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ABSTRACT

The performance of Cgy semiconducting films is linked to the degree of crystallinity and ordering, properties that strongly depend on the
substrate, and growth conditions. Substrate-molecule interactions can be specifically tailored by employing growth templates to achieve a
desired thin film structure. However, the presence of a growth template after the film deposition is usually not desirable as it may change the
properties of the layer of interest. The ability to remove a growth template without any disruption to the active layer would be highly
beneficial. A simple method of template removal by annealing is presented here. A variety of small organic molecules (perfluoropentacene,
[6]phenacene, and «-sexithiophene) were used as a growth template to obtain a high-quality well-ordered Cg, thin film. In situ grazing-
incidence wide-angle x-ray scattering was employed to study the structural changes of Ce thin films during template removal. While a slight
disturbance of the thin film structure was observed during template removal caused by evaporated molecules from the growth template
escaping through the Cq layer, the disruption is only temporary. When the annealing process is concluded, only the well-ordered Ce, thin
film directly on top of SiO; is left, which is not achievable without the use of a growth template. Improved crystallinity and grain size of such
a thin film, when compared to preparation without a growth template, lead to a significant improvement of the charge carrier mobility.
Importantly, template removal prevents the formation of undesired ambipolar transistor characteristics.
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The controlled growth of organic thin films, used as active layers photovoltaics (OPVs). This makes it particularly important to

in many device applications, is a serious challenge particularly for the
deposition of molecular semiconductors. * On a fundamental level,
the growth behavior of thin films is determined by a complex interplay
of a number of energetic and kinetic factors. For each given system, a
suitable window of parameters including temperature and deposition
rate has to be identified individually, and it is by no means clear that
there is a process window leading to smooth layer-by-layer growth on
a given substrate." An anisotropic shape of most organic molecules
introduces further challenges related to their orientational degrees of
freedom, since the orientation of a given molecule is an additional
source of disorder compared to elemental systems.” ~ Essentially, the
only exception in this context is Cgo, since at room temperature, its net
interaction potential averages to an effectively spherical one,” '’ but it
should be noted that the interaction is short-ranged compared to
atoms, causing differences in the resulting growth behavior.'" Cqo and
its derivatives also play a rather special role in the context of spectro-
scopic and functional properties, including applications in organic

understand its growth behavior. In practice, the growth of well-
defined Cg, thin films has proven to be nontrivial.”'*"”

One way of attempting to modify the growth is by changing the
substrate. For instance, a stepped substrate can induce better lateral
order and/or azimuthal orientation of the crystallites.'”'” Varying the
chemical nature of the substrate, thus the molecule-substrate interac-
tion, can induce entirely different phases or orientations of the grow-
ing film.” However, for specific device applications, technical reasons
often confine the choice of substrate. In such cases, interface energy
and, consequently, the growth may still be modified using templating
layers (TLs), as it was demonstrated that different organic surfaces
induce an entirely different growth behavior of Cgo.' ™"’

Organic growth templates have shown to be an enticing tool
to aid the preparation of high-quality thin films used in organic
semiconducting devices.”” * Growth templates are mainly used
to promote high crystallinity and specific molecular ordering,
which attribute particularly important for high-performance organic
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TABLE 1. Charge transport parameters for Cgq films without and with templating.

Vr (V) fte (cm® Vs Tox/Iors
Ceo 61.2 82 x1073 10*-10°
Templated Cgg 56.8 2.9 x107! 10°

field-effect transistors (OFETs) and organic photovoltaics (OPVs),
where the charge-carrier mobility is greatly influenced by the molecu-
lar packing.”* " In that context, suitable growth templates that lead to
improved (opto)electronic properties of the organic semiconducting
layers are highly desirable. Organic molecules used in this work as
growth templates have a rod-like shape, where one dimension of the
molecules is significantly longer than the rest. This type of molecules is
known to grow with a standing-up orientation on amorphous sub-
strates such as SiO,.”*”” As demonstrated before, Cq, molecules
deposited on top of template layers with such a molecular orientation
grow with improved ordering and larger grain sizes, ™™ ™ which
translates to improved semiconducting properties of the organic thin
ﬁ].l’l’l.lx

The presence of a growth template after the thin film preparation
is, however, not required for a proper function of an active layer. In
some cases, it might even actively hinder the performance of the pro-
duced device. Most commonly used growth templates display a strong
anisotropy of their physical properties, namely, charge-carrier mobility.
The in-plane mobility of two-dimensional (2D) growth templates such
as MoS,, MoSe,, GaN, and graphene is several orders of magnitude
higher than in a direction perpendicular to individual layers.”"”
Similarly, growth templates based on small organic molecules exhibit
substantially higher charge-carrier mobility in the 7n-m stacking
direction of their conjugated cores.”” For both types of templates, the
in-plane mobility would dominate the charge transport. The presence of
such a growth template underneath an active layer would be detrimental
to the performance of vertical OFETs, where an active layer is sand-
wiched between source and drain electrodes.”” Additionally, due to
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perfluoropentacene (PFP)

a-sexithiophene (a-6T)
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relatively high charge-carrier mobility of most commonly used organic
growth templates, depending on the character of both materials, the pres-
ence of a templating layer can lead to undesirable ambipolar behavior of
the organic semiconducting thin film, which is unfavorable in terms of
their potential use in logic electronic circuits.*”’ The ability to remove a
growth template after an active layer preparation while retaining a well-
ordered thin film structure would be highly beneficial.

In this work, we deposited a Cq thin film on a variety of organic
growth templates (Fig. 1): perfluoropentacene (PFP), [6]phenacene
(6Phe), and «-sexithiophene («-6T). These growth templates promote
the formation of well-defined highly crystalline Cg thin films that are
suitable for use in organic electronic devices. We observe the nucle-
ation of an oriented and well-ordered Cg, thin film structure, in con-
trast to amorphous films commonly obtained when depositing Cq
directly onto a silicon substrate. However, the presence of a growth
template after the deposition might not be desired for the use of Cq
thin films in specific applications. We present a simple method of tem-
plate removal by sample annealing. We show that this process leads to
the removal of the organic growth template layer and leaves an intact
Ceo thin film that retains its highly crystalline structure. Employing
grazing-incidence wide-angle x-ray scattering (GIWAXS) measure-
ments, we study the process of template evaporation and any struc-
tural changes of the prepared thin film that might occur as a result of
sample annealing. The impact of the template removal on the topogra-
phy of a Cg thin film is further investigated by AFM imaging.

Organic growth templates in a form of 20 nm thin layer were
deposited onto a silicon substrate using organic molecular beam depo-
sition (OMBD) at substrate temperature 7= 300K in an ultra-high
vacuum (UHV) growth chamber. Cg, thin films with the effective
thickness of 25 nm were then deposited directly on top of an organic
growth template by OMBD at the same growth conditions. In situ
grazing-incidence wide-angle x-ray scattering (GIWAXS) measure-
ments of Cg thin films on various organic growth templates during
the template removal were performed at DESY (Hamburg, Germany)
on beamline P03. During the measurements, the samples were located

[6]phenacene (6Phe)
fC?u ,@\ @‘
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FIG. 1. Structural formula of perfluoropentacene, [6]phenacene, and «-sexithiophene used for the templating layer (TL) and schematic illustration of a TL with standing-up

configuration.
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FIG. 2. GIWAXS pattern of polycrystalline Cgq 0n a SiO, substrate.

inside a small vacuum chamber equipped with a graphite dome for the
x-ray beam to pass through. During the in situ measurements, the
samples were gradually heated up at a rate of 12°C/min in order to
evaporate the organic template layer. Atomic force microscopy (AFM)
was then employed to study the topography of the prepared thin films
using a JPK NanoWizard II (Bruker, USA) in intermittent contact
(air) mode. To investigate the impact of the growth template on the
charge-carrier mobility of Cg thin films, OFET devices were fabricated
in the top-contact/bottom-gate geometry on p-doped Si/SiO, wafers
[Si*7/Si0,(300 nm)/Cey/Al]. The mobility measurements were per-
formed in vacuum (>10"7 mbar) using a parameter analyzer
(Keithley 4200A-SCS, USA). More information about OFET device
fabrication and geometry can be found in the supplementary material.

We studied the crystallinity and thin film structure of Cg, on var-
ious molecular templates by GIWAXS. All compounds used as growth
templates were selected due to their ability to create oriented and
highly crystalline thin film structures.” "’

Cso thin films deposited directly onto the amorphous substrates
such as SiO, have a polycrystalline structure without preferential ori-
entation as evidenced by the presence of isotropic Debye-Scherrer
ring features (Fig. 2) rather than defined spots. When the same films
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are deposited on top of a substrate with a templating layer at the iden-
tical deposition conditions, growth behavior differs substantially.
Reciprocal space maps in Fig. 3 show pronounced reflection spots aris-
ing from the ordered structure of Cg as well as from an organic tem-
plate. The expected standing-up configuration of the organic growth
templates is confirmed by the out-of-plane position of the 002 reflec-
tion partially hidden by the “missing wedge.” This reflection in g,
direction of the reciprocal space map results from the ordered stacking
of molecules in the direction perpendicular to the surface of the sub-
strate with the d-spacing roughly corresponding to the length of the
organic template molecule. Clearly visible reflections with non-zero h
and k indices convey an exceptional ordering even in the in-plane
direction. The Cq thin layer exhibits equally remarkable ordering
both in the in-plane and out-of-plane directions as shown by the pres-
ence of numerous reflection spots marked in Fig. 3. All observed Cqj
reflections are well-defined, indicating that all grains of the thin film
show the same orientation of lattice planes relative to the surface nor-
mal. From the position of the reflections in the reciprocal space maps,
a full set of unit cell parameters as well as the orientation of crystallo-
graphic planes with respect to the sample surface can be determined.
Cso molecules on the organic template layers assemble in a face-
centered cubic (fcc) structure with the wunit cell parameter
a=14.296 A and with the (111) lattice planes parallel to the substrate
surface.'' The fact that exactly the same structure is observed on all
molecular templates (see Fig. S2 in the supplementary material) shows
that the thin film structure of Cg4, does not depend on the type of
organic molecule used for the templating layer. The same well-ordered
thin film structure can also be observed when Cg is grown on inor-
ganic two-dimensional substrates such as MoS,, GaSe, or GeS." >

We can conclude that molecular templates have a significant
impact on the growth of Cs, promoting the crystallization of well-
ordered thin films. However, the presence of the underlying template
layer is often undesirable as it might hamper the performance of the
active layer. Removal of the growth template without disruption of
crystallinity and structure of the desired layer would be needed. The
high sublimation temperature of Cgsy compared to other commonly
used organic materials allows the removal of the organic growth tem-
plates by thermal annealing. We used in situ real-time GIWAXS to
monitor the structural changes during the process of template
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FIG. 3. GIWAXS pattern of 25 nm Cg thin films deposited on top of 20 nm «-6T growth template (a) before and (b) after the template removal process. Black “x” marks with
Miller indices denote the Bragg reflections arising from the fcc structure of Cgp, and brown “+-” marks indicate reflections from the o-6T templating layer. Ring features arise

from the graphite dome used in the experimental setup.
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removal. The intensity of the Bragg reflections was tracked for both
the Cg thin film and the organic templates. The sample holder was
gradually heated up with a temperature increase of 12°C per minute
up to 250 °C to remove the organic growth template. It is important to
note that desorption of Cgy molecules starts well above the tempera-
ture used for the template removal. Figure 4(a) shows the evolution of
peak intensities with increasing substrate temperature. When the tem-
perature of the sample starts reaching the sublimation temperature of
the organic growth template, there is a gradual decrease in peak inten-
sity for peaks belonging to the template. This can be attributed to both
the decrease in crystallinity and the loss of material as molecules of an
underlying growth template are slowly evaporating from the sample.
The Cq layer on top of an organic growth template forms a homoge-
neous and continuous layer as shown in Fig. 4(c). Evaporated mole-
cules of the template layer need to escape through the Cg, thin film,
disrupting its structure as evidenced by a slight intensity decrease in
the Cy peaks. After the template layer is fully evaporated, indicated by
the complete disappearance of the corresponding Bragg peaks, the
ordering of the Cg thin film is restored as shown by peak intensity
returning to previous values. Interestingly, there is an observable
increase in the 002 intensity from Cg after the full evaporation of the
growth template. As no new material is deposited during the template
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removal, this intensity increase can be attributed solely to an improved
out-of-plane ordering. A possible explanation would be that the Cq
thin film now lies directly on top of a SiO, substrate that is much
smoother compared to the relatively rough surface of an organic
growth template.

By tracking the positions of Bragg peaks during the template
removal, we observed only a slight temporary disturbance in Cg thin
film structure (see Fig. S3 in the supplementary material), which does
not lead to measurable change of unit cell parameters at any point dur-
ing the annealing process. The GIWAXS patterns before and after
template removal (Fig. 3) then show that the Cg thin film structure is
preserved without any measurable degradation or change in orienta-
tion of Cgy domains.

Additionally, AFM was employed to study the topography of a
Cep thin film before and after the template evaporation. Figure 4 shows
differences between Cg thin films (b) deposited directly onto a SiO,
substrate, (c) deposited onto a templating layer, and (d) after the tem-
plate removal. The estimated average Cgo grain size for thin films
deposited directly on silicon substrates based on AFM images is
15nm. Employing a templating layer, the average grain size is
increased to an average of 89 nm before and 86 nm after template
removal. As will be demonstrated below, larger average grain sizes,
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FIG. 4. (a) Evolution of peak intensities for selected peaks of Cgy and «-6T during the template removal. (b) AFM image of Cgg on SiO,, (c) AFM image of Cgq on growth tem-

plate, and (d) AFM image of Cg after the template removal.
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and therefore a decreased number of grain boundaries, yield a signifi-
cant improvement of the electronic properties of the Cg film. Another
relevant aspect is the investigation of possible changes in the morphol-
ogy of the Cq thin films after the template removal. The homogeneity
of the Cq layer as well as the presence of narrow gaps after the tem-
plate removal process depends on how fast the templating molecules
are desorbed. At lower desorption rates, when the substrate is heated
up at low rate (~5°C/min), the template removal process has no sig-
nificant impact on the Cg film as AFM images of the Cy4 sample
before [Fig. 4(c)] and after the template removal [Fig. 4(d)] are almost
identical [as shown by power spectral density function (PSDF)
extracted from AFM images (Fig. S6 in the supplementary material)].
The Cey layer after template removal appears homogeneous and intact
without visible gaps or cracks that might be expected due to layer dis-
ruption by escaping template molecules. Only when the desorption
rate is high enough, caused by fast substrate heating rate during the
template removal (15°C/min), homogeneity of the final Cq, layer is
permanently altered by the presence of narrow trenches caused by
escaping template molecules (Fig. S4 in the supplementary material).

Electrical characteristics of Cqy OFETs without and with templat-
ing by o-6T are shown in Fig. 5 and in Table I. They show n-type
behavior with electron transfer at positive gate-source biases. The
threshold voltage V- for both devices is comparable at 61.2 V for non-
templated and 56.8V for templated Cqo device. The charge-carrier
mobility for electrons f, in the linear region (Vp < Vi — V) was cal-
culated using the following equation:

w
Ipjin = T.ueci(VG - Vr)Vp,

where I, is the source-drain current, V), is the applied source-drain
voltage, C; is the gate insulator capacitance per unit area, and Wand L
are the width and length of the transistor channel, respectively. A lin-
ear fit was applied to the I, vs V, data in order to derive the electron
mobility z.. The threshold voltages were calculated as the x-intersect
1/2 . . . .
of I} vs Vi curve in the saturation regime (Vp > Vg — V) using
the following equation:

w
ID,sat = i:ueci[(VG - VT)]Z'
a) o Vg9V
1.5x1074 ~© V85V

o V.80V

< 1.0x107 1
o
5.0x10% 1
0.0- L T A T
0 2 4 6 8 10
Vo (V)
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A mobility of 8.2 x 107> ¢m?/Vs was measured for non-
templated Cg, while for templated Cgo thin film, a value of
2.9 x 107! ¢m®/V's was obtained. This substantial improvement in
electron mobility is attributed to enhanced ordering of Cq layer pro-
moted by a templating layer. To demonstrate the crucial benefit of
the template removal process, we also compared OFET characteris-
tics of templated Cg, devices before and after template removal (Fig.
S8 in the supplementary material). Both devices show improved
electron mobility when compared to the Cqy device prepared with-
out the templating layer. However, when the templating layer is still
present, OFET devices show ambipolar behavior due to relatively
high hole mobility of the used templating layer. Ambipolar behavior
is not desirable for most device applications. After the template
removal, the hole transport channel is lost while the improved elec-
tron mobility is retained.

To conclude, we have grown Cg thin films on top of various
organic template layers and studied their effect on the structure of the
deposited thin film. We observe that when a templating layer is used,
Cso forms an oriented and well-ordered thin film as opposed to ran-
domly oriented grains commonly observed when deposited straight
onto a silicon substrate. While the highly crystalline Cg thin film is
attractive for use in organic electronic devices, the presence of an
underlying organic template might be undesirable for specific applica-
tions. We used a simple process of annealing to remove the organic
growth template. We studied the processes and structural changes of
the investigated thin films during the template removal employing in
situ real-time GIWAXS. When the sublimation temperature is reached
during the template removal, molecules of the template layer are
escaping through the Cyp thin film. Remarkably, after the evaporation
of the templating layer, the ordering of the Cq layer is restored to the
state before annealing. Template removal also does not affect the thin
film structure as unit cell parameters remain constant during the
whole process. The Cg thin film integrity without gaps or cracks is
further confirmed by AFM. The improved ordering of the Cq layer
proved to be beneficial for the OFET characteristics of the correspond-
ing films. Furthermore, the removal of the templating layer prevents
the OFETs from becoming ambipolar. Generally, transient templates
might be an important step for organic layers with respect to their use
in practical applications.
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FIG. 5. OFET characteristics for Cg (a) without templating (b) using o-6T growth template after template removal.
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See the supplementary material for GIWAXS patterns of all used
templating layers before and after the template removal, Cg, peak posi-
tion evolution evaluated from in situ GIWAXS measurements during
the template removal process, PSDF extracted from AFM images, and
OFET device preparation and geometry description.
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