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Here we present a helium atom diffraction study of pentacene films on Au(11 1) surface prepared by
supersonic molecular beam deposition. Though investigated parameter space was limited no significant
difference between the films prepared by different deposition energies was observed. Completion of
monolayer coverage was confirmed by simultaneous helium scattering and quartz crystal resonance
frequency shift measurements during pentacene film growth on the gold electrode of a quartz resonator.
Monolayer films were found to adopt a (6 x 3) unit cell which was also observed for pentacene monolayers
on Ag(111). However no ordered multilayer film structure could be observed which is in contrast with
the previous Ag(11 1) studies.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Organic electronics is continuing to attract very intense research
efforts thanks to new type of organic materials and technologies
that help utilizing the potential advantages of these systems such
as reduced cost, flexibility and controlled functionalization [1-4].
Pentacene, which is one of the most promising small molecule
organic semiconductors, is also enjoying attention due to its use
in field effect transistors [1,2,5]. Though many basic properties and
limits of pentacene and devices that employ pentacene have been
well established, there are still issues open to development and fur-
ther investigation. One such aspect of pentacene TFTs is the charge
injection from/to the metal electrodes to/from the organic semi-
conductor over the interface between the SiO, channel region and
the metal electrode. Since the performance of a TFT depends on,
among the other factors, the efficiency of charge injection, under-
standing and controlling structural and electronic properties of
pentacene films on metal surfaces, such as gold, that constitute
electrode material in TFTs is a very important subject both for
device fabrication and fundamental science.

Pentacene films on metal surfaces like gold, silver and copper
have been studied in detail [6-27] and it has been shown that they
form a first layer with lying down molecules [6-8,10,11,23,27,28].
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The second and higher layers were shown to adopt bulk like
structures [10,11,20,27,28]. On Au(1 1 1), pentacene was shown to
form several different unit cell structures as a function of cover-
age by means of scanning tunneling microscopy [6,7,11]. However
structure of pentacene films on Au(111) have not been stud-
ied by diffraction techniques. In the past we studied pentacene
films grown by supersonic molecular beam deposition (SMBD) on
Ag(111) surfaces and showed that increasing the energy of the
deposited molecules increases the quality of the films [10,27,29].
By using helium atom diffraction for characterizing the films and
deducing the film coverage from the specular reflection intensity
level we were able to show that the first pentacene monolayer
(ML) on Ag(111) was made up of a (6 x 3) unit cell with lying
down molecules. In addition we were able to grow ordered pen-
tacene overlayers for high energy pentacene molecules at 200K
substrate temperature. At higher or lower substrate temperatures
we observed deterioration in the multilayer film quality. In order to
contribute to the understanding of crystal structure of pentacene
films on Au(111) surfaces here we extended our helium atom
diffraction measurements to Au(1 1 1) surfaces. In addition, to cor-
relate helium specular reflection intensity level to film coverage,
here we grew pentacene films on the gold electrode surface of a
quartz crystal oscillator which enabled us to monitor film coverage
by helium scattering and resonance frequency shift measurements
simultaneously. For the first ML we observed a (6 x 3) diffraction
pattern which did not change significantly with deposition energy.
However no ordered multilayer film structure could be observed
which is in contrast with our previous Ag(11 1) studies.
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Fig. 1. Schematic of the experimental system (a), diffraction chamber (b), quartz crystal resonator mounting (c) and the supersonic molecular beam source (d).

2. Experimental methods

Pentacene films were grown by using a supersonic molecular
beam deposition (SMBD) source which is shown schematically in
Fig. 1 and which was detailed before [10,27]. Basically, in SMBD,
the organic material is mixed in a carrier gas and the mixture is
expanded into vacuum through a micro nozzle. The resulting super-
sonic beam of the organic material is then sent to the substrate
surface for coating. During the studies that will be discussed here
200K substrate temperature was used since in our past studies on
pentacene on Ag(11 1) we found the optimum substrate tempera-
ture for an ordered multilayer film growth to be 200 K as mentioned
in the introduction above. Under the standard SMBD source work-
ing conditions pentacene kinetic energies were determined before
by time of flight measurements as 2.2 eV for helium carrier gas. [27]
Though we do not have a conventional thermal evaporator (i.e.,
organic molecular beam deposition source) in our system, to simu-
late the low energies relevant in conventional thermal evaporation
we used krypton carrier gas in our SMBD source which results in a
pentacene kinetic energy of 0.2 eV (which is still somewhat larger
than the energies relevant in conventional thermal evaporation
sources). [27]

The grown films were monitored in real time by using a low
energy atom diffraction (LEAD) setup which is attached to the
SMBD source as shown in Fig. 1. The details of LEAD setup was also
discussed before and here only basics will be explained [10]. For
LEAD measurements a mono-energetic helium beam (14 meV with
velocity dispersion of 2%) was scattered form the sample surface
and the angular variation of the scattering intensity was measured
by using a liquid helium cooled bolometer detector. Due to reduced
sensitivity of the detector and the increased inelastic scattering
with increasing temperature, diffraction data was recorded at
60-80K surface temperature. However specular reflection inten-
sity (SRI) can be measured up to 600K surface temperature.
The angular data were converted to momentum space by using

the equation AK//{{= ki(sinf;—sin6;) where AK), is the parallel
momentum transfer, and 6; and ¢ are the incident angle and the
detector angular position, respectively. For the measurements
reported here 6; was ~57° and 6; was scanned from —15° to 75°.
Our apparatus has a resolution function which depends on both
0; and 6 and the corresponding instrument limited diffraction
peak widths vary from 2° (at 6y=—-15°) to 0.8° (at 6y=75°). The
finite domain size of the diffracting film increases the peak widths
further and in turn, for instance, a 50 A domain produces a diffrac-
tion peak of width 2.3° (corresponding to 0.2 A~1 reciprocal space
width) at 6y=0° (corresponding to AK;; =—-4.2 A-1)[30].

A unique future of our setup is that as the sample surface (sub-
strate), metal electrode surface of a quartz crystal oscillator can be
used [31]. Hence LEAD and quartz crystal resonance frequency shift
(QRFS) measurements can be performed simultaneously while the
film is grown by SMBD. For QRFS measurements a 6 MHZ, polished
AT cut crystal with 0.28 mm thickness provided by International
Crystal Manufacturing (ICM) was installed in the LEAD setup sam-
ple holder as depicted in Fig. 1. Gold electrode films on the quartz
oscillator were grown by thermal evaporation and had a SRI of as
high as 10% of the incident helium beam intensity, after sputter-
anneal cleaning. The quartz oscillator was driven and the resonance
frequency shift was measured using a frequency modulation tech-
nique which was described before [31,32]. According to Sauerbrey
equation [33] the shift in the resonance frequency of a quartz oscil-

lator, Af, can be given as Af = — 2,{2225 &, where fres is the resonance
frequency, Z; is the acoustic impedance of the quartz crystal, m is
the mass of the adsorbed material, A is the area of the electrodes
and n is the overtone number (which is 1 here since first overtone
was used).

When QRFS measurements were not required the film growth
was performed on a single crystal gold surface to increase the
helium scattering intensity. For such measurementsaAu(11 1) sur-
face with an orientation accuracy of <0.1° (purchased from Mateck
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Fig. 2. (a) Helium SRI (black trace) and QRFS (red trace) as a function of pentacene
deposition time on the gold electrode surface of a quartz oscillator. Deposition was
performed with helium carrier gas. (b) Normalized helium SRI as a function of cover-
age for pentacene deposition on single crystal Au(1 1 1) surface with different carrier
gasses. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article).

GmbH) was used. Before each experiment, the surface was treated
with several sputter-anneal cycles and the cleanliness was con-
firmed by observation of the gold reconstruction diffraction peaks
and a SRI of no less than 25% of the incident beam.

3. Results and discussion

In Fig. 2a, SRI and QRFS data, recorded while pentacene is grown
by helium carrier, is shown. As can be seen, before deposition both
SRI and QFRS values are constant, whereas with the starting of
the deposition both start to decrease. Since SRI is very sensitive
to surface corrugation and the adsorbates have a very large cross
section for helium scattering, with increasing coverage there is a
very large decrease in the SRI signal. However once the mono-
layer start to complete, at about 150s, the cross sections of the
adsorbates (pentacene molecules) start to overlap and the scatter-
ing helium atoms feel a smother surface corrugation and the SRI
signal recovers partially. Once the second layer starts to form the
surface corrugation increases and the SRI starts to decrease again.
After 300 s of deposition however SRI reaches a stable value prob-
ably because the surface corrugation does not change considerably
with increasing coverage till deposition was stopped at about 600 s.
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When the QRFS data is examined it can be seen that at 150s the
shift is 3Hz (from 22.5Hz to 19.5Hz), at 300s 6 Hz and at the end
of the deposition 9 Hz. QRFS was continued to be monitored after
the end of the deposition and it was constant within the noise level
of our setup. To deduce a film thickness form the QRFS data the
density of the pentacene film should be known to be used in the
Sauerbrey equation. As will be discussed later, from the diffraction
data we found that pentacene has (6 x 3) unit cell on the Au(111)
surface which has mass density of 3.56 x 10~7 kg/mZ. Hence, a sin-
gle ML of pentacene can be calculated to cause a shift of —2.91 Hz
in the resonance frequency of the quartz oscillator which is very
close to what we observed in our measurements as discussed above.
Though using gold electrode surface of the quartz oscillator as the
substrate was necessary for correlating helium SRI to film cover-
age through QRFS data, due to poor quality of such gold surfaces
helium scattering intensity is not high enough for reliable scatter-
ing measurements. In addition since such gold surfaces are made
up off Au(111) terraces oriented randomly with respect to each
other, they are not appropriate substrates for determining the crys-
tal structure of overlaying films. Hence, we continued our studies
with single crystal Au(1 1 1) surfaces.

In Fig. 2b normalized helium SRI as a function of pentacene sur-
face coverage is shown for pentacene films grown by using helium
and krypton carrier gasses. The coverage values in this plot are cal-
culated by associating 1 ML coverage to SRI recovery maximum
point. As discussed above with increasing coverage SRI decreases
and with completion of the first ML a recovery peak is observed.
Following this peak SRI decreases again till a stable and low SRI
level is achieved due to formation of a highly corrugated surface
at high coverages (>2 ML). The SRI behavior is almost identical for
both helium and krypton gasses indicating a similar film forma-
tion mechanism unlike what we observed in the past for pentacene
growth on Ag(11 1) surfaces.

Diffraction scans recorded at 60-80K from the ML pentacene
films (pentacene films corresponding to coverage at recovery peak
maxima in Fig. 2b) are shown in Fig. 3. As can be seen there is no sig-
nificant difference between the films grown by helium or krypton
carrier gas. When the monolayer diffraction scans along different
crystallographic directions (Fig. 3b) are examined it can be seen
that pentacene ML follows the symmetry of underlying gold sur-
face (i.e., diffraction scans along 0° and 60° azimuthal directions
are identical). In addition diffraction peak positions are in agree-
ment with (6 x 3) unit cell which was observed before on Ag(111)
surface.

In Fig. 4a diffraction scan of a multilayer (MUL) film grown by
helium carrier gas is shown (since krypton data was similar to
helium data only diffraction scans of MUL films grown by helium
are shown in Fig. 4). No specular reflection or diffraction peaks
could be observed for MUL films either grown by helium or carrier
gas. This indicates that the MUL films are disordered regardless
of the type of the carrier gas. However when the MUL films are
annealed some ordering and desorption was observed depending
on the annealing temperature and MUL thickness. For instance,
when the MUL whose diffraction scan is shown in Fig. 4a (black
trace) is annealed to 400K a considerable increase in specular
reflection peak intensity was observed. However, there still were
no discernable diffraction peaks. After a consecutive 450 K anneal-
ing specular reflection intensity increased further and diffraction
peaks corresponding to (6 x 3) monolayer unit cell were observed.
Thisindicates that during 450 K annealing desorption of multilayers
takes place and some portion of the first monolayer becomes visible
to the scattering helium atoms. However, it can be concluded that
the desorption is not complete since, after the 450 K annealing, the
SRIintensity is not as high as that of the 1 ML films (shown in Fig. 3)
and the observed diffraction peaks are very broad. Desorption is
also evidenced by the behavior of SRI as a function of substrate tem-
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Fig. 3. (a) Helium diffraction scans along (11 -2) direction from pentacene MLs grown on Au(11 1) with different carrier gasses. Scans are recorded after deposition is
stopped and the substrate temperature was reduced to 80 K. (b) Diffraction scans along different crystallographic directions from the pentacene ML grown by helium carrier

gas. (11—-2) direction was assigned the azimuthal angle of 0° arbitrarily as a reference.

perature which is shown in Fig. 4b for a 6 ML thick multilayer film.
During heating of the MUL film the SRI decreases with increasing
temperature due to increased inelastic scattering and decreasing
detector sensitivity. However, between 380 Kand 400 K an increase
in the SRI could be observed which is due to desorption of the MULSs
that leave behind a smoother surface some of which is only covered
by a monolayer. After the completion of desorption at 400K, the
SRI decreases again with increasing temperature. When the film is
cooled the SRI intensity increases to a value much higher than its
pre-annealing level. However we should here note that this desorp-
tion was not always observable and depends on the thickness of the
multilayer film and how the annealing is performed (stepwise or
not). Nevertheless the observed desorption temperature isin agree-
ment with the previous studies on Ag(111) [10] and Au(111) [7]
and the standard sublimation enthalpy of pentacene [34].

In previous STM studies at complete monolayer cover-
age an incommensurate film with unit cell dimensions of
a=1.55+0.05nm, b=0.64 +0.05nm, and y=82.0 £ 2° and lateral
density of 1.02 x 10'* molecules/cm? was observed by Kang and
Zhu [11]. Similar structures were also observed by Parkinson and
co-workers (denoted as “type B” and “type C” in their work)
[6,7]. (6 x 3) unit cell found here, however, has a lower density
(7.71 x 10'3 molecules/cm?) then these films and in addition it is
commensurate with the underlying substrate, as discussed above.
The models proposed by Parkinson and the (6 x 3) model we pro-
posed before for Ag(111) are shown in Fig. 5. We should note

here that the expected diffraction peak positions of the unit cells
proposed by Parkinson coincide with those of (6 x 3) model and just
based on the helium diffraction it is very difficult to derive a defi-
nite conclusion regarding the true unit cell structure of pentacene
monolayer on Au(111). In addition, even if different monolayer
structures form, if their average domain size is not large enough,
diffraction from these structures would produce only very broad
peaks which could not be resolved in the diffraction pattern (see
the discussion in experimental part). Nevertheless the plausibility
of the (6 x 3) structure instead of the denser structures proposed by
the other groups based on STM results can be discussed as follows.
In the denser structures the pentacene molecules are very close
to each other sideways such that if the molecules are arranged
parallel (lying flat) to the surface (as shown in Fig. 5) then the
hydrogen atoms would overlap. Hence, for such dense structures
the molecules should be tilted to provide enough space between
the molecules. However, many theoretical calculations on pen-
tacene on Ag(111) and Au(111) suggest a flat lying molecules
in the first layer to be more stable than tilted ones [20,22,23,27].
In addition, flat orientation was also suggested by NEXAFS results
[9,13] and the (6 x 3) structure was observed by STM on Ag(111)
[18] before. Finally, it should also be noted here that, the dif-
ference of growth conditions employed in this study and in the
literature studies reported above may also have caused a dif-
ferent monolayer structure. As discussed above, here we used
SMBD and 200K substrate temperature, since in our past stud-
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Fig. 4. (a) Diffraction scans of a 8 ML thick pentacene multilayer, along (1 1 —2) direction, on Au(1 1 1) grown with helium carrier gas and evolution of the diffraction pattern
with annealing. (Due to very low scattering intensities of the multilayers caused by their poor quality, here data is presented after smoothing by adjacent point averaging
for better viewing in logarithmic scale). (b) Helium SRI signal as a function of substrate temperature during heating and cooling of a 6 ML thick multilayer film grown with

helium carrier gas.



58 E. Albayrak, M.F. Damisman / Applied Surface Science 295 (2014) 54-58

® 5 » » » .‘
..'Q‘.

‘v"o :!-t‘ Q :u..‘ '\ “

) ‘: ;' :.‘
)
» »

D 5 5 5 5 5 5 5 55 » » » »

Fig. 5. Unit cell models for pentacene monolayer proposed here (6 x 3) and by
Parkinson and co-workers “type B” and “type C”. The models are not meant to
depict the true adsorption site. In addition, in all the models pentacene molecules
are shown lying flat on the surface which may not be the actual orientation of the
molecules.

ies regarding pentacene on Ag(111) we observed 200K to be the
optimum substrate temperature for an ordered monolayer growth
and above or below this temperature no significant change in the
film structure was observed. However, in the works of Parkinson
and co-workers and Kang and Zhu regular thermal evaporation was
employed at 300K substrate temperature. In addition, Parkinson
and co-workers obtained their monolayer films by annealing higher
coverage films (multilayers) at 333 K.

4. Conclusions

Here, we have reported the first surface diffraction measure-
ments on pentacene thin films on Au(111). We have grown the
pentacene thin films using SMBD and we were able to correlate
helium SRI data to film thickness by simultaneously recording LEAD
and QRFS data during film growth. For monolayer films diffraction

patterns consistent with a (6 x 3) unit cell, which previously was
also reported for Ag(111), was observed. There were no signifi-
cant difference between the monolayers grown with helium and
krypton carrier gasses. No ordered multilayer structures could be
observed regardless of the type of the carrier gas. Desorption of the
multilayers took place starting at 385 K in agreement with previous
reports in the literature.
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