to the low
energy absorption of ZnPc at 600 nm to 800 nm, known as the
Q band. Since Cg itself is isotropic, the observed anisotropy
indicates preferential orientation of the ZnPc molecules.’* In
the unheated blend layer significant birefringence of An(l =
1200 nm) = —0.147 is detected and the extinction coefficients
in the peak of the lowest energy absorption band (684 nm)
exhibit a ratio of kiy_plane/kout—of—plane = 0.65, corresponding
to orientation order parameter S = 0.15. Considering the fact
that this absorption band is denoted to ZnPc while Cgp is
not absorbing at this wavelength we can deduce the ZnPc
orientation from this anisotropy. The value implies that ZnPc
molecules are preferentially oriented in a standing position
with tilt angle of 49° of the molecular axis towards the surface
normal.

When comparing the heated and unheated blend layer, the
degree of anisotropy is slightly lower for the substrate heated
ZnPc:Cg blend, showing lower birefringence of An(l =
1200 nm) = —0.086 and a ratio Ki;_plane/kout—of—plane = 0.76
in the lowest energy absorption peak. Related to this effect, an
increase of the in-plane absorption with increasing substrate
temperature is observed. Correspondingly, the absorption
spectra, measured at normal incidence, show higher absorption
of ZnPc when higher Tsub are used (see Fig. 4). One reason for
this reduction of anisotropy, i.e., lower preferential orientation,
might be that the enhanced crystalline growth of Cgo with rising
substrate temperature disturbs the molecular arrangement of
ZnPc in the blend layer. Using GIXRD, only the orientation of
the molecules within the detected crystallites can be indicated.
In contrast, VASE measurements provide the mean molecular
orientation of the whole film and thus are complementary to
the GIXRD measurement results.

245314-5



CHRISTOPH SCHUNEMANN et al.

Energy (eV)

PHYSICAL REVIEW B 85, 245314 (2012)

Energy (eV)

1 4 3 2 1
| - -o ) l L} I ) l ) - . .o 2.0
T =30°C|| | T_=100°C

sub - sub - —

£ =

'-g -‘s_ o1 l—\~\ 15.%

O ] P =l B N ./ ‘~___~_- =1 =

g — ‘Fr\\ .ﬁ e %

[} = = Q

el V ©
Y

o - 4 Lt-of- —1.0S

5 m-plane :out oflplane g

§ === out-of-plane : a E

= in-pl +

| o in-plane o5 é

= 1

- - X

e N\
1 1 1 1 1 1 l L} 1 1 0.0
400 600 800 1000 1200 1400 400 600 800 1000 1200 1400

Wavelength (nm)

Wavelength (nm)

FIG. 5. (Color online) Anisotropic optical constants as determined by VASE measurements for 100-nm-thick ZnPc:Cg (1:1) blend layers
deposited on SiO, substrates for substrate temperatures of 30 °C (left) and 100 °C (right). The dashed lines correspond to the out-of-plane and

the solid line to the in-plane component of n (green) and k (dark red).

B. Mobility measurements

Bottom-contact organic field effect transistors are charac-
terized in order to study how the morphological modification
within the blend layers influences the electronic properties.
Therefore 40-nm ZnPc:Cgy (1:1) blends are deposited at
different substrate temperatures of 30, 100, and 140°C on
SiO, substrate are characterized. For comparison, OFETs
with 30-nm thick pristine ZnPc and Cg layers on unheated
SiO, substrates are measured. Transistor geometry and sample
preparation are given elsewhere.® A crucial point of OFET
geometry is the fact that the charge carrier transport between
source and drain takes place within the first nanometer of the
ZnPc:Cg) blend on the SiO,-surface. Hence it is possible that
the electron and hole mobility evaluated from the saturation
regime of the OFET characteristics is not representative for
the complete blend layer. However, different channel lengths
are measured and no dependence is observed. In Fig. 6,
the evaluated average hole and electron mobility values
for each blend layer are shown. The hole mobility of the
blend is constant at about 1 x 10™* cm?/Vs, independent of
substrate temperatures. GIXRD measurements show, that the
crystallinity of ZnPc stays unchanged for different Ty, (see
Fig. 2). Considering that hole transport occurs within the ZnPc
domains, the constant hole mobility correlates very well with
the result of unchanged crystallinity. The hole mobility for the
pristine ZnPc film is found to be 1.9 x 1073 cm? /Vs, more
than one order of magnitude higher compared to the ZnPc:Cg
blend.

Regarding the increase in crystallinity of Cg for substrate
heated ZnPc:Cg blends (see Fig. 2) and that the mobility
is known to be enhanced for crystalline organic material,
as found by Karl et al.,’' we would expect an increase in
electron mobility for higher 7g,,. However, the determined
electron mobility shows a different trend and decreases from
54 x 1072 cm?/Vs for unheated blend layers to 0.2 x
1072 cm?/Vs for Ty, = 140°C, as depicted in Fig. 6. As

comparison the electron mobility for pristine Cgg is found to
be 2 x 107! cm?/Vs.

When interpreting these data, it is important to consider
that the determined mobility depends significantly on the
channel morphology of the organic transistor. More specif-
ically the calculated mobility is directly proportional to the
current between source and drain, the channel length and is
indirectly proportional to the channel width between the two
gold contact.>” For pristine organic layers, the geometrical
influence is rather small, but for blend layers, the percolation
paths of donor and acceptor domains form different channel
geometries. The morphological results show that the phase
separation between ZnPc and Cgp is changing with substrate
temperature. This implies that also the channel geometry, so
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FIG. 6. (Color online) Substrate temperature dependency of
electron (red/bright circles) and hole mobility (black squares) of
ZnPc:Cg (1:1) blend layers measured by OFET. The 40-nm thick
ZnPc:Cg blend layers are deposited on SiO, substrate with patterned
Au contacts at different substrate temperatures of 25, 100, and 140 °C.
The error bars represent the standard deviation of four mobility values
evaluated from different OFETs on the same substrate with channel
length of 10 and 20 pm.
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FIG. 7. (Color online) j-V curves and device stack of ZnPc:Cg, bulk heterojunction solar cells using different blend ratios (lower part) and
substrate temperature (upper part) during deposition. Solar cells stack: ITO (90 nm)/5-nm Cgo:W2(hpp)4 (2 wt%)/20-nm Cgp/60-nm ZnPc:Ceo
(1:1)/5-nm BF-DPB/35-nm BF-DPB:F6-TCNNQ (10 wt%)/2-nm F6-TCNNQ/100-nm Al.

length and width of paths for electrons and holes might be
modified. So the observed change in electron mobility for
different Ty, can also be caused by a formation of different
percolation paths and not only by a change of the current flow.
However, the change in electron mobility with T, is small and
the large value of 5 x 1072 cm?/Vs reveal that percolation
paths and phase separation are efficient, even for blend layers
deposited on unheated substrates, confirming GIXRD results.

C. ZnPc:Cg) bulk heterojunction solar cells

The most relevant application of ZnPc:Cg blend layers is
as photoactive layer in bulk heterojunction organic solar cells.
To prove how the observed morphological change influences
the solar cell performance, nip solar cells with 60-nm-thick
ZnPc:Cgy (1:1) as absorber layer are fabricated. Substrate
temperature and blend ratio are varied in the same manner

as for the morphological investigations (see Figs. 2 and 3). By
using a custom-made single chamber vacuum system (K. J.
Lesker, UK), we are able to process all solar cells presented
here within one run. Hence the comparability between these
solar cells is very high. The solar cell stack is presented in
Fig. 7 and the substrate is heated only during the ZnPc:Cg
blend layer deposition. All other layers are deposited at room
temperature.

The j-V curves and solar cell characteristics are presented
in Fig. 7 and Table II. When heating the substrate the fill
factor (FF) of the solar cells increases from 48.1% for the
unheated blend layer over 53.7% for Tq, = 100°C to 55.3%
for Tgp = 140°C. Due to the enhancement in FF also the
solar cell power conversion efficiency is improved from 2.6%
to 3.0%. We also vary the blend ratio of the ZnPc:Cg
absorber layer for 140 °C heated substrates analogues to the
morphological investigations. The FF and the short circuit

TABLE II. Overview about the morphological results of the ZnPc:Cg blend layers and solar cell parameters of j-V characteristics of the
ZnPc:Cg bulk heterojunctions shown in Fig. 6. I is the mismatch corrected intensity that is used to calculate the correct power conversion

efficiency n*.

Solar cell parameters

Voc jsc FF * leff Morphology
Blend layer structure V) (mA/cm?) (%) (%) (mW/cm?) (from GIXRD and AFM)
ZnPc:Ceo 1:1, Ty, = 30°C 0.54 10.3 48.1 2.6 103.0 ZnPc and Cgy amorphous, but phase separated
ZnPc:Cg 1:1, Ty, = 100°C 0.52 10.8 53.7 2.9 102.1 Ceo nanocrystalline, ZnPc amorphous
ZnPc:Ceo 1:1, Ty, = 140°C 0.51 10.9 55.2 3.0 102.2 Ceo nanocrystalline, ZnPc amorphous
ZnPc:Cgo 1:2, Ty, = 140°C 0.51 10.8 55.6 3.0 102.4 Cgo nanocrystalline, ZnPc amorphous
ZnPc:Cgo 2:1, Ty, = 140°C 0.51 9.4 52.6 2.5 101.9 ZnPc and Cg, amorphous, but phase separated
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FIG. 8. (Color online) EQE (left) and absorbance (right) of the ZnPc:Cg bulk heterojunction solar cells shown in Fig. 6. The absorbance

of the solar cells is measured in reflectance.

current density (jsc) of the amorphous (or nanocrystalline) 2:1
ZnPc:Cg blend are lower than for 1:1 and 1:2 blend layers,
where Cg forms polycrystallites. Hence, also in this case, the
fill factor is increased when Cgy molecules form crystallites.
Comparing jsc (see Table II) of the solar cells with the
absorbance measurements shown in Fig. 8, it is evident that the
change in jsc follows the same trend as absorption, except for
2:1 ZnPc:Cg at Ty, = 140°C. Additionally, the absorbance
measurements reveal an increased ZnPc absorption for the
heated bulk heterojunction which can be directly attributed
to the change in molecular orientation as found by VASE
measurements (see Fig. 5). This indicates that the amount of
excitons, which are dissociated, remains unchanged. Hence
ZnPc and Cg domains are not so large that the exciton
diffusion length is smaller than the domain size, inducing less
exciton dissociation and therefore lower jsc. The small change
in open circuit voltage (Voc) for different Tsub is discussed in
Ref. 33. They state that the change in Voc might be due to a
shift of the ZnPc HOMO level. However, the change in Voc is
not very significant.

Both morphological and solar cell results indicate that
blend layers with crystalline Cgy domains lead to enhanced
charge carrier transport. However, the increase in FF is not
as significant as expected, indicating that the change in phase
separation is not such significant. GIXRD pattern (see Figs. 2
and 3) confirm this, because for all investigated blend layers a
certain phase separation is observed, reflected by the distinct
Ceo and ZnPc peak for all GIXRD scans. While ZnPc remains
unchanged for all blend layers, only Cgp changes to form
nanocrystallites. An overview between morphological results
and solar cell performance is given in Table II.

Additionally, external quantum efficiency (EQE) mea-
surements are performed for the same solar cells. EQE
describes the measured photocurrent of the complete solar cell
per incoming photon flux varying the photon wavelengths.
Because all solar cells show the same device geometry, except
the discussed variations for the blend layer, changes in EQE
are related to the blend layer morphology. Figure 8 shows a
clear enhancement of EQE for all wavelength when heating the
substrate of the solar cells while deposition of ZnPc:Cgq (1:1).
This illustrates that both charge carriers can be extracted more

efficiently out of the blend layer to the electrode for stronger
phase separation, correlated with higher T,. Furthermore, the
small effect of slightly increased absorption of ZnPc within
heated blend layers is amplifying this change in EQE. The
most interesting point is presented by the low EQE of the 2:1
ZnPc:Cg layer, especially in the wavelength range of the Q
absorption band (600-800 nm) of ZnPc. When using higher
ZnPc content an increase in EQE for the ZnPc absorption
region would be expected. This enhanced absorption for ZnPc
for higher ZnPc contents of the ZnPc:Cg blend is shown in
Fig. 8. However, the opposite is obtained, i.e., the EQE is even
less as compared to the unheated ZnPc:Cgq (1:1) blend. This di-
rectly indicates that percolation paths of the charge carriers are
strongly disturbed. This observation is assigned to worse phase
separation of ZnPc and Cg with inefficient percolation paths
and it further supports the argument that a high Ce content is
favorable for good phase separation and percolation paths.

Recently, Pfiitzner et al.'® discussed the phase separation
in ZnPc:Cg blend layers by the different interaction energies
of the nearest neighbour molecules. They stated that the
interaction energies between nearest neighbours are 0.87 eV
for CuPc-CuPc, 1.5 eV for Cgp-Cgp and 0.44 eV for CuPc-Cgp,
respectively.**7 Pfiitzner et al.'® assumed that the interaction
energies of ZnPc-ZnPc and CuPc-CuPc are comparable due to
their similar molecular structure. Examining only these values,
the arrangement of Cgy to Cgp molecules is most preferred
within blend layers and the total mixing of CuPc and Cgg the
most unfavored case. This directly implies the formation of
separated ZnPc and Cgp phases provided that the deposited
molecules have enough kinetic energy to form Cgy and ZnPc
domains.

IV. CONCLUSION

We are able to influence the ZnPc:Cg( blend layer morphol-
ogy by using different substrate temperatures and different
blend ratios for the blend layer preparation. An enhanced
phase separation, resulting in improved percolation paths for
electrons and holes, is achieved using high Cgy contents
within the blend (1:1, 1:2 by volume) and by heating the
substrate during deposition. This improvement leads to an
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enhancement in solar cell performance, i.e., an increase in
fill factor from 48.1% to 55.6% and in power conversion
efficiency from 2.5% to 3.0%. GIXRD measurements clearly
reveal that unheated ZnPc:Cg blend layers are able to form
separated ZnPc and Cgy domains, providing a moderate fill
factor of the unheated solar cell of 48%. However, when
heating the substrate during deposition of the blend layer, Cg
molecules are able to form crystallites due to an increased
thermal excess energy by the heated substrate. In contrast, we
do not observe a significant formation of ZnPc crystallites,
although VASE measurements indicate a preferred upright
standing orientation of ZnPc molecules within its domains.
For 140°C heated substrates, ZnPc:Cgy blend layers are
deposited using different blend ratios of 2:1, 1:1, and 1:2. The
GIXRD measurement clearly indicates that also for high ZnPc
content within the blend, ZnPc is not able to crystallize, even
for elevated substrate temperatures of 140 °C. Surprisingly,
Cgo is not able to crystallize for 2:1 ZnPc:Cgy blends for
Ty = 140 °C. EQE measurements of the corresponding solar
cells show a significant decrease in EQE signal for these blend
ratio compared to 1:1 especially for the absorption region of
ZnPc. This clearly confirms that the phase separation becomes

PHYSICAL REVIEW B 85, 245314 (2012)

worse when using higher ZnPc amounts, indicating inefficient
percolation paths.

All these findings clearly illustrate that the molecular
arrangement of Cg is the driving force to enable efficient
phase separation within ZnPc:Cgy bulk heterojunction solar
cells. The origin is presumably the spherical shape of Cg,
which allows the formation of a dense, crystalline packing of
Cso molecules more easily as for the planar ZnPc molecules.
Due to the unique shape of Cgp among all known organic
semiconductors, it might play a key role for phase separation
of organic blend layers in general. However, this behavior can
differ when using other donor materials in combination with
Cgo. Hence this hypothesis will be proven by investigating
different donor-Cgg blend layer systems in near future.
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