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ABSTRACT: Small-molecule organic photovoltaic cells often employ a planar hetero-
junction (PHJ) geometry where the electron donor and acceptor materials are stacked one
on top of the other. The thin-film growth scenario of such PHJs can be very different from
the one of a single compound on a bare substrate. We have investigated the growth of PHJs,
consisting of two different donor−acceptor pairs, namely, α-sexithiophene (6T)/C60 and
6T/diindenoperylene (DIP) using real-time in situ X-ray scattering. For both donor−
acceptor material combinations, we observe that the coherent in-plane crystalline size of the second material strongly correlates
with the one of the bottom one, and hence a strong templating effect of the 6T on the material deposited subsequently,
indicating a strong interaction between the two materials in the PHJ. Furthermore, a change in the structure of the 6T film
during the deposition of the second material was observed, which shows that the deposition of an additional material on top of a
templating layer can partially change the crystal structure of the templating film itself.

■ INTRODUCTION

During the past few years the field of organic electronics has
strongly emerged. Organic photovoltaic (OPV), organic light-
emitting diodes, or organic field-effect transistors (OFETs) are
attractive alternatives to their common inorganic counterparts
due to low-temperature preparation conditions, relatively low
production costs, and the possibility of using flexible
substrates.1−5 For OPV cells, active layers consisting of only
one material are not efficient,6 and usually active layers of at
least two materials are necessary. In general, one can distinguish
between two extreme cases of the geometries of the active
organic layers. On the one hand, the active layer may consist of
mixtures of an electron donor and an electron acceptor
material, called bulk heterojunctions (BHJs), as commonly seen
in OPV cells based on polymers.7 On the other hand, films with
two layers on top of each other, one consisting of an electron
donor and the other of an electron acceptor, so-called planar
heterojunctions (PHJs), can be used. In reality, solar cells using
active-layer geometries between the two extreme cases of a PHJ
and a BHJ are also reported.8,9 The controlled preparation of
films of small molecular compounds via organic molecular
beam deposition (OMBD)10−12 can be used to prepare PHJs
and tailor the film structure so that such OPV cells can exploit
features like high exciton diffusion lengths of the compounds.10

In general, the growth conditions of an organic material on top
of another organic compound can be drastically different
compared with the growth on, e.g, a native silicon oxide (nSiO)
substrate.13,14 Epitaxial growth (azimuthal orientation of the
top layer following the orientation of the bottom layer)15−17 as
well as an adoption of the orientation of rod-like molecules in
the overlayer (standing-up vs lying-down),18 are reported.
The material combination of α-sexithiophene (6T) (Figure 1

left) and C60 buckminster fullerene (Figure 1 middle) is an

interesting donor−acceptor pair for OPV cells.19,20 Interest-
ingly, for this material combination as well as for the
combination of 6T and diindenoperylene (DIP) as donor−
acceptor pair, a dependence of the open-circuit voltage on the
relative orientation and structure of the molecules, together
with surface morphologies of similar organic blends, has been
reported.21 For BHJs of 6T and C60 or C70, postpreparation
treatments such as annealing were used to improve the solar
cell parameters, but no changes in the structure are
reported.22,23 Furthermore, the 6T in combination with C60
was used as one of the first ambipolar OFETs.24 The growth of
C60 on one or two monolayers of 6T prepared in a lying-down
orientation follows a self-organized mechanism in stable chains
and chain arrays.25−28 For the same configuration on Ag
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Figure 1. Schematics of the different molecules used in this study. 6T
(C24H14S6) on the left (size from ref 33). In the center C60 (size from
refs 34 and 35) and on the right DIP (C32H16) (size from ref 36).
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substrates, a charge transfer from the substrate directly to the
C60 through the neutral 6T has been reported.29,30

For 6T OPV cells using the PHJ geometry, an extraordinarily
high open-circuit voltage, utilizing DIP (Figure 1 right) as
electron-acceptor material, is reported.20 In contrast with the
sphere-like C60, the perylene derivate DIP is rod-like and hence
sterically more compatible to 6T. DIP itself has shown
interesting effects as a templating layer, that is, improving the
crystal structure of C60 deposited on top31 or leading to a void-
filling growth scenario of perfluoropentacene (PFP) on DIP32

and also exhibiting a strong templating effect on PFP.13

For both OPVs and OFETs the crystalline structure of the
films is highly relevant for the efficiency of the device. As shown
for other material combinations, the impact of the bottom
(organic) material has a huge influence on the film formation
process of the material deposited on top.13,31,32,37 In situ X-ray
diffraction experiments provide an ideal tool to investigate the
thin film structure. Because the experiments are performed
under ultra-high-vacuum (UHV) conditions, effects from
exposure to ambient conditions, possibly changing the film
structure, can be precluded. Additionally, real-time experiments
allow us to follow the dynamics of structure formation and the
investigation of transient effects.38−41

In this study we focus on the correlation of the growth
conditions to the overall structure of the PHJ. We prepared
different layers of 6T on nSiO, in order to investigate the
influence of these templating layers on the growth behavior of
C60 and DIP. For the preparation of the 6T films different
substrate temperatures and film thicknesses were used, whereas
for the growth of C60 only the substrate temperature, and hence
the kinetics of the growth, was varied. Similarly, the growth of
DIP was studied for different substrate temperatures during the
evaporation of the materials.
For both acceptor materials, C60 as well as DIP, when

deposited on top of 6T, we observe a strong correlation
between the coherently scattering in-plane island size between
the templating 6T layer and the top material. Furthermore, the
C60 crystal structure improves drastically when deposited on
top of 6T compared with nSiO, showing the importance of the
surface interaction on the growth of small molecular
compounds. In addition, the deposition of the top material
modifies the structure of the templating 6T layer, indicating
that postgrowth treatment can impact the film structure.

■ EXPERIMENTAL SECTION

6T was purchased from Sigma-Aldrich and purified twice by
temperature gradient sublimation before usage. C60 was
purchased from Creaphys and used without further purification.
DIP was received from PAH Forschung Greifenberg
(Germany). The samples were prepared and measured in a
portable UHV chamber.42 Before the installation the silicon
substrates with a native oxide layer (nSiO) of ∼1.8 nm were
cleaned in an ultrasonic bath with acetone, isopropanol, and
purified water. Before each sample preparation the substrates
were heated to ∼770 K to remove the old film. The base

pressure of the system was below 10−9 mbar, increasing to ∼3
× 10−9 mbar during the evaporation of the materials. The
evaporation rate, monitored with a water-cooled quartz crystal
microbalance, calibrated via X-ray reflectivity (XRR), varied
between 0.13 and 0.16 nm/min. The temperature of the
substrates was controlled and kept constant via a combination
of resistive heating and liquid nitrogen cooling.
The substrate temperatures and other parameters used for

the thin-film growth are given in Tables 2 and 3, respectively.
The experiments using C60 were performed at the ID03
beamline at the European Synchrotron Radiation Facility
(ESRF) using an energy of 11.0 keV (λ = 1.126 Å) and a four
chip MaxiPix area detector.43 The DIP sample series was
prepared and measured at the MS-X04SA/Surface Diffraction
beamline at the Swiss Light Source (SLS)44 using an energy of
12.4 keV (λ = 0.999 Å) and a PILATUS II area detector. In
both cases, slits directly in front of the detector were used to
mimic a 0D point detector. The critical angles of the C60/6T/
nSiO and DIP/6T/nSiO systems are αc = 0.15°. The incidence
angle used for all of the in-plane measurements was αi = 0.13°.
Real-time XRR of the deposition of C60 on the 6T templating
layers was also performed. The duration of one scan was ∼190
s, which corresponds approximately to a thickness difference of
0.5 nm per scan. For DIP on 6T, we performed real-time GIXD
measurements. The time span between successive scans was 6
min, which corresponds to a time-resolution of ∼1.0 nm/scan.
The Bragg peaks were fitted with Gaussians, and Scherrer’s
formula was used to estimate the coherently scattering in-plane
or out-of-plane crystalline size Dcoh = 2π·0.94/fwhm, where
0.94 is Scherrer’s constant for spherical crystallites and fwhm is
the full width at half-maximum of the fitted peaks. Note that no
broadening due to the experimental setup is included in any
calculations of the coherently scattering island size, and hence
the reported values have to be seen as lower limits. The XRR
data were fitted with the Parratt formalism45 using the GenX
software.46 The Kiessig oscillations in the low-qz region of the
films were used to calculate the total film thickness. For the
designation of the different peaks, the crystal structures listed in
Table 1 were used.

■ RESULTS AND DISCUSSION

C60 on 6T. For the investigation of the growth behavior of
C60 on 6T layers, the growth parameters of the latter were
varied, resulting in films with different crystal structures and
surface roughnesses. We prepared three different types of
templating layer: (a) 5 nm of 6T grown at 373 K gives a well
ordered, almost purely β phase, (b) 20 nm of 6T grown at 373
K is dominated by the LT phase and has relatively low amount
of β phase domains, (c) 20 nm of 6T grown at 308 K are
dominated by the β phase with smaller domain size.
For the C60 we decided to investigate two different substrate

temperatures (308 and 203 K). 308 K was chosen to mimic a
room-temperature growth, as often employed in organic thin-
film growth. Because of the strong templating effect observed at
308 K, additional experiments at 203 K were performed to

Table 1. Crystal Structures of 6T, C60, and DIP

a (nm) b (nm) c (nm) α (deg) β (deg) γ (deg)

6T LT phase33 4.4708 0.7851 0.6029 90.00 90.76 90.00
6T β phase47,48 0.5667 0.7800 4.7288 90.00 100.6 90.00
C60 fcc

49 1.4156 1.4156 1.4156 90.00 90.00 90.00
DIP50 0.709 0.867 1.690 90.00 92.2 90.00
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reduce the diffusion length of the C60 molecules on the surface
and see whether the templating effect is still as strong as
observed for 308 K.
Characterization of the Templating Layers. For the

investigation of the growth behavior of C60 on 6T layers, the
growth parameters of the latter were varied, resulting in films
with different crystal structures and surface roughnesses. The
substrate temperature during the deposition was varied
between 308 and 373 K, and the films grown at 373 K were
prepared with two different nominal thicknesses (5 and 20
nm). This resulted in thin films with different templating layers,
as summarized in Table 2.
The templates were characterized using X-ray reflectivity

(XRR) and grazing incidence X-ray diffraction (GIXD). For
XRR the momentum transfer has only a non-zero out-of-plane
component (qz) that is perpendicular to the sample surface;
therefore, this technique probes the out-of-plane film structure.
Information on the crystallinity, electron density profile, film
thickness, and roughness can be extracted.51−53 On the
contrary, GIXD is used to probe the in-plane structure of a
thin film and qxy is the in-plane momentum transfer.51−53

Figure 2a,c shows the data for the XRR and GIXD, respectively.
Thicker 6T films show high out-of-plane order, as evidenced by
out-of-plane Bragg peaks at either qz = 0.28, 0.56, and 0.84 Å−1

for the 20.9 nm 373 K film or qz = 0.266 and 0.513 Å−1 for the
17.0 nm 308 K film (Figure 2a).
The Parratt fits are shown as solid lines in Figure 2a. The

nominally 5.0 nm film was fitted to 0.4 Å−1. From the extracted
electron density profile (Figure 2b) we see that this film
consists of two monolayers, each 2.64 nm thick. This is very
close to the value reported for the size of a single 6T
molecule.17,33 This indicates that the molecules arrange in an
almost upright standing orientation. This is in agreement with
our previous results that 6T tends to form crystallites of the β
phase close to the substrate.54 Because the film consists of only
two monolayers we assume that it comprises mostly of β phase
domains. The top surface is smooth with a roughness of only
0.3 nm. The GIXD data (in-plane) (Figure 2c) show only
Bragg peaks that can be associated with the β phase, and peaks
that originate from the LT phase (like 6T LT (0 1 1) and (0 2
1)) are not observed. This confirms the estimation that the film
consists of only β phase crystallites, which is in agreement with
real-time growth results, showing that close to the substrate the
film growth is dominantly in the β phase.54

Thicker films (nominally 20 nm) were prepared at two
different substrate temperatures, 373 and 308 K. The film
structure is in agreement with previous reports.54 The out-of-
plane data of the film prepared at 373 K (black curve in Figure
2) show only damped, weak oscillations in the low-qz range,
indicating a roughness of 5.3 nm. The XRR data are dominated
mostly by Bragg reflections of the LT phase. The extracted
electron density profile (Figure 2b) shows that the film consists
of five completely full layers and eight partially filled layers on
top, constituting the roughness and an island-like growth. The
thickness of one single molecule layer is 2.29 nm, which
corresponds very well to the value reported for the LT phase.33

The in-plane data reveal that there are crystallites of the β
phase; however, the reflections belonging to the LT phase are
dominant. The films prepared at 308 K are different from the
high-temperature films. Here the structure is dominated by the
β phase but the roughness is similar to the one of the 373 K
film. In this case the extracted electron density profile (Figure
2b) indicates that the film consists of four completely filled

layers and six incompletely filled layers, where the latter are less
filled compared with the ones of the 373 K film. The monolayer

Figure 2. (a) XRR and (c) GIXD data of the templating layers used
for the growth of C60. The solid line in panel a corresponds to the fit of
the data using Parratt’s formalism. Panel b shows the extracted
electron density profile of the different films; the numbers refer to
layers of 6T, and the dotted horizontal line indicates the difference
between completely and only partially filled layers. The curves in
panels a and c are shifted for clarity.
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thickness extracted from the fit is 2.44 nm, which is close to the
value reported for the β phase.47 The in-plane data show weak
reflections that can be associated with the LT phase. To
summarize, the three different templating layers have different
crystal structures (also in different quality) and roughnesses.
There are three different scenarios: The 5 nm thin film consists
purely of the β phase and is very smooth. The nominal 20 nm
film prepared at 373 K is dominated by the LT phase and the
roughness is significantly higher than the one of the 5 nm. The
303 K film has more domains of the β phase than of the LT
phase, and the roughness is similar to the one of the high-
temperature film.
C60 Films on Top of 6T Templates. On the different

templating layers previously described, C60 films with a nominal
thickness of 20 nm were deposited. The substrate temperature,
and hence also the temperature of the 6T film, were set to 308
K for all but one film, for which a substrate temperature of 203
K was used. XRR (GIXD) data of the resulting films are
presented in Figure 3a,b. For comparison, data of a 20 nm C60

film deposited straight on nSiO (green crosses) are also shown
alongside. XRR of pure C60 does not show clear Bragg
reflections consistent with a polycrystalline growth without any

preferential direction on nSiO.31 The in-plane data of C60 on
nSiO show relatively broad Bragg reflections, which can be
related to the fcc structure of C60.

49 In thin-film growth on
weakly interacting substrates like nSiO, C60 usually grows
polycrystalline without a preferred orientation, which can
explain the relatively broad peaks.31 As soon as a 6T template is
used, the out-of-plane structure of the C60 improves drastically.
The data for films with 6T below the C60 in Figure 3a all show a
reflection corresponding to the C60 (1 1 1) fcc at qz = 0.768
Å−1. The coherently scattering out-of-plane domain size Dcoh⊥
of C60 was estimated by fitting the C60 (1 1 1) Bragg peak. The
film parameters are summarized in Table 2.

The highest out-of-plane coherently scattering island size
(21.3 nm) is obtained for films prepared at 308 K on a
templating layer of 5 nm grown at 373 K. Comparing Dcoh⊥ to
the estimated film thickness of C60, one sees that the two values
are very similar, indicating that the coherently scattering
crystallites are formed over the whole film thickness. For the
same templating parameters, Dcoh⊥ is significantly smaller
(Dcoh⊥ = 12.3 nm) when the substrate temperature is set to 203
K; however, the estimated film thickness is also smaller,
showing that still the crystallites grow over a relatively wide
thickness range. Basically, the whole film is already ordered
quite well perpendicular to the substrate surface; increasing the
thickness of the templating layer does not show any further
improvement (Dcoh⊥ = 17.8 nm for a C60 thickness of 15.0 nm).
For the C60 film on top of the 308 K 6T film the fitted C60
Bragg peak is strongly distorted by the third-order Bragg peak
of the underlying 6T β phase; therefore, both Bragg peaks were
fitted. Also, in this case, the estimated Dcoh⊥ = 19.9 nm
coincides very well with the estimated C60 thickness of 20.2 nm.
We performed real-time XRR during the deposition of C60

on the 5 nm 6T template at 203 and 308 K to see the evolution
of the C60 structure and monitor potential changes in the
underlying template layer during the C60 deposition. The data
are depicted in Figure 4. For both substrate temperatures, the
C60 Bragg peak starts to evolve after the deposition of ∼2 nm.
(For out-of-plane Bragg diffractions, at least two coherently
scattering layers are necessary.) So C60 grows on the template
with a well-ordered crystal structure. Furthermore, a shift of the
6T Bragg reflection around qz = 0.5 Å−1 is observed, which
corresponds to the second-order Bragg peak of the β phase,
with increasing amount of deposited C60. In the case of the 203

Figure 3. (a) XRR and (b) GIXD data of nominally 20 nm C60
deposited on the template layers, respectively. Curves are shifted for
clarity.

Table 2. Summary of the 6T−C60 Film Parametersa

6T C60

T
(K)

d
(nm)

σ
(nm)

Dcoh∥
6T-LT
(nm)

Dcoh∥
6T-β
(nm)

T
(K)

d
(nm)

Dcoh⊥
(nm)

Dcoh∥
(nm)

373 4.6 0.3 n.a. 54.7 308 20.3 21.3 52.7
373 4.6 0.3 n.a. 50.4 203 15.2 12.3 11.9
373 20.9 5.3 75.7 n.a. 308 15.0 17.8 69.4
308 17.0 3.3 n.a. 25.1 308 20.2 19.9 35.1
n.a. n.a. n.a. n.a. n.a. 308 17.6 n.a. 8.0

aParameters of the different templating layers: substrate temperature,
T, thickness, d, roughness, σ, and coherently scattering in-plane
domain size, Dcoh∥, of the LT and β phases. The parameters of the C60
layers on the templating layers: substrate temperature, T, thickness, d,
coherently scattering out-of-plane domain size, Dcoh⊥, and coherently
scattering in-plane domain size, Dcoh∥, calculated from the width of the
(2−2 0) Bragg peak.
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K film the Bragg peak is shifted from 0.470 to 0.504 Å−1

(corresponding to a shift from 2.68 to 2.49 nm in real space),
and in the 308 K film, the shift is from 0.474 to 0.515 Å−1 (out-
of-plane repeat distance changes from 2.65 to 2.44 nm),
respectively. In both cases, the qz value of the Bragg peak is
close to the one expected for the β phase (qz of the (4 0 0) β-
peak should be 0.513 Å−1). Most likely, the additional C60 is
slightly compressing the underlying 6T, leading to a small
change of the 6T tilt angle and hence the layer distance.
The in-plane structure of the different C60 films was

characterized via GIXD (Figure 3b). Beside the Bragg
reflections of the 6T templating layers (previously described)
Bragg peaks that can be assigned to the C60 fcc structure are
observed.49

Overall, the C60 Bragg peaks on 6T templates are relatively
sharp. For the films prepared at 308 K on a templating layer, a
peak at qxy = 0.725 Å−1 is observed, which is not visible for the
pure C60 or the film grown at a substrate temperature of 203 K.
From reports of C60 on DIP templating layers,31 we conclude
that this peak is the projection of the C60 (1 1−1) peak onto
the qxy plane and hence an indicator of very well-aligned
crystalline domains within the C60.
For a more detailed investigation, the 6T and the C60 in-

plane coherently scattering crystal size Dcoh∥ was calculated
form the widths of the Bragg peaks. The values for the 6T LT
(0 1 1) peak, the 6T peak at qxy = 1.38 Å−1 corresponding to
the β phase, and the C60 (2−2 0) are listed in Table 2. By
comparing the values of the 6T crystallites to those of the C60
layer, one sees that the crystallites of both materials are of
similar size in the in-plane direction. It seems that for 373 K
this effect is independent of the type of crystal structure of the

bottom layer; for example, β phase versus LT-crystal phase. For
the case when the substrate temperature during the C60
deposition is only 203 K (on the nSiO), Dcoh∥ of C60 is
smaller than that for the other films and also significantly
smaller than Dcoh∥ of the 6T templating layer; however, the
crystallite size (11.9 nm) is still larger than the value of pure C60
at 308 K (Dcoh∥ ≈ 8.0 nm). In general, the 6T template layers
improve the crystallinity of the C60 for all preparation
conditions. The C60 tends to organize in crystal domains with
the (1 1 1) plane parallel to the substrate surface. Dcoh∥ of the
C60 and that of the 6T are very similar, indicating that there is a
strong templating effect of the underlying 6T on the C60.

DIP on 6T. Characterization of the Templating Layers.
For the investigation of the templating effects of 6T on the rod-
like molecule DIP, three different layers of 6T were prepared.
The 6T film structure was modified by altering the substrate
temperature during the growth. XRR and GIXD data of the
templating layers prepared at 373 (red circles), 308 (black
triangles), and 233 K (blue squares) are shown in Figure 5a,b,
respectively. The thickness of all templating layers was
nominally 20 nm. The film parameters of the templating layers
are summarized in Table 3, and the structures of the films are
similar to the ones described in the C60 on 6T Section and in

Figure 4. Real-time XRR data of the deposition of C60 on 5 nm of 6T
at a substrate temperature of (a) 203 and (b) 308 K. The time step
between two successive scans was 190 s, which corresponds to 0.5 nm
deposited C60. The labels 6T and C60 indicate the Bragg peak positions
of the 6T-β (4 0 0) and the C60 (1 1 1) reflections, respectively. Note
that C60 thickness can be transcribed to growth time.

Figure 5. (a) XRR and (b) GIXD data of the 6T templating layers
used for the growth of DIP. The curves are shifted with respect to each
other for clarity. The annotations with a small λ indicate a lying-down
orientation of 6T and the other ones correspond to Bragg peaks of
standing-up oriented domains. Adapted from ref 54.
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the literature.54 In summary, three templating layers with
different structural properties are identified: (a) films prepared
at 373 K, consisting mainly of the 6T LT phase and having a
large Dcoh∥, (b) films prepared at 308 K, showing mainly β
phase domains and Dcoh∥ is roughly half the size of Dcoh∥ of the
373 K film, and (c) films prepared at 233 K with even smaller
Dcoh∥ and additional fractions of lying-down oriented 6T. The
contact plane of the lying-down 6T cannot be unambiguously
determined; it could either be the (0 1 0) or the (−4 1 1)
plane, which are also reported for lying-down 6T on Cu (1 1
0).55

DIP Films on Top of 6T. To investigate the influence of the
6T templating layer on the growth of DIP, we prepared DIP
layers with a nominal thickness of 20 nm on top of the 6T
layers. The substrate temperature during the deposition of the
DIP was the same as the one used for the preparation of the
templating layers, that is, 233, 308, and 373 K, respectively.
Figure 6a,b shows the XRR and GIXD data of the complete
heterostructures, respectively. The 373 K film shows Bragg
reflections at qz = 0.37 and 0.74 Å−1 that corresponds to the
standing-up (σ-orientation) of DIP.36 In the 308 K film the
weak out-of-plane Bragg peaks of the σ-orientation DIP imply
that the out-of-plane order of the DIP film is significantly

smaller than in the 373 K film. At low substrate temperature,
233 K, the XRR data do not show any indications of standing-
up DIP at all. The very weak reflection at qz = 1.22 Å−1 stems
from a lying orientation of the DIP.56

The in-plane data of the 6T/DIP films (Figure 6b) indicate
similar orientation of the molecules, as obtained from the XRR
data. Dcoh∥ values extracted from the data are summarized in
Table 3. For the lying 6T (λ-orientation) the (2 0 0) peak at qxy
= 0.27 Å−1, for the lying DIP (λ-orientation) the (0 0 1) peak at
qxy = 0.37 Å−1, for the 6T β phase the peak at qxy = 1.38 Å−1, for
the standing-up orientation of the 6T LT phase the (0 1 1)
peak at qxy = 1.30 Å−1, and for the standing DIP molecules (σ-
orientation) the (1 1 0) peak at qxy = 1.16 Å−1 was considered,
respectively. The 373 K film shows only reflections stemming
from crystallites comprising standing-up oriented molecules.
Dcoh∥ of the standing-up molecules for 6T and DIP is very
similar for this film. Interestingly, the ratio of the intensities of
the 6T LT (0 1 1) and the 6T β (at qxy = 1.38 Å−1) reflections
in the final heterostructure is quite different compared with the
pure templating layer. In the latter (Figure 5b), both peaks
show very similar intensities; however, in the film with DIP on
top, the LT peak is significantly stronger than the β peak. This
is most likely due to an annealing effect on the pure 6T because
the sample was kept at 373 K for ∼130 min (duration of the
postgrowth measurements and of the preparation for the DIP
deposition). We will discuss the transition between the two
crystal structures in detail later with the real-time data taken
during DIP deposition. A small fraction of the 308 K film
consists of lying-down molecules, indicated by the small peaks
in the low-qxy range. Dcoh∥ for 6T and DIP lying-down domains
is very similar (14.3 and 15.2 nm, respectively). The peak with
the highest intensity corresponding to the 6T layer is the one of
the standing-up β phase. Furthermore, peaks corresponding to
standing-up orientation of DIP (at qxy = 1.15, 1.46, and 1.71
Å−1) are observed. Again, Dcoh∥ of the standing-up orientation
of 6T and DIP is very similar (20.5 and 21.1 nm). The films
prepared at 233 K show relatively strong reflections in the low-
qxy range, stemming from domains of lying-down 6T and DIP.
Also, in this case, Dcoh∥ of 6T and DIP is very similar; however,
the intensity of the lying-down DIP domains is significantly
higher than the one of 6T and also than the intensity of the
standing-up DIP. This indicates that most of the DIP is
arranged in a lying-down orientation. Standing-up molecules of
the 6T are found only in the β structure, and very weak peaks
of standing-up DIP indicate that only a small fraction of this

Figure 6. (a) XRR and (b) GIXD data of nominally 20 nm DIP films
prepared at 233, 308, and 373 K substrate temperature on 6T layers.
Peaks labeled with a small λ correspond to lying-down oriented
molecules, whereas peaks of standing-up oriented molecules have
either no or a small σ label. Curves are shifted for clarity.

Table 3. Summary of the 6T−DIP Film Parametersa

6T DIP

T
(K)

d
(nm)

σ
(nm)

Dcoh∥
6Tλ

Dcoh∥ 6T-
LT

Dcoh∥
6T-β

Dcoh∥
DIPλ

Dcoh∥
DIPσ

373 19.2 3.1 n.a. 44.0 n.a. n.a. 40.5
308 18.5 3.1 14.3 n.a. 20.5 15.2 21.1
233 16.2 3.8 15.4 n.a. 15.4 17.0 10.3

aParameters of the different templating layers: substrate temperature,
T, film thickness, d, roughness, σ, and in-plane coherently scattering
domain sizes, Dcoh∥, of the lying 6T (6Tλ − (2 0 0)λ peak), the 6T-LT
phase ((0 1 1) peak), and the 6T β phase (peak at qxy = 1.38 Å−1).
Parameters of the DIP layer: Dcoh∥ of lying-down oriented molecules
(DIPλ − (0 0 1)λ peak) and of standing-up oriented molecules (DIPσ

− (1 1 0) peak).
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orientation is present in the film. Dcoh∥ of standing-up 6T and
DIP is again of similar magnitudes (15.4 and 10.3 nm).
In general, we have seen that low substrate temperatures

promote the growth of lying-down DIP, whereas high substrate
temperatures lead to better ordered DIP films (e.g., higher
Dcoh∥) with a standing-up orientation. This is similar to results
reported for DIP on nSiO.50 Interestingly, for all substrate
temperatures and both orientations (standing-up and lying-
down), there is a strong correlation of Dcoh∥ between the
templating 6T layer and the top DIP layer. This leads to the
proposition that the domains of DIP are arranged in the same
orientation as the underlying 6T domains, that is, lying-down
DIP on lying-down 6T and standing-up DIP on standing-up
6T.
For a better understanding of the templating effect on the

growth process of the overlayer, we performed real-time GIXD
scans during the deposition of the DIP layer. Two different qxy
ranges (0.2 to 0.7 Å−1 and 1.25 to 1.8 Å−1) were measured
alternately and are shown in Figure 7. In the top row (a−c) the
data of the first qxy range and in the second row (d−f) the data
of the second qxy range are plotted, respectively. For the 233 K
film, mainly the evolution of the lying DIP can be followed
(Figure 7a). After ∼24 min (∼5 nm) of film growth the
formation of the Bragg peak starts to appear, indicating the
formation of crystalline domains. The DIP (0 0 1)λ peak gets
stronger and sharper over the whole growth process.
The signal of the DIP standing-up domains (Figure 7d) is

relatively weak. For films at 308 K, the growth of the lying-
down DIP is quite similar to the one of the film prepared at 233
K. For the first 5 nm of growth, no indications of lying-down
DIP can be found (Figure 7d), and only after this thickness do
crystallites start to form. Nevertheless, the intensity of the
corresponding DIP Bragg peak is only increasing slowly, and, as
already mentioned, the intensity at the end of the film growth is
significantly lower than the one in the 233 K film. The
standing-up oriented DIP molecules start to form domains only
after ∼5 nm, as evidenced by the formation of the DIP (0 2 0)

and (1 2 0) peak at qxy = 1.46 and 1.71 Å−1, respectively.
During the growth, Dcoh∥ of the DIP (0 2 0) and (1 2 0) peaks
increases from 12.5 to 16.0 nm and 13.5 to 21.6 nm,
respectively (blue symbols in Figure 8).

At a substrate temperature of 373 K, no domains with lying-
down oriented molecules can be observed (Figure 7c). The (0
1 1) 6T LT phase peak (qxy = 1.30 Å−1) stays constant during
the whole film growth; however, the intensity of the Bragg peak
corresponding to the 6T β phase (qxy = 1.38 Å−1) increases
during the DIP deposition. At the beginning of the DIP
deposition this peak is almost not visible, which is contrary to
the postgrowth characterization of the 6T templating layer. As
previously mentioned, this might be explained by a postgrowth
annealing. Then, during the DIP deposition, the intensity of the
β phase Bragg peak starts to increase again after 10 nm
deposition of DIP, showing that domains corresponding to the
6T β phase start evolving again; however, Dcoh∥ of the 6T β

Figure 7. Real-time GIXD data taken during the deposition of the DIP deposition on 6T. (a), (b) and (c) depict the qxy range which shows the
evolution of the lying-down orientation of the molecules for 233 K, 308 and 373 K substrate temperature, respectively. 6Tλ (qxy = 0.28 Å−1 (2 0 0)
LT phase) and DIPλ (qxy = 0.37 Å−1 (1 0 0)) indicate the positions of Bragg peaks corresponding to lying-down molecules of the materials. (d), (e)
and (f) show the qxy range where reflections of molecules in the standing-up orientation are detected for 233 K, 308 and 373 K substrate
temperature, respectively. Here 6T-LT (qxy = 1.31 Å−1 (0 1 1) LT phase) and 6T-β indicates Bragg peak positions which can be unambiguously
associated with the 6T LT and β phase, respectively, whereas the peak at qxy = 1.6 Å−1 can be associated either with the LT ((0 2 0) reflection) or the
β phase. The DIP label indicates Bragg peak positions of standing-up DIP molecules (qxy = 1.46 Å−1 (0 2 0) and qxy = 1.71 Å−1 (1 2 0)). Note that
DIP thickness can be transcribed to growth time.

Figure 8. Evolution of the coherently scattering island sizes for the
DIP (0 2 0) and (1 2 0) reflections of the films prepared at 308 and
373 K substrate temperature. The shaded area indicates the resolution
limit of the DIP (1 2 0) peak.
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phase is not changing. In contrast with the films prepared at
lower substrate temperature, in the case of 373 K the DIP
crystallites of the σ-orientation are formed almost immediately
after the start of the deposition; already after the growth of one
monolayer, reflections from DIP are observed. During further
growth, the intensities of the DIP Bragg peaks increase with
more amount of material being deposited, but the fwhm of the
peaks is not changing significantly. During the first 5 nm of
growth Dcoh∥ of the DIP (0 2 0) and (1 2 0) peaks increases to
∼20 and ∼30 nm and then stay more or less constant for the
rest of the film growth (red symbols in Figure 8). Please note
that Dcoh∥ of the DIP (1 2 0) peak after a film thickness of ∼20
nm is resolution-limited (shaded area in Figure 8) and
therefore we cannot rule out a larger Dcoh∥.
Discussion. The results of the bilayers of 6T and C60 as well

as of 6T and DIP have shown that 6T has a strong templating
effect on both materials used as top-layer. The in-plane
coherently scattering size Dcoh∥ of the templating 6T layers and
the one of the material deposited on top show a strong
correlation, indicating that generally the top material seems to
adopt the configuration of the bottom material and forms nicely
organized domains right on top of the crystallites of the
templating layer. C60 on 6T seems to partially organize itself
from the beginning with its (1 1 1) plane parallel to the
substrate plane instead of growing with completely randomly
oriented domains, most likely due to a different surface
potential distribution of the 6T layer compared with nSiO. This
also results in a better defined out-of-plane structure of the film.
At lower substrate temperatures (203 K) the templating effect
is still observed; however, it is not as pronounced as observed
for the films prepared at 308 or 373 K. At 203 K the thermal
energy provided by the substrate is not enough to allow the C60
to diffuse on the substrate surface to find a potential minimum
on-top of the 6T.
A templating effect of DIP is also observed on 6T. Because

the coherent domain sizes of the underlying 6T and the DIP
deposited on top are very similar, we expect a growth scenario
where the DIP crystallites are formed directly on top of the
respective domains below. Both materials deposited on top, C60
and DIP, act as electron acceptor in contact with 6T and hence
form donor−acceptor pairs with the latter.20 In such pairs
charge-transfer mechanisms are likely to occur and usually lead
to relatively strong coupling between the molecules. This might
be the reason for the orientational templating of DIP on 6T
and the well-oriented growth of C60 on 6T, which was already
reported also for DIP13 and pentacene.57

Furthermore, the structural change of the bottom 6T
templating layer during the deposition of DIP at 373 K
indicates that organic thin films are sensitive to post-growth
treatment. In this case the additional material leads to a partial
reorganization of the 6T layer, wherein domains of the LT
structure change into domains of the β phase, which is not a
pure annealing effect because this transition is not observed for
6T films without a DIP overlayer; however, the structural
change of the 6T layer during the deposition of C60 (decrease
in the out-of-plane repeat distance) is similar to an annealing
effect where 6T domains are transformed into the thermody-
namically more stable LT phase.

■ CONCLUSIONS
In conclusion, we have investigated the growth of the electron
donor−acceptor pairs 6T−C60 and 6T−DIP by means of X-ray
scattering techniques in real -time and in situ. For both material

combinations a very strong correlation between the coherently
scattering domain size of the templating 6T layer and of the
acceptor material is observed. This pronounced templating
effect might be attributed to a strong interaction between the
materials, potentially by a charge transfer from the donor to the
acceptor material. The deposition of C60 on top of 6T has a
similar effect as an annealing step of pure 6T. Furthermore, the
reappearance of the β phase crystallites in the 6T bottom layer
during the deposition of DIP indicates that postgrowth
treatment of an organic thin film, in our case the deposition
of an additional organic semiconductor on top, can, under
certain circumstances, change the original layer structure.
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