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Abstract

We use energy-dispersive X-ray reflectivity and grazing incidence diffraction (GID) to follow the growth of the crystalline organic
semiconductor pentacene on silicon oxide in-situ and in real-time. The technique allows for monitoring Bragg reflections and measuring X-ray
growth oscillations with a time resolution of 1 min in a wide g-range in reciprocal space extending over 0.25-0.80 A™', i.e. sampling a large
number of Fourier components simultaneously. A quantitative analysis of growth oscillations at several g-points yields the evolution of the surface
roughness, showing a marked transition from layer-by-layer growth to strong roughening after four monolayers of pentacene have been deposited.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

A detailed understanding of organic molecular beam
deposition is of great interest in technical applications as well
as in growth theory as an important branch of statistical physics
[1]. There have been strong efforts to develop a theoretical
description of growth phenomena, in particular using scaling
laws relating the surface roughness to lateral and vertical length
scales (film thickness) [2,3]. The growth of organic systems
such as pentacene exhibits important qualitative differences,
which are not included in the established approaches. One of the
most important differences is related to the orientational degrees
of freedom, which imply that the problem is generally
anisotropic, and that not only the positional adsorption state
of a molecule, but also its orientation must be considered [4—7].

Experimentally, real-time monitoring tools allow for follow-
ing growth kinetics, including the structural evolution and
transient phenomena during growth [8]. For in-situ and real-

* Corresponding author. Universitit Tiibingen, Institut fiir Angewandte Physik,
72076 Tibingen, Germany. Tel.: +49 7071 2976389; fax: +49 7071 29 5110.
E-mail address: Stefan.Kowarik@uni-tuebingen.de (S. Kowarik).

0040-6090/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.ts£.2006.12.020

time studies various non-invasive scattering techniques have
been employed including RHEED [9], He-scattering [10], and
X-ray scattering [8,11,12], but also optical techniques such as
reflection anisotropy spectroscopy [13].

In this work we use energy-dispersive X-ray reflectivity and
grazing incidence diffraction (GID), which has the advantage of
high spatial resolution and can be analysed in most cases by a
simple single scattering (kinematic) theory. While X-ray growth
oscillations at one point in reciprocal space have been routinely
monitored in growth studies [11,12,14—16], the energy-
dispersive technique offers the advantage of simultaneously
measuring a wide g-range, i.e. a large number of Fourier
components are sampled. This allows for a more reliable and
detailed analysis of structural and morphological changes
during growth.

Here we follow the growth of the organic semiconductor
pentacene, a model system for organic molecular beam
deposition and also a promising material for organic field effect
transistors [17]. We determine the out-of-plane structure of
pentacene in real-time during growth, demonstrating the
potential of the technique. We present a quantitative analysis
of real-time growth oscillations not only at the anti-Bragg point,


mailto:Stefan.Kowarik@uni-tuebingen.de
http://dx.doi.org/10.1016/j.tsf.2006.12.020

S. Kowarik et al. / Thin Solid Films 515 (2007) 5606-5610 5607

but in a wide g-range, which provides information about the
dynamic evolution of the surface roughness with good
resolution. We demonstrate that pentacene growth exhibits a
marked transition from layer-by-layer growth to strong
roughening after a thickness of about four pentacene (mono-)
layers.

2. Experimental

The real-time reflectometry during pentacene deposition has
been performed at the BESSY II synchrotron source (EDR-
beamline) using an energy-dispersive reflectivity setup [18]. As
compared to a fixed-energy angular-dispersive reflectometer the
energy-dispersive technique works at a fixed angle, so that the
sample/UHV chamber does not have to be scanned in angle
during deposition, simplifying the setup. The energy-dispersive
technique allows acquiring growth oscillations not only at a
single point in g-space, but in a wide g-range simultaneously.
The energy-dispersive beamline uses a white incident X-ray
beam from a bending magnet with a usable energy range of 6—
18 keV. Different energies which correspond to different
momentum transfers ¢ are separated in an energy-dispersive
Roentec detector with a resolution of AE/E<2-10"2. This
translates into an out-of-plane resolution of 0.01 A~ " and an in-
plane resolution in grazing incidence diffraction of 0.05 A™!
under the experimental conditions employed in this study.

The time resolution for acquisition of an out-of-plane g-
range between 0.25 and 0.8 A as used in this study are ~ 60 s
to obtain sufficient counting statistics. This experimental time
resolution is suited to study intrinsically slow growth processes,
for the present study the acquisition time corresponds to 1/8 of
the period of anti-Bragg oscillations. The time resolution is
limited not by the flux at the beamline, but by the maximum
count rate of the detector. The growth of pentacene (C,H4,
purchased from Fluka, see Fig. 1, inset) thin films was
performed by molecular beam deposition in a portable UHV
chamber similar to the one described in Ref. [19] at a base
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Fig. 1. Energy-dispersive grazing incidence diffraction (angle of incidence
2;=0.08°) for a pentacene film of 14 monolayer thickness. In-plane reflections
of pentacene are indexed following Ref. [20].
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Fig. 2. Evolution of the specular X-ray reflectivity during pentacene growth on
oxidized silicon wafers, showing the growth of the first and second order Bragg
reflection, as well as narrowing of Laue-oscillations with increasing film
thickness (time).

pressure of ~1-10~° mbar. The UHV chamber can be mounted
onto an X-ray diffractometer and is equipped with an
effusion cell, a thickness monitor, and a Be-window transparent
for X-rays, so that in-situ and real-time experiments are
possible. Growth was performed on a silicon wafer with native
oxide layer at a temperature of 50 °C with a rate of ~3.5 A/min,
that is ~0.2 monolayers/min. All measurements (real-time and
post growth experiments) have been performed in-situ, i.e.
without breaking the vacuum.

3. Results

Using energy-dispersive grazing incidence diffraction (GID)
the in-plane structure (parallel to the substrate) of pentacene
films was determined after growth, while the out-of-plane
structure (perpendicular to the substrate) was probed by
specular X-ray reflectivity in real-time during growth.

Fig. 1 shows the in-plane Bragg reflections measured in
GID. In the GID data fluorescence lines of iron and copper are
also present, but they can be clearly distinguished from Bragg
reflections, as they are at fixed energies and do not show any
angular dependency when moving the detector. The peak
positions in Fig. 1 are consistent with a rectangular unit cell with
a herringbone packing motive of pentacene [20]. We extract
values of the in-plane unit cell of a=7.6+0.2 A and h=5.9+
0.2 A, showing that the thin film phase and not the bulk phase
(bulk phase: a=7.90 A, b=6.06 A [20]) grows for the substrate
temperature and growth rates used [21].

To follow the evolution of the out-of-plane structure
(perpendicular to the substrate) the specular reflectivity was
acquired in a range comprising the first and second order Bragg
reflections of pentacene as shown in Fig. 2. From the positions
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of the Bragg reflections the lattice spacing of the pentacene
crystal can be extracted to be 15.4+0.1 A, confirming that the
thin film phase grows. During growth the real-time data-set of
Fig. 2 reveals an increasing intensity, narrowing, and shifting of
the Bragg reflection. While a decrease in the out-of-plane lattice
constant (e.g. by standing upright molecules tilting down in
higher layers) has been reported in Ref. [22] the shifting of the
maximum of the diffraction feature from ~0.340 A™' to
0.409 A™' with increasing film thickness (Fig. 2) does not
directly correspond to a similarly substantial change in the
lattice constant. Instead, as simulations show [23] interference
between substrate and film scattering leads to a change in the
shape of the Bragg reflection and thereby a shift of the
maximum. Explaining the shift solely by a changing lattice
constant an unrealistically large value of more than 18 A (larger
than the ~16.5 A of the long axis of the pentacene molecule)
would have to be assumed for the first monolayers, showing
that the major contribution to the shift is due to substrate
interference.

From the narrowing of the Bragg reflections and Laue-
fringes information about the coherent film thickness, which in
this case is equal to the total film thickness, can be extracted.
While the data of Fig. 2 can be analysed at fixed times during
growth for example by the Parratt formalism, here we focus on
the quantitative analysis of growth oscillations, i.e. cuts through
Fig. 2 at fixed values of ¢ as a function of time.

On a qualitative level information can be extracted directly
from the growth oscillations, such as from the 3/2-anti-Bragg
oscillations (see Fig. 3). From the period of two monolayers per
oscillation the number of layers deposited can be extracted,
while from the damping of the oscillation envelope a deviation
from layer-by-layer growth after four monolayers can be
inferred. Within the time resolution of 1/8 of the oscillation
period (i.e. 1/4 of a monolayer) there is no delay in the
oscillations after opening the effusion cell shutter, and the
oscillation period does not change, showing that the standing up
phase nucleates immediately and also no significant variations
in the sticking coefficient occur during deposition, in contrast to
pentacene on silicon (without oxide) [24].

For a more quantitative analysis of the real-time growth
oscillation we employed kinematical (i.e. single scattering)
scattering theory [25] to describe growth oscillations at several
g-values as shown in Fig. 3 for 2/3, 3/4, 4/5, 5/6, and 3/2 qpyage.
In kinematic approximation, the total reflected intensity can be
calculated by adding (complex) scattering amplitudes for the
substrate and every layer of the pentacene film with the correct
phase:

Ireﬂected(t) = |f;ubstrate (61) 'ei‘tb(q) +f(q) Z 0,,(1‘) .ei-n-q-d|2_ (1)

Jfeubstrate(q), f(q) substrate form factor and atomic/molecular
form factor in the film;
®(q)  phase between substrate and molecular scattering;
n layer number;
0, fractional coverage of the nmth-layer (0 — zero
coverage, | — filled layer);

q X-ray wavevector transfer upon reflection;
d lattice spacing of the crystalline thin film;

Eq. (1) determines the shape and period of growth oscillations,
for example for the anti-Bragg condition ¢=1/2"qpuge=7/d
the phase factor in the sum varies between +1 and —1 so that
consecutive layers interfere destructively — even monolayers
(second, fourth, .. layer) exactly cancel the scattering contribution
of odd monolayers (first, third, .. layer).

In contrast to studies where anti-Bragg oscillations were used
to determine the growth kinetics [12,26], energy-dispersive
reflectometry allows to measure simultaneously growth oscilla-
tions at several g-values allowing for a determination of the
layer coverages 60,(f) beyond the point where anti-Bragg
oscillations are damped out. According to Eq. (1) also for ¢-
values other than the anti-Bragg condition there are growth
oscillations with increasing period (three monolayer period for
q=2/3 - qprage, four monolayers for ¢=3/4 " qprags ... [27]) and,
importantly, these growth oscillations contain additional
information. While the anti-Bragg oscillations project the 6,,(¢)
onto a ‘two level system’ of odd and even monolayers, 2/3-
Bragg oscillations project on a ‘three level system’ and therefore
remove ambiguities between layer coverages such as 6,-(?)
and 6,,_5(7). For a fit of the growth oscillations in Fig. 3 the
unknown parameters fqupsiate(q), /(q), and @(q) were calculated
from experimental values. Inverting Eq. (1) the three unknown
parameters can be obtained from the experimental values for
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Fig. 3. Growth oscillations for the 2/3-, 3/4- ...Bragg condition acquired

simultaneously during film growth of pentacene. The solid line is a fit to the data
using a diffusive rate equation model (see text).
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Fig. 4. a) Roughness evolution and layer coverages resulting from a fit to the growth oscillations in Fig. 3. After growth of four monolayers of pentacene the interface
width (surface roughness) increases significantly. b) Schematic depicting the transition from layer-by-layer growth to roughening after four monolayers, during growth

of the pentacene thin film phase [21].

bare substrate reflectivity, saturation value of the reflectivity,
and the reflectivity of one closed monolayer (using the
assumption that pentacene starts to grow in a layer-by-layer
fashion in the first layer [12]). Finally the time dependence of
the 0,,(f) was modeled with a diffusive rate equation model after
reference [28]. The rate constants for interlayer transport
entering this model were allowed to decrease for thick films
to incorporate effects of an increasing Schwoebel barrier, faster
nucleation and/or decreased diffusivity for upper layers.

A simultaneous fit of this model to the experimental growth
oscillations [29] is shown in Fig. 3, reproducing the main
experimental features like oscillation period and damping of the
oscillations. Importantly, the damping for oscillations close to
the Bragg condition is weaker than the damping for the anti-
Bragg condition, so that the growth dynamics can be followed
for longer time than by only observing oscillations at the anti-
Bragg condition.

The 0,(f) and interface width resulting from the model are
shown in Fig. 4. The interface width is a measure for the film
roughness and is defined as the standard deviation of the surface
from the average film thickness. As can be seen from the
interface width and layer coverages 6(f) in Fig. 4, the pentacene
growth exhibits strong roughening after about four monolayers
so that the growth oscillations get damped out quickly. While
roughness oscillations can be seen for the first four monolayers
as expected for layer-by-layer growth there is a marked
transition to a rough morphology after four monolayers.
While the exact nature of this transition is unknown, the
model results indicate a significant drop in interlayer transport.

Several factors may contribute to this decreased transport such
as faster nucleation and decreased diffusivity, but also an
increased Schwoebel barrier may contribute to the roughening.

4. Conclusions

In conclusion we have shown that real-time X-ray
reflectivity measurements performed with an energy-dispersive
setup are a powerful tool for the characterisation of structure as
well as growth dynamics of thin films. Real-time measurements
in a wide g-range with a time resolution of 1 min allow for
monitoring Bragg reflections and growth oscillations simulta-
neously. A quantitative analysis of growth oscillations at several
g-points gives the evolution of the surface roughness, showing a
transition from layer-by-layer growth to roughening after four
monolayers of pentacene have been deposited.
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