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’ INTRODUCTION

Organic heterostructure devices, such as organic photovoltaic
cells or organic light-emitting diodes, have shown promising
results, but their growth behavior is not completely understood
yet. Important for device performance of organic heterostruc-
tures are, inter alia, the crystal structure and morphology at the
organic�organic heterointerface, since the contact area has a
strong impact on charge carrier generation and transport.1�3

It is well-known that the growth of single organic films is
already nontrivial due to orientational degrees of freedom of
organic molecules and a subtle interplay between the intermole-
cular and substrate-molecule interaction.4�9a,9b The growth of
organic heterostructures is still more complex. Depending on the
organic bottom layer (here called templating layer), overlayer
molecules can exhibit a change in molecular orientation10�15 or
different film morphology (e.g., domain size or roughness).16�23

However, one important question, which still remains elusive, is
the influence of roughness, domain size and crystallinity of the
templating layer for the growth of its top layer in organic
heterostructure.14,23 In the present paper, the effect of templating
was studied on a series of heterostructures where the properties of
the bottom layer were systematically varied via growth tempera-
ture, while the growth conditions of the top layer were identical.

For the bottom layers, the organic donor material
diindenoperylene9,24�28 (DIP, Figure 1) is used. DIP was shown
to have excellent performance as a hole conductor for photo-
voltaic applications.29 For the top layer, we chose the organic

acceptor material perfluoropentacene (PFP, Figure 1), which is a
promising candidate for organic solar cells due to its high
ionization potential30 and high electronmobility and has recently
been the subject of intense work.31�36 The combination of PFP and
DIP in a heterostructure allows light absorption in a broad range of
the visible spectrum24,37 and may therefore be considered as a
promising combination for organic photovoltaics. As a substrate, we
chose indium tin oxide (ITO) coated glass slides, since this kind of
substrate is widely used as transparent electrode for electronic
devices including organic photovoltaic cells. In the present paper,
we focus on the structure formation of the PFP/DIP/ITO system.

’EXPERIMENTAL SECTION

The samples were analyzed with in situ X-ray reflectivity
(XRR) and grazing incidence X-ray diffraction (GIXD), which
probe the structure of thin films perpendicular and parallel to the
substrate plane, respectively. All X-ray measurements were per-
formed with synchrotron light (λ = 0.092 nm) at the ID10B
beamline at the ESRF in Grenoble (France). For GIXD, the angle
of incidence and the detector angle in the out-of-plane direction
were kept at 0.1� corresponding to qz = 0.0238 Å�1. Data in the
qxy direction were collected by scanning the in-plane detector
angle using a point detector. Thin films of DIP (C32H16) and PFP
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ABSTRACT: We present a systematic study of templating
effects in organic heterostructure growth, that is, where the
growth behavior of the top layer is significantly influenced by
the structural andmorphological properties of the bottom layer.
We prepared thin films of the donor material diindenoperylene
(DIP) differing in crystal structure, grain size, and grain
orientation on indium tin oxide (ITO). The acceptor material
perfluoropentacene (PFP) was chosen to be evaporated on DIP
to form the heterostructure. We employed X-ray reflectivity and
grazing incidence X-ray diffraction as well as atomic force
microscopy to investigate the heterostructures. The structure
and morphology of the PFP layers depend on the properties of
the DIP layer underneath. Two main effects were observed: PFP molecules in the top layer tend to adopt the orientation of the DIP
molecules in the bottom layer and the crystalline quality of the PFP layer correlates with the crystalline quality of the DIP layer
underneath in terms of the in-plane coherent crystal size.
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(C22F14) (Figure 1) were grown on ITO-coated glass substrates
(ITO thickness: 130 nm, surface roughness σrms = 1 nm) by
thermal evaporation under UHV conditions, using a home-built
portable vacuum chamber with beryllium-window.38 Before de-
position, the ITO substrates were cleaned ultrasonically with
acetone, isopropanol, and ultrapure water, followed by heating to
700 K in the UHV growth chamber. The growth rate of both
molecular thin films were set to 0.1�0.2 nm/min monitored by a
water-cooled quartz crystal microbalance calibrated by X-ray
reflectivity. To obtain different film structures of DIP the sub-
strate temperature was varied between T = 200�400 K during
growth by a combination of liquid nitrogen cooling and resistive
heating of the sample holder. The X-ray measurements and PFP
growth on DIP films were conducted in situ at 300 K for all films.
Modeling and fitting of X-ray reflectivity data were performed
with the MOTOFIT39 software applying the Parratt formalism.
Lower limits of the in-plane coherent crystal sizes ls were
determined by the Scherrer formula ls = (fwhm)�1(0.9394Ks),
whereKs = 1.0747 is the Scherrer constant for spherical grains and
fwhm is the full width half-maximum of the peak in Å�1

determined with a Gaussian fit-function.40 The instrumental
broadening of the diffractometer was not included in the calcula-
tion, therefore only lower limits of ls are given.

Atomic force microscopy (AFM) was performed within one
week after film preparation with a JPK Nanowizard II using the
noncontact dynamic mode with the amplitude as feedback lock-
in parameter.

’RESULTS AND DISCUSSION

Temperature Dependence of DIP Film Growth. Here, we
discuss the structure of the different DIP films, since this
information is vital for the evaluation of templating effects
described in the next section. Figure 2a shows the GIXD data
of the DIP films (thickness:∼20 nm) grown at T = 200, 300, and
400 K, which are compared with powder spectra of the DIP high
temperature phase (HT-phase, P21/a polymorph) and the DIP
low-temperature phase (LT-phase, P-1 polymorph, 298 K),41

respectively. First, we discuss the assignment of the observed
features in Figure 2a. According to ref 41, the features marked with
σ or λ are assigned to the HT-phase. The σ features are attributed
to domains with the ab-unit cell plane parallel to the substrate
surface (standing molecules), and the λ features are domains with
the ab-unit cell plane not parallel to the substrate surface (index l 6¼
0, lying or tilted orientation). The inset of Figure 2b illustrates the
orientation of the σ- and λ-domains. The broad λ(001) reflection
in the 200 K film is probably superposed with the (001)-reflection
from the LT-phase at qxy = 0.43 Å�1 (marked by LT). Two small
features denoted by LT*, might stem either from the DIP
LT-phase, or possibly a yet unknown DIP polymorph.
The domain composition of the DIP films extracted from the

relative GIXD peak intensities depends strongly onT. ForT = 400
K, the DIP films consist almost exclusively of σ-domains. For T =
300 K the σ features are weaker and broader, however, the λ

features become more intense (e.g., λ(001)), which indicates
preferred nucleation of the λ-domains atT= 300K.Detecting only
the two λ-reflections with the highest structure factors of the HT-
phase ((001) and (111)), we assume that λ-domains with other
orientations are also existing, but the scattered intensity is below
the background. ForT= 200K, the film consists ofλ-domainswith
a high degree of disorder derived from the peak widths, while the
growth of the σ-domains is completely suppressed.
From the peak width of the in-plane Bragg reflections, the in-

plane coherent crystal size ls of the σ-and λ-domains of the three
films is estimated (Table 1). For T = 400 K ls of the λ-and
σ-domains is similar but decreases significantly when lowering T.
This result indicates that T is critical for the growth of both the

Figure 1. Chemical structure of perfluoropentacene (C22F14) and
diindenoperylene (C32H16).

Figure 2. (a) GIXD and (b) XRR data of DIP films grown on ITO at
different substrate temperatures. For clarity data sets are vertically
shifted. The thickness of all films is ∼20 nm. The powder data of the
DIPHT- and LT-phase at the bottom of panel a were calculated from the
crystal structures reported in ref 41. The insets in panel b illustrate the
layer stacking and the orientation of the σ-and λ-domains.

Table 1. Roughness σrms and Lower Limits of the in-Plane
Coherent Crystal Sizes ls of DIP λ- and σ-Domains for 20 nm
Films Grown at Different Ta

400 K-DIP 300 K-DIP 200 K-DIP

ls DIP σ-domains [nm] 27 13 3.0

ls DIP λ-domains [nm] 27 8.0 5.0

ls PFP σ-domains [nm] 34 28 18

σrms [nm] of DIP 3.2 ((0.4) 2.6 ((0.3) 0.45 ((0.1)

σrms [nm] of PFP 4.6 ((0.4) 3.9 ((0.4) 3.7 ((0.4)
a In additionσrms and ls of σ-domains of 20 nmPFP films grown on three
different DIP films are summarized.
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λ- and σ-domains on ITO. Similar growth behaviors of DIP were
also found for other substrates.9,42�45

Figure 2b shows complementary XRR data from the DIP films
discussed above. The XRR again shows a clear T dependence.
For growth at T = 400 K, two Bragg reflections are observed
at qz = 0.38 Å�1 and qz = 0.76 Å�1 assigned to the σ(001) and
σ(002) reflections. Compared to these, the intensity of the
σ(001) reflection is significantly smaller in the 300 K-DIP film.
Furthermore, for the 200 K-DIP film no Bragg reflection in the qz
direction is observed. These observations confirm the T depen-
dence in σ-domain nucleation for the DIP films, in good
agreement with the results from GIXD (Figure 2a).
Rocking scans on the σ(001) reflections were used to deter-

mine themosaicity of the σ-domains (not shown). Themosaicity
was found to be essentially equal (0.03( 0.01�) for the 300 and
400 K-DIP films. From this result, we conclude that the decreas-
ing intensity of the σ(00 L) reflections at lowerT is attributed to a
smaller coherent scattering volume of the σ-domains in these
films, that is, the crystallinity is reduced due to disorder and/or
differently oriented crystallites replace the σ-domains with low-
ering of T.
The low crystallinity of films grown at low T results in a

relatively low root-mean-squared roughness σrms of the surface as
summarized in Table 1. σrms is determined from AFM data
shown in Figure 4a�f. Where possible, we double-checked the
obtained σrms values due to fitting the reflectivity curves
(Figure 2b) in the region qz = 0.07 to 0.2 Å�1 where the
thickness interference oscillations occur. Details of the fitting
procedure are described in the Appendix.
For DIP growth, we found that lowering T induces disorder

and a smooth surface. Such a behavior at low temperatures is
commonly observed for organic thin film growth due to reduction
of surface diffusion of the adsorbates.46 In the next section, we
elucidate how the different film structures of the DIP templating
layers affect the PFP film growth.
Characterization of DIP/PFP Heterostructures. Figure 3a

shows GIXD data of PFP/DIP heterostructures. The PFP films
(thickness: ∼20 nm) were grown at 300 K on each DIP film to
study the templating effect of the DIP layers. All three hetero-
structures exhibit several in-plane Bragg reflections correspond-
ing to the PFP thin film phase, marked with σ and λ in
Figure 3a.47,48

All PFP σ-reflections stem from nearly standing PFP-mol-
ecules, which corresponds to an alignment of the bc-plane of the
unit cell parallel to the substrate plane, while the PFP λ-re-
flections stem from crystallites that adopt a tilted or lying
orientation. The observed PFP λ-reflections (λ(112), λ(113))
have the largest structure factor of all PFP Bragg reflections
(Figure 3a). In analogy to the DIP growth described above, we
assume that PFP λ-domains with other orientations may also be
present. These reflections are not observed, because due to the
lower structure factor their intensity is below the background in
our data.
Two additional Bragg reflections at qxy = 0.37 Å�1 and qxy =

0.77 Å�1 are tentatively assigned as PFP(l1) and PFP(l2), and
correspond to an in-plane lattice spacing of 1.7 nm. This spacing
is roughly consistent with the length of a PFP-molecule but not
with that of the PFP thin film phase (1.58 nm). Therefore we
speculate that the PFP(l1,l2) reflections stem from domains with
molecules in lying orientation. We note that the PFP(l1)
reflection is superimposed with the DIP λ(001) reflection. Due
to the small penetration depth of the evanescent wave in GIXD

experiments, only 20% of the intensity of the reflectionmarked as
PFP(l1) are contributed by the DIP λ(001) reflection.
The domain composition of the PFP films depends strongly

on the DIP films. On the 400 K-DIP film, PFP σ-domains are
dominantly observed. On the low T DIP films, PFP σ-domains
are increasingly replaced by λ-domains and lying PFP(l1,l2), as
illustrated at the bottom in Figure 4.
Since DIP and PFP in-plane reflections from lying PFP(l1,l2)

and PFP λ-domains are mostly superimposed, we determined ls
only for the PFP σ-domains (Table 1). For PFP, ls differs by a
factor of ∼2 for the 400 K-DIP and the 200 K-DIP templating
layer. Since the growth parameters for PFP evaporation are
identical, the difference in ls is induced by the different surface
conditions of the DIP films underneath.
For two heterostructures (400 and 300 K-DIP), the XRR data

(Figure 3b) exhibit two superimposed first order Bragg reflec-
tions around qz ≈ 0.38 Å�1, which originate from DIP (σ(001),
HT-phase; d^ = 1.66 nm) and from PFP (σ(100) thin film phase,
d^ = 1.57 nm).47 These lattice spacings were determined from
the second order Bragg reflections around qz ≈ 0.78 Å�1,
because there both reflections are easier to separate. The PFP
layer grown on the 200 K-DIP film shows no clear Bragg
reflection in the out-of-plane direction, similar to the 200
K-DIP film underneath (Figure 2b). The intensity of the PFP
Bragg reflections is smaller for PFP growth on the low T DIP
layers. This is again easy to observe at the second order Bragg

Figure 3. (a) GIXD and (b) XRR data of PFP films grown on different
DIP films as discussed in the former section. For clarity data sets are
vertically shifted. The thickness of each PFP layer is 20 nm. The red
dotted lines indicate reflections from the DIP bottom layer (see
Figure 2). The PFP powder data at the bottom of panel a were calculated
from the crystal structure reported in ref 31.
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reflections. These observations are consistent with the GIXD
data and demonstrate that the growth of PFP σ-domains is
suppressed for the low T DIP templates.
Figure 4a�f show AFM images of the DIP bottom layers

(a�c) and the three heterostructures (d�f). The DIP templates
exhibit nearly circular grains for all temperatures. The grain size d
varies strongly with T from ds∼ 350 nm at 400 K to ds∼ 30 nm
at 200 K. The heterostructures exhibit needle-shaped PFP grains,
which were observed also for PFP growth on other sub-
strates.37,49 However, it is seen that the domain size is reduced
significantly for the low T DIP layers. The needle width is
dw ∼ 120 nm for all PFP layers, while the average length of the
needle-like domains dl varies significantly between dl ∼ 200 nm
for PFP on the 200 K-DIP layer and dl∼ 1000 nm for PFP on the
400 K-DIP layer.
Here, we would like to stress the difference of the morpholo-

gical grain size ds extracted from AFM images and the in-plane
coherent crystal size ls, which is the lower limit of the coherently
ordered crystal size obtained from GIXD data. For organic thin
films, ls is frequently smaller than ds, since single large grains
visible in AFM images consist of several subdomains divided by
dislocations.50�53

From the AFM images we determined the roughness σrms of
all heterostructures. The results are summarized in Table 1.
Compared to the DIP layers (Table 1), the σrms values of the
heterostructures are significantly increased owing to the pro-
nounced needle formation. Remarkably, the roughness increase is
strongest for PFP/200 K-DIP heterostructure, although the 200
K-DIP film has the smoothest surface of all DIP films. This effect
can be attributed to pronounced 3d growth of the λ-domains,
where σ-domains seem to grow with slower roughening.49

In the following, we summarize the observed changes in
growth of PFP induced by templating. For an overview, a sketch
of the complete heterostructures is depicted at the bottom of
Figure 4.

First, orientational templating is found. PFP evaporated on
the 400 K-DIP film, which consists nearly completely of DIP
σ-domains, nucleates nearly exclusively as σ-domains. In con-
trast, the PFP films grown on 300 K-DIP and 200 K-DIP exhibit
less standing molecules. With the appearance of DIP crystallites
with other orientations in the templating layer (λ-domains),
λ-domains in the PFP layer correspondingly increase. In addi-
tion, PFP-domains oriented with the long molecular axis parallel
to the substrate are found (l1,l2-reflections). These lying PFP
crystallites appear only for the 200 K-DIP and 300 K-DIP
templating layers, which exhibit a significant amount of disorder
and DIP in λ-orientation. We speculate that the strong arene�
perfluoroarene interaction is responsible for the orientational
templating, which generally favors displaced π�π stacking of
arenes and perfluoroarenes.54,55 In thermal equilibrium, PFP
molecules on top of lying DIP molecules therefore would be
expected to also lie down to form the energetically most
favorable configuration. Thus, a lying PFP “seed”-layer is formed
which leads to further nucleation of PFP in a lying orientation. If
the templating layer consists of mostly standing DIP, impinging
PFP molecules have a large diffusion length on the locally flat
DIP terraces and nucleate preferably between the DIP ridges.17

There, the PFP molecules nucleate most likely with a standing
orientation at step edges exposing standing DIP molecules.
Therefore, we conclude that growth of oriented PFP fibers is
enhanced by an highly orientated DIP layer and is disturbed by
differently oriented DIP crystallites.
Second, we observe a correlation between the crystalline

quality of the DIP bottom layer and the PFP top layer. The in-
plane coherent island size ls of the PFP σ-domains varies with
that of the DIP σ-domains. Because of this effect, the PFP in-
plane coherent island size can be changed by a factor of ∼2.
Observing this effect and the orientational templating described
above, we conclude that the interaction between PFP and DIP
molecules at the interface is relatively strong. However, since the

Figure 4. AFM images of differently prepared DIP films and heterostructures: (a) DIP grown atT = 200 K. (b) DIP grown atT = 300 K. (c) DIP grown
at T = 400 K. (d) PFP film grown on 200 K-DIP. (e) PFP film grown on 300 K-DIP. (f) PFP film grown on 400 K-DIP. At the bottom, sketches of the
three PFP-DIP heterostructures are shown.
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PFP domains (both ls obtained fromGIXD and ds obtained from
AFM) are significantly larger than the DIP domains of the
bottom layer (Table 1), the growing PFP domains can to some
extent overcome the domain boundaries of DIP at later growth
stages. We speculate that this effect increases toward larger PFP
thicknesses and leads to a structural decoupling of both layers.
For growth of F16CoPc on DIP, it was shown that this structural
decoupling of the first and second material is faster when the
terraces of the bottom material are larger than the intrinsic
diffusion length of the second material.22 However, for PFP
growth on DIP, which is presented here, the diffusion length of
PFP seems to be higher than the terrace sizes of DIP. Therefore,
we find here a pronounced dependence of the crystal quality of
the top layer from the crystal quality of the bottom layer.
Third, we tested whether the surface roughness of the different

DIP layers has an impact on the crystalline quality of the PFP.
The surface of the disordered 200 K-DIP layer is significantly
smoother than the 300 and 400 K-DIP layer (Table 1). The
crystallinity and orientation of PFP grown on such a surface,
however, is worse than for growth on rougher DIP films with
better crystallinity. This means that the averaged σrms roughness
is probably not a suitable parameter for predicting the growth
behavior of the top layer. Instead, the sublayer or substrate island
size appears to play a more important role for achieving highly
crystalline oriented films, probably because large crystalline
islands, as seen in Figure 4c, provide locally smooth nucleation
sites. We note that the above findings are probably not indepen-
dent. The fundamental effect may be orientational templating
induced by strong attraction of the PFP and DIP molecules via
interaction of the conjugated π-systems. This fundamental effect
then leads to secondary effects like correlation between island
sizes and modified roughening.
These findings have potentially a significant impact on device

applications: The higher density of grain boundaries and vacancy
sites in the PFP film grown on DIP layers with low crystallinity
has a negative effect on the charge carrier mobility and the exci-
ton diffusion length of these films.52,53 In addition, the orienta-
tional change of crystal grains is important, since both the light
absorption coefficient37 and the energy level-alignment56 are
strongly related to the molecular orientation.

’SUMMARY

In summary, the crystalline quality and molecular orientation
of DIP films grown on ITO can be tuned by the substrate

temperature during growth. PFP grown on differently prepared
DIP layers exhibit two kinds of templating. First, orientational
templating, that is, the PFP molecules, adopt at least partly the
orientation of DIP molecules. Second, both the domain size as
well as the crystalline quality of PFP scales with the domain size
and crystalline quality of the DIP films underneath.

’APPENDIX - ROUGHNESS DETERMINATION OF DIP
FILMS

Here the determination of σrms for the organic thin films is
described. The roughness were determined for all films from
AFM data. In addition, σrms of the 200 K-DIP and 300 K-DIP
were determined independently via fitting the X-ray reflectivity
curve near the total reflection edge.We found that the σrms values
from both techniques are consistent.28 Figure 5 shows reflectivity
fits for extracting thickness and roughness (σrms) of DIP films
grown on ITO. Electron density (F) profiles are shown in the
inset. The superimposed small oscillations in Figure 5 stem from
the 130 nm ITO layer underneath the DIP.
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