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reach the heterointerface. Second, the neat material phases should
be large enough to provide closed pathways for the free charge
carriers to the respective electrodes, making large domains favor
able. In the worst case, such an interpenetrating network may also
exhibit isolated islands, which do not have a connection to an
electrode and, thus, facilitate recombination of the charge carriers.
Hence, for an optimized exciton harvesting, it is important to un
derstand the relationship between processing conditions, thin film
growth, and device parameters.

In this work, we study the thin film growth of donor:acceptor
blends composed of the donor molecule zinc phthalocyanine
(ZnPc, C32H16N8Zn) [6] and the acceptor molecule C60 [7] via
transmission electron microscopy (TEM) and photoconductive
atomic force microscopy (pcAFM), at a mixing ratio of
ZnPc:C60 2:1 (by volume, thickness 40 nm) deposited at a sub
strate temperature of Tsub 150 �C. We choose these specific pro
cessing parameters to maximize the domain sizes of the material
phases, facilitating their observation. Moreover, we use density
functional theory (DFT) [8,9] to develop a first principles model for
the interaction of ZnPc with C60. We then perform numerical 3D
drift diffusion simulations to rationalize the experimental findings.
Using this combined experimental and theoretical approach, we
are able to distinguish the two different phases of ZnPc (metastable
a phase and b phase) within the blend and correlate their struc
tural attributes to electro optical properties.

We find that the surface of the thin film is a phase ZnPc rich
[10], while b phase ZnPc [11] is mainly present in the bulk of the
blend. This analysis is difficult to achieve by X ray diffraction as the
Bragg reflections are often not resolvable [12]. Furthermore, DFT
calculations suggest that the formation of ZnPc stacks (b phase) is
promoted by the presence of C60 due an induced dipole moment in
the fullerene and a hence increased binding energy between the
ZnPc molecules. Briefly, we observe a minimization of the ZneN
distance of two adjacent molecules as expected in the b phase of
ZnPc. In addition, we perform 3D drift diffusion modeling of the
ZnPc:C60 absorber layer based on the morphology observed in TEM
and an organic solar cell prepared at similar conditions. The
excellent agreement between experimental data and simulation
allows us to explain the locally increased (photo )conductivity
determined by the pcAFM measurements.

2. Materials and methods

All samples are prepared in a custom made multi chamber ul
tra high vacuum system (BESTEC, Berlin, Germany) with a base
pressure of p < 10�8 mbar. The indium tin oxide coated glass (ITO;
Thin Film Devices, Anaheim, USA; 90 nm thickness; sheet resis
tance 30 U/,) is cleaned with NMP (N Methyl 2 pyrrolidone),
ethanol, and a plasma cleaner step and is subsequently used as a
substrate for the ZnPc:C60 blends in the pcAFM measurements. In
addition, a SiO2 coated Cu Mesh (400 mesh, purchased from Ted
Pella, Inc., USA) serve as substrates for the TEM specimens. The TEM
samples are either kept in vacuum or inert nitrogen atmosphere
prior to the measurement.

ZnPc (purchased from ABCR, Karlsruhe, Germany; thin film
density: 1.55 g cm�3) and C60 (from CreaPhys, Dresden, Germany;
thin film density: 1.63 g cm�3) are purified by vacuum gradient
sublimation prior to device fabrication and then thermally co
evaporated in one preparation step on the respective substrates
to minimize the experimental uncertainties. The thickness of the
blend layer is 40 nm, determined by two independent quartz
crystal monitors, one for each material. During the co evaporation
of the ZnPc and C60, the substrate temperature (Tsub) is kept at
Tsub 150 �C. The geometry of the set up is described in Ref. [22].

To minimize the influence of ambient air on the electro optical
properties [13], AFM [14] measurements are carried out in a
nitrogen flushed gascell (AIST NT, Apeldoorn, Netherlands). The
measurements are done with a PtSi coated tip (PtSi CONT; k 0.2
N$m�1, work function WF 4.72 5.18 eV [15]; from Nano and
More; Wetzlar, Germany). The sample was illuminated by a violet
laser (STARF50, Roithner Lasertechnik, Vienna, Austria, P 50 mW,
l 450 nm, attenuated with an OD 2 filter) and focused by a 20�
objective (Nikon CFI SPLFL WD 20XC, Nikon Instruments Europe
B.V., Germany). Further experimental details about pcAFM can be
found in Refs. [16e18]. The AFM images are analyzed using the free,
open source software gwyddion [19].

The TEM investigations were performed in a Libra200 (Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) equipped with an in
column imaging filter at an acceleration voltage of 200 kV.

First, the diffraction patterns were recorded at low dose con
ditions (500 e,nm�2). Subsequently, the morphology and chemical
composition were investigated at high dose illumination
(5,00,000 e$nm�2). In all specimens the crystalline structure
quickly decays even at low dose illumination, but the morphology
remains stable at high dose so that elemental mapping was
possible. To increase the contrast, some images were recorded at a
defocus of approximately 2 mm.

3. Results and discussion

The phase transition of ZnPc from the a ZnPc modification (is
land like growth) [20] to the b ZnPc modification (nanorod like
growth) [21] is known to occur either at elevated substrate tem
peratures during the deposition or via post annealing steps
[22e24]. The main difference between the a and the b ZnPc
modification is the distance between the central Zn atom and N
atoms of two adjacentmolecules, which is minimal in b phase ZnPc
[25]. The structural transition from a to b ZnPc leads to different
optical [21], electrical [26], and microstructural [27] properties.

On one hand, growing crystalline b ZnPc nanorods with their
long axis perpendicular to the substrate surface [28,24], with C60 in
between the nanorods would be desirable for efficient charge car
rier transport to the electrodes in organic solar cells [29], if the
surface roughness remains lower than the thickness of adjacent
layers. On the other hand, this geometric arrangement would
massively reduce the molecular contact between ZnPc and C60, as
shown by DFT calculations for different adsorption configurations
of CuPc (which has comparable structure to ZnPc [12]) and C60 by
Ren et al. [27].

3.1. Transmission electron microscopy

Placing the TEM grid with the copper bars facing the material
crucibles at the bottom of the vacuum chamber, results in the
patterning of the SiO2 substrate (shadow masking) as shown in
Fig. 1. The TEM micrograph displays three different areas denoting
the three simultaneously deposited layers at Tsub 150 �C: the red
region is a pristine layer of ZnPc, the green region is a pristine layer
of C60, and the yellow region is the 2:1 blend of the ZnPc and C60. All
thin films are deposited at the same time, in one single evaporation
step, and the same substrate temperature. Additional images
showing separately prepared pristine and blend layers, including
TEM elemental maps can be found in the supplementary infor
mation Appendix A.1 and Appendix A.2.

The pristine layer of ZnPc (red region) shows almost no
discernible structure, indicating a nearly amorphous ZnPc layer. On
the other side, the pristine C60 tends to agglomerate in islands [30],
as previously reported by our group [18].

From Fig. 1 we derive typical feature parameters such as the
equivalent disc radius (defined as the radius of a disc with the same



Fig. 1. TEM bright field micrograph where 40 nm ZnPc:C60 (2:1, Tsub 150 �C, yellow
marked region) are deposited. The pure ZnPc (red marked region) and C60 (green
marked regions) regions originate frommesh shadow effects. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 2. TEM bright field micrograph showing ZnPc:C60 blend layer. The diffraction
pattern of the two different areas are depicted in Figs. 3 and 4.
projected area as the grain) and the nearest neighbor distance
(NND, defined as the distance between the centers of the equiva
lent disc radius discs), see Table 1. Although these values are
significantly larger than typical exciton diffusion length in disor
dered materials (3 100 nm [31]), those structures might provide
closed transport paths for the separated charge carriers and exhibit
lower disorder compared to the amorphous background.

Zooming into the blend layer (Fig. 2; yellow marked region in
Fig. 1) shows an island like growth of aggregates embedded in an
apparently structureless background, with small nanorods sticking
out of agglomerates. The size of those nanorods
(width 17 34 nm, length 71 128 nm) is in good agreement
with the measurements of Chowdhury et al. [24] of a pristine ZnPc
layer deposited on glass and subsequently annealed at 300 �C.
Therefore, we attribute these nanorods to pristine b phase ZnPc
and the structureless background to a homogeneous mixture of
ZnPc and C60. The diffraction patterns of an agglomerate (area 1)
and the structureless background (area 2) are shown in Fig. 3 and
Fig. 4. These two diffraction pattern clearly show the spatial in
homogeneity and locally dependent crystallinity of the blend layer,
which should result in locally different opto electronical proper
ties. The indexed diffraction pattern of Figs. 3 and 4 match the re
flections of ZnPc and C60 determined by X ray diffraction as shown
in Table 2.

The partial occurrence of elliptically shaped b phase ZnPc in the
presence of C60 was already observed previously by Kim et al. [34],
who carried out GISAXS and GIWAXS experiments on ZnPc:C60
blends deposited at room temperature. Comparing to Kim et al.
[34], we deploy a higher substrate temperature and a higher ZnPc
Table 1
Characteristic statistical parameters of different regions highlighted in Fig. 1.

Statistical quantity Pristine C60 region

Eq. disc radius 39.7 ± 14.1 nm
NND 148.8 ± 36.3 nm
volume fraction, increasing the diffusion length of the ZnPc mole
cules, yielding larger ZnPc crystallites. Hence, our observation is in
good agreement with Kim et al. Moreover, we suppose that C60
plays in important role for the phase separation in ZnPc:C60 blends
[35].

Furthermore, we attribute the featureless background (area 2 in
Fig. 2) to a homogeneous mixture of ZnPc:C60, which may contain
locally ZnPc or C60 rich domains as observed by Simon et al. [36]
and Schindler et al. [37], deposited at Tsub RT. In conclusion, we
observed the growth of b ZnPc nanorods in the presence C60 rich
domains. Moreover, we observed spatial variations in the crystal
linity of the blend layer.
3.2. Density functional theory calculations

To probe the hypothesis that C60 plays a major role in the pro
cess of phase separation in the ZnPc:C60 blend at this substrate
temperature, we carried out DFT calculations for different molec
ular configurations. We used the RIDFT approach [38] implemented
in TURBOMOLE [39] on a B3 LYP [40]/SV(P) [41] level of theory
including Grimme corrections [42].

In these calculations, we compare the binding energy of two
ZnPcmolecules to the binding energy of two ZnPcmolecules on top
of a C60 fullerene. The ZnPc:ZnPc pair potentials are shown in Fig. 5.
The relative position of the two ZnPc molecules was obtained by
geometry optimization of the dimer with and without the
fullerene. Note that the total energy is set to zero for large
ZnPc:ZnPc distances.

In presence of a fullerene molecule, the binding energy of the
ZnPc dimer is 86 meV larger than the binding energy of an isolated
ZnPc dimer. At a substrate temperature of Tsub 150 �C, this will
Pristine ZnPc region ZnPc:C60 blend region

n.a. 99.2 ± 29.8 nm
n.a. 276.8 ± 70.4 nm



Table 2
Indexed diffraction pattern of Figs. 3 and 4 and the assigned material.

No. Lattice plane distance (hkl) Material

1 12.3 Å(200) ZnPc [32]
2 8.4 Å(111) C60 [33]
3 4.3 Å(311) C60 [33]
4 3.4 Å ZnPc or C60
5 12.2 Å(200) ZnPc [32]
6 4.7 Å(311) C60 [33]
7 3.3 Å ZnPc or C60

Fig. 3. TEM diffraction pattern of area 1 shown in Fig. 2.
lead to the preferential aggregation of ZnPc on C60 and result in the
growth of more stable ZnPc stacks on C60 than in isolation. The
microscopic mechanism of this process is the induction of a dipole
moment in the highly polarizable, delocalized p cloud of the
fullerene molecule. In our calculations we observe an induced
dipole moment of 2.7 D at an equilibrium distance of 6 Å between
the center of mass of the fullerene and the ZnPc molecule. This
dipole moment leads to an attractive force between the positively
charged Zn atom and the electron density on the fullerene facing
towards the ZnPc molecule. The induced dipole moment attracts
and binds the second ZnPc molecule, which provides a mechanism
for the experimentally observed phase separation in the ZnPc:C60
blend.
Fig. 4. TEM diffraction pattern of area 2 shown in Fig. 2.
3.3. (Photo )conductive atomic force microscopy

We use pcAFM to verify the findings of the TEM measurements
and relate them to electro optical properties. With this technique,
local (photo )currents and topography are mapped simultaneously
with high spatial resolution (~ 25 nm).

Fig. 6 shows a pcAFM image of the topography and the respec
tive short circuit current distribution at the surface of the blend
layer. First of all, the weak correlation between the surface topog
raphy and short circuit map indicates the complex morphology of
the blend layer, where different material domains resemble each
other in similar surface topography. Moreover, as there are neither
topographical nor electrical indications of the nanorod like struc
tures as compared to Fig. 1, we conclude that they are buried in the
bulk of the blend layer.

Nevertheless, the surface topography and the short circuit cur
rent map show round structures, which can be attributed to a

ZnPc rich domains as shown for pristine ZnPc layers by Kozlik et al.
[21]. Moreover, we substantiate the attribution to a ZnPc rich do
mains, as the ZnPc PtSi [43,15] contact exhibits a lower barrier
compared to the C60 PtSi contact. Hence, pcAFM experimentally
map the ZnPc rich domains in contact with the AFM tip. Without
pcAFM, it would be difficult to distinguish a ZnPc and C60, as both
materials tend to grow in spherical shapes resulting in a similar
topography and diffraction pattern [21,44,30,12]. We attribute the
structures with lower photoconductivity to domains with disad
vantageous (e.g. standing) ZnPc molecule orientation relative to C60
molecules, lowering the absorption and the exciton dissociation
efficiency [27]. On larger length scales, the short circuit current is
Fig. 5. Binding energy of ZnPc-dimer with and without a C60 fullerene. The equilib-
rium distance of the two adjacent ZnPc molecules is larger in presence of a fullerene
but 86 meV lower in energy and therefore considerably more stable at room tem-
perature. This leads to aggregation of ZnPc stacks and nucleation of the beta-phase of
ZnPc in the vicinity of C60 fullerenes.



Fig. 6. Simultaneously recorded AFM topography (a) and short-circuit current distri-
bution (b) at the ZnPc:C60 surface. Areas with increased short-circuit current can be
attributed to ZnPc-rich domains.

Fig. 7. Simultaneously measured AFM topography (a) and short-circuit current dis-
tribution (b) after increasing the tip-sample interaction. The red marked structures
highlight ZnPc-rich nanorods. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
altered by the stoichiometry between ZnPc and C60, locally varying
crystallinity etc. Nevertheless, domains with high photoconduc
tivity are ZnPc rich, whereas no photoconductivity indicates do
mains with a C60 layer in contact with the AFM tip. Thus the locally
varying crystallinity observed in TEM (Figs. 3 and 4) has a minor
influence on the short circuit current maps.

To explore the sub surface for the b ZnPc nanorods observed in
TEM, we take advantage of the usually undesired strong interaction
between the AFM tip and the sample in contact mode. By signifi
cantly increasing the tip sample force, we indent into the sample
while scanning over the surface.

Fig. 7 a shows the modified surface of the ZnPc:C60 blend after
scanning the surface. Now, the surface topography is smoother as
compared to Fig. 6 a, but no nanorods are visible in the topographic
image. Two possible explanations for this phenomenon are: i) the
AFM tip is blunt and the nanorods are below the resolution limit of
the tip or ii) The nanorods are embedded in the surface and do not
give topographic information.

In contrast, Fig. 7 b reveals similarly shapednanorods asobserved
in TEM. Thus, we attribute those structures to b ZnPc nanorods, as
their similar shape and dimensions (length 100 160 nm,
diameter 35 40 nm) correlate with the previously observed
nanorods inTEM.Obviously, these structures arehiddenbeneath the
original surface of the sample.

Compared to the metastable a ZnPc at the surface, the photo
conductivity of the b ZnPc nanorods is slightly lower. The area
averaged short circuit current at the surface (Fig. 6) is 5 pA
and 3 pA in the bulk (Fig. 7), as the areal fraction of b ZnPc is
significantly lower than the a ZnPc fraction. In contrast, the studies
of Roy et al. suggest a higher (photo )conductivity of the b ZnPc
compared to a ZnPc. This deviation may originate from the mate
rial adsorption at the AFM tips apex, increasing the tip sample
resistance. In contrast to this, the dark current map Fig. 8 b reveals
increased current distribution over the b ZnPc nanorods, which is
expected from the aforementioned energy level considerations (cf.
table A.3) and the observation of locally increased crystallinity
(Figs. 3 and 4).

To summarize, we observed the nanoscopic short circuit and
dark current over ZnPc rich domains in ZnPc:C60 blends. By
measuring with low tip sample interaction, we observe a ZnPc
domains at the surface of the blend, and by further indenting the
sample, b ZnPc domains in the bulk of the sample. Thus, consis
tently with the bulk TEM measurements, we attribute the nanorod
shaped structures to b ZnPc domains. Moreover, the observed b

ZnPc nanorods in ZnPc:C60 blends appear at significantly lower
temperatures compared to the structural transition in pristine ZnPc
layers [26,21,45].
3.4. 3D drift diffusion simulations

To link the features observed in TEM (Fig. 2) and pcAFM (Fig. 7)
and relate them to amacroscopic solar cell measurement (Fig. A.17),
we perform 3D drift diffusion simulations based on the
morphology shown in Fig. 2.

To model the electron and hole currents (Je and Jp) in the
absorber layer, we use the J V curve of a solar cell stack which can
be found in Appendix A.4. Note that the substrate temperature
during deposition of the organic solar cell is slightly lower than for
the TEM and pcAFM measurements. Therefore, the density of the
pure material phases in this organic solar cell might be lower than
in the TEM and pcAFM samples. The model solves the exciton
diffusion equation within the donor (ZnPc) phase. For simplicity,
the exciton generation rate is assumed to be uniform throughout



Fig. 8. Simultaneously measured AFM topography (a) and dark-current at U 1 V
(b) at a different position on the sample after increasing the tip-sample interaction.
The red marked structures highlight ZnPc-rich nanorods. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)

Fig. 9. Simulated hole current density map (Jp) at the cathode under short-circuit
condition for a ZnPc:C60 (2:1) blend. In agreement with the pcAFM measurements
(Fig. 7), the highest short-circuit current is observed at the b-ZnPc nanorods.

Fig. 10. Simulated, current density map (Jp þ Je) at the cathode under short-circuit
condition for a simulated ZnPc:C60 (2:1) blend.
the absorber layer, a good approximation as discussed in Ref. [46].
The method for 3D modeling of the morphology starting from a 2D
image and the electro optical input parameters can be found in
Appendix A.3. Each grid point in the 3D morphology is either
assigned as pure donor or as an intricate mixture of donor and
acceptor (i.e. mixed phase).

The high degree of mixing of donor and acceptor in the blend
layer guarantees the absence of pure acceptor. If the acceptor
concentration at a grid point is below 16%, it is indexed as pure
donor. Above this threshold, it is considered as mixed phase. The
quenching efficiency of the excitons in the mixed phase and at the
electrodes is 100%. The generation rate of both carriers on either
side of the ZnPc:C60 interface is equal and depends only on the
exciton diffusion constant and the local exciton density. Moreover,
free charges are created at the ZnPc:C60 interface with the gener
ation rate as stated in Ref. [47]. The ZnPc phase consists of only
holes whereas the mixed phase contains holes and electrons. The
free charge carriers can also recombine in a bimolecular way with
the recombination rate constant given by the modified Langevin
expression [47].

g gpre
q
ε

ðme þ mhÞ; (1)

where q is the elementary charge, ε is the dielectric constant, and
the Langevin prefactor gpre is a fit parameter.

The transport of the free charge carriers away from the interface
is governed by drift and diffusion. The electrostatic potential is
solved from the Poisson equation. For further details, see Ref. [47].

The evolution of electron and hole mobilities as a function of the
donor concentration [48] is shown in Fig. A.14. For all intermediate
donor concentrations, the mobility is calculated by interpolation of
the logarithm of the mobility (m).

The total simulation volume is 26 million points



Fig. 11. Simulated, dark-current density map (Jp) at the cathode with an applied for-
ward bias 1 V, for a simulated ZnPc:C60 (2:1) blend.
(26 � 1000 � 1000) with a grid spacing of Dx Dy Dz 3.2 nm.
The simulated J V curve based on the discretized TEM image and
the experimentally determined J V of the organic solar cells are
shown in Appendix A.4.

The Langevin prefactor (gpre 0.03) is the only fit parameter
extracted after fitting the simulation result to the experimental J V
curve. The reduced bimolecular recombination rate relative to the
Langevin expression can be attributed to the phase separation of
ZnPc and the formation of crystalline structures.

Our simulations are able to explain the locally increased (photo
)conductivity found in the pcAFM measurements in terms of the
locally dependent material mixing ratio as shown in Fig. 9 in
combination with the AFM tip. There, the hole only current at
short circuit current conditions is imaged. In agreement with the
pcAFMmeasurements, we observe the largest hole current at the b
ZnPc nanorods. Thus, we prove the chemical selectivity of pcAFM to
ZnPc rich domains. The electron and hole currents under short
circuit current condition are shown in Fig. 10, illustrating a major
contribution of the mixed phase to the overall short circuit cur
rent. Nevertheless, these currents can not be resolved as they are
below the resolution of the AFM tip.

Fig. 11 shows the simulation of the current density under dark
conditions at 1 V applied bias in forward direction. In agreement
with Fig. 8 the current density is maximal across the b ZnPc
nanorods. The reason is the high work function of the AFM tip used,
which results in blocking of electrons and leads to hole current
flowing through the b ZnPc nanorods.
4. Conclusions

We experimentally investigated the phase separation in
ZnPc:C60 blend deposited at Tsub 150 �C by means of TEM and
pcAFM. Moreover, we utilized computational simulations to
rationalize the findings from the experiments and give microscopic
explanations.

With both pcAFM and TEM, we observed nanorod shaped
structures which we attribute to b phase ZnPc. More specifically, as
TEM predominantly probes the bulk of the sample, we increased
the tip sample force in the pcAFM measurement to indent into the
sample surface, where very (photo)conductive b ZnPc nanorods are
observed. On the surface, we observed photoconductive, circular/
spherical like shaped structures, which we attribute to a ZnPc.
Overall, both ZnPc phases exhibit a comparable photoconductivity.

To link the different contrast mechanisms observed in TEM and
pcAFM, we discretized a TEM image in terms of locally varying
ZnPc:C60 mixing ratios to obtain a simple 3D model of the blend
layer, which is subsequently used in a 3D drift diffusion simulation.
This simulation confirms the findings of the pcAFM measurements
that the photoconductive regions are ZnPc rich. Hence, i) pcAFM
maps the hole current of the ZnPc:C60 blend, ii) discriminates be
tween ZnPc and C60, and iii) the enhanced phase separation yields
reduced recombination rate relatively to the Langevin expression.

To understand the phase separation, we performed DFT calcu
lations of the ZnPc:C60 blend. We observe that C60 favors the
growth of stable ZnPc stacks which can be explained by the
attractive force between the central Zn atom and the C60 molecules
and the induced dipole moment of the C60 molecules. Hence, our
study provides detailed insights into the relationship between
phase separation in ZnPc:C60 blends and the processing parameters
(Tsub and mixing ratio). Finally, the observed flat lying down, very
photoconductive, highly crystalline b ZnPc nanorods may also
potentially be interesting for the application in high performance
organic field effect transistors.
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