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Real-time synchrotron x-ray scattering in the anti-Bragg configuration was used to monitor the dynamics of
pentacene film growth on inert substrates. A distributed-growth model, according to which pentacene mol-
ecules adsorbed on the nth layer can either nucleate and contribute to the growth of the �n+1�th layer or
transfer downward and contribute to the growth of the nth layer, gave a good description of the data. For
molecules adsorbed on the first and second layers, the probability of downward transfer was found to be
dependent on the substrate, and independent of temperature within the range from 25 to 60 °C. For films
grown on SiO2, an Ehrlich-Schwoebel barrier of the order of 70 meV dominated downward transfer of pen-
tacene molecules in layers away from the substrate. For films grown on an alkylated self-assembled monolayer,
significant desorption of pentacene molecules from the substrate at elevated temperatures forced the growth
mode toward the three-dimensional limit.
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I. INTRODUCTION

The electronics industry relies heavily on our ability to
deposit, in an extremely controlled way, thin films of inor-
ganic materials. Such films are used in every integrated cir-
cuit like conductor lines, diffusion barriers, semiconducting
channels, and gate insulators.1 The fine control over the
structure, morphology, and, ultimately, properties of these
films stems from a deep fundamental understanding of the
physics of inorganic thin film growth. Over the past two
decades, organic semiconductors have emerged as a techno-
logically important class of electronic materials.2 Contrary to
traditional inorganic electronic materials, organics are char-
acterized by complex, covalently bonded building blocks
�molecules� that are held together by weak van der Waals
interactions. One such example is pentacene, which has
emerged as a model organic semiconductor due to its poten-
tial for applications in organic thin film transistors.3,4 The
growth physics of these complex materials is largely unex-
plored, which is a major obstacle for the development of an
organic electronics technology.

A great deal of work has focused on understanding the
crystal structure of organic thin films.5 However, relatively
little attention has been devoted to film morphology. Of par-
ticular interest is the morphology of films grown on insulat-
ing substrates, as this configuration is used in organic thin
film transistors.3 Layer-by-layer or two-dimensional �2D�
growth, where the organic layer fully completes before the
next one nucleates and begins to grow, represents the desir-
able growth mode for electronic devices.6 The other extreme
is the island or 3D growth mode, where isolated islands that
offer no electrical connectivity nucleate and grow. Atomic
force microscopy �AFM� has emerged as the technique of
choice to characterize pentacene film morphology and infer
the growth mode.7 Ruiz et al.8 studied submonolayer nucle-
ation and growth and found that the initial growth regime on
SiO2 was 2D. In contrast, in films grown on polymethyl-
methacrylate �PMMA� at elevated temperatures, the nucle-
ation of the second layer before completion of the first layer

has been observed.9 In related work on pentacene, tetracene,
and perylene Verlaak et al.10 reported a transition from 2D to
3D growth that occurred on substrates treated with self-
assembled monolayers and at high substrate temperatures. It
was proposed that strong interlayer interactions and weak
molecule-substrate interactions favor 3D growth. Pratontep
et al.11 compared nucleation of pentacene on inorganic di-
electrics and PMMA and commented on activation energies
for surface diffusion and desorption.

Being able to control the morphology of an organic film
ultimately involves understanding its growth dynamics,
which describe the fate of a molecule as it undergoes a va-
riety of processes such as adsorption, desorption, diffusion,
nucleation, addition, and transfer between layers. Although
the dynamics of pentacene growth on conducting substrates
has received some attention,12 its growth dynamics on insu-
lating substrates remains virtually unexplored.13 Synchrotron
x-ray scattering is a real-time, noninvasive technique that is
compatible with insulating substrates and uniquely suited to
probe these processes and determine their relative impor-
tance. Mayer et al.13 and Krause et al.14 have recently dem-
onstrated the applicability of this technique to monitor the
evolution of organic thin film morphology.

In this paper, we report on real-time synchrotron x-ray
scattering in the anti-Bragg configuration that was used to
monitor the growth of pentacene thin films on inert sub-
strates. Growth was monitored for films deposited on silicon
oxide and hexadecyltrichlorosilane �HTS�, at 25 and 60 °C.
The experiments provide additional insights into the growth
of pentacene films: First, the downward transfer of pentacene
molecules adsorbed on the first two monolayers is dominated
by the substrate-pentacene interactions and does not depend
on temperature. Second, for films grown on silicon dioxide,
the downward transfer of pentacene molecules far from the
substrate is dominated by an Ehrlich-Schwoebel barrier of
the order of 70 meV. Third, for films grown on alkylated
substrates, significant desorption of pentacene molecules
from the substrate at elevated substrate temperatures drives
the film growth mode toward the 3D limit.
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II. EXPERIMENT

The pentacene deposition took place in a custom-built
chamber �described previously13,15�, which was mounted at
the A2 station of Cornell High Energy Synchrotron Source
�CHESS� using 9.861 keV x rays to monitor in situ growth
through Be windows. Up to seven monolayers �ML� of pen-
tacene were deposited at a rate of 0.25 ML/min. The depo-
sition was monitored by a quartz-crystal microbalance �pas-
sivated with pentacene� that was calibrated using AFM
measurements in sub-ML thick films grown on room-
temperature SiO2. Therefore, the desorption rates discussed
below should be taken as relative to growth on room-
temperature SiO2. The pressure during the deposition was of
the order of 10−6 torr. A scintillator counter was used for
measuring the scattered x-ray intensity. After deposition,
AFM was conducted ex situ in tapping mode using a DI 3100
Dimension microscope. For the SiO2 substrates, a 300 nm
wet oxide was grown at the Cornell Nanofabrication Facility.
These substrates were cleaned prior to pentacene deposition
in an ultrasonic bath with deionized water and soap, dried
with filtered nitrogen, and treated with uv and ozone for
10 min. For the HTS substrates, the silicon wafers with na-
tive oxide were first cleaned with a piranha etch �a H2SO4
and H2O2 mixture�. The deposition of the HTS was subse-
quently carried out in the manner described by Vuillaume et
al.16 The HTS-coated samples were then placed in the
vacuum chamber for pentacene deposition without further
cleaning.

III. RESULTS

A. Film morphology dependence on growth conditions

Figure 1 shows AFM micrographs of the films grown for

this study. The images show the characteristic pyramid-
shaped grains of pentacene, with monolayer-high steps.7

X-ray diffraction data �not shown� verified that these films
consist of the “thin film” phase only, with a spacing of d
�15.4 Å.7,17 In agreement with previous studies,7 and as ex-
pected for homogeneous nucleation, the apparent grain size
of the pentacene films increases with substrate temperature.
Also, at a given temperature, films grown on SiO2 show
larger grains than films grown on HTS. This has been ob-
served before and was attributed to different wetting proper-
ties of the pentacene layers on self-assembled
monolayers.10,18,19

B. Anti-Bragg x-ray scattering

The x-ray scattering data were analyzed according to the
kinematic approximation.20 The scattered x-ray intensity for
reflections normal to the surface for pentacene on an inert
substrate can be described as

I��total� = �rsube
−i� + rpent�

n

�ne−iqdn�2
�1�

where rsub is the reflection amplitude of the substrate, rpent is
the reflection amplitude from a layer of the film, �n is the
coverage of the nth layer of the film, �total is the total cov-
erage, q is the momentum transfer, d is the layer spacing of
the pentacene film, and � is the phase difference between the
waves reflected from the substrate and from the first layer of
the film. In the “anti-Bragg” configuration, q is chosen such
that qd=�, and the scattered intensity is measured along the
�001

2
� reflection. The scattered intensities from two adjacent

layers, therefore, interact destructively with each other, and
this destructive interference leads to an increased surface
sensitivity that represents itself through oscillations in the
intensity as material is deposited on the substrate and the
individual layers nucleate and evolve.

The anti-Bragg oscillations for the four films are dis-
played in Fig. 2, where the scattered intensity is plotted as a
function of the nominal film thickness �obtained from the
quartz microbalance�. Several oscillations are observed for
the films grown on SiO2, indicating that the early stages
grow in a layer-by-layer fashion. Particularly telling is the
presence of a cusp at a thickness of precisely one monolayer,
which indicates that the first layer completes before the sec-
ond layer nucleates, a fact that has been confirmed by AFM
measurements.8,21 On the other hand, growth on HTS is char-
acterized by a suppression of the anti-Bragg oscillations, in-
dicating a departure from layer-by-layer growth. The lack of
a sharp cusp at one monolayer indicates that the second layer
nucleates well before the first layer is completed.

C. Distributed growth model

Further insight into the data was obtained by a quantita-
tive analysis of the anti-Bragg oscillations. The solid lines in
Fig. 2 are fits to Eq. �1� using a distributed model first pro-
posed by Cohen et al.22 and has been successfully used to
interpret the growth of a variety of materials including Ag
�Ref. 23� and GaN.24 This model, which provides a simple

FIG. 1. AFM micrographs of �7 ML thick pentacene films
grown on �a� SiO2 held at 25 °C, �b� HTS held at 25 °C, �c� SiO2

held at 60 °C, and �d� HTS held at 60 °C.
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yet powerful way to analyze growth dynamics, was recently
also applied with success to the growth of pentacene on sili-
con oxide at room temperature.13 Accordingly, the coverage
of the nth layer is given by

d�n

dt
= ���n−1 − �n��� − �n

des� − ��n−1��n−1 − �n�

+ ��n��n − �n+1�� �2�

where v is the deposition rate, vn
des is the rate of desorption

from the nth layer, and �n measures the rate at which mol-
ecules transfer from the �n+1�th to the nth layer. The desorp-
tion of molecules that land on a pentacene layer is neglected
�vn

des=0 for n�1�, an assumption that is discussed below.
Also, the desorption of molecules that have been captured by
an island is neglected, an assumption that is validated by the
observation that the morphology of pentacene films does not
evolve upon heating to 60 °C and that the scattered intensity
is constant if the deposition is stopped at any point in the
growth �not shown�. The parameters �n can be expressed in
terms of the island perimeter dn of the nth layer as22

�n = An
dn

dn + dn+1
�3�

where An accounts for the probability of a molecule sitting
on the perimeter of the �n+1�th layer to transfer downward
and join the nth layer. The island perimeter of a layer is a
function of the layer coverage �see Ref. 13 for methodology
of data analysis�, while An is a function of the Ehrlich-
Schwoebel barrier.25,26 The set of An’s determines the growth
mode and the limits of layer-by-layer and island growth are
reached for An=1 and 0, respectively.22

IV. DISCUSSION

The growth dynamics of pentacene films can be under-
stood using different probabilities for the first �A1�, the sec-
ond �A2�, and subsequent �Apent for n	3� pentacene layers.
Such thickness-dependent probabilities account for the dif-
ference between substrate-pentacene and pentacene-
pentacene interactions in the direction normal to the surface,
and are determined empirically in heteroepitaxial
systems.14,23 Taking A2�A1 can be justified by the fact that
the nucleation density for the first layer is not necessarily the

same as for subsequent layers;8 therefore, molecules joining
the second layer see a different “substrate” from the ones
joining layers number 3 and higher. The use of three inde-
pendent probabilities �as opposed to a different one for each
layer� allows a good fit to all the data, as seen in Fig. 2, while
maintaining a minimal set of growth parameters.

The values of An according to a fit of Eqs. �1�–�3� to the
data of Fig. 2, shown on Table I, seems to justify the choice
of three independent parameters. For room-temperature
growth, the probabilities to transfer downward and join the
first and the second layers, A1 and A2, respectively, are sub-
strate dependent, while Apent is a characteristic of pentacene
and does not depend on the substrate. For growth on SiO2,
A1=A2=1.0, indicating that the early stages of growth take
place in a layer-by-layer mode, as reported earlier.7,13 An
Apent=0.6 indicates that the growth deviates from this limit
as the film grows thicker.27 For growth on HTS, A1=0.9 and
A2=0.7, indicating that the deviation from layer-by-layer
growth sets in at earlier stages. The data also show A1 and A2
to be independent of temperature within the error of the mea-
surement for the temperature range investigated here �see
Table I�. This suggests that the interaction between pentacene
and the substrate dominates the mechanism of growth of the
first two layers.

The parameter Apent measures the probability of a mol-
ecule landing on a pentacene layer �n	3� transferring down
to the next pentacene layer. For growth on SiO2, Apent in-
creases from 0.6 to 0.8 when the substrate temperature in-
creases from 25 to 60 °C. Assuming that the rate-limiting
step is thermal activation over the Ehrlich-Schwoebel
barrier25,26 �Apent�exp�−EES /kT��, a barrier of EES

�70 meV is obtained. This value is a fraction of the energies

FIG. 2. Real-time anti-Bragg
oscillations of the films shown in
Fig. 1 plotted against the nominal
thickness extracted from the
quartz crystal microbalance. The
solid curves are the results of fits
to the distributed-growth model.
The dashed lines and the arrows in
�d� draw attention to the influence
of desorption.

TABLE I. Probabilities for pentacene molecules to transfer
downward and join the layer below for films grown on SiO2 and
HTS at two different temperatures. The error was estimated by fit-
ting data from different runs.

T �°C� Substrate A1 A2 Apent

25 SiO2 1.0±0.01 1.0±0.05 0.6±0.1

25 HTS 0.9±0.05 0.7±0.05 0.6±0.1

60 SiO2 1.0±0.01 1.0±0.05 0.8±0.1

60 HTS 0.9±0.05 0.7±0.05 0.4±0.1
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for intralayer �of the order of 400 meV�, and interlayer �of
the order of 150 meV� interactions in pentacene.10 This is
consistent with metals, where barriers of the order of 0.2 eV
occur for bond strengths of the order of 3–4 eV.23

On the other hand, the temperature dependence of Apent
for films grown on HTS is anomalous, as Apent decreases
from 0.6 to 0.4 when the substrate temperature increases
from 25 to 60 °C. This behavior of Apent is the result of a
transition to 3D growth and the formation of steps that are
more than one monolayer high. Such multimolecular steps
arise when the step flow of layers closer to the substrate is
slowed down, allowing subsequent layers to catch up.6 As
Eq. �2� does not implicitly take into account transfer between
steps that are more than one molecule high, this transition to
3D growth manifests itself by a decrease in Apent. Such mul-
timolecular steps can be directly observed by AFM. Figure
3�a� shows a close-up of the film grown on HTS at 60 °C.
Deep crevices that go all the way to the substrate are visible,
accompanied by step edges that are at least five monolayers
high, as seen in the line scan �Fig. 3�b��.

According to the above, the mechanism responsible for
this transition to 3D growth is desorption of pentacene mol-
ecules from the substrate, which slows down the flow of the

first step, allowing the second step to catch up. Since the
two-monolayer step that is formed propagates at a consider-
ably slower speed than a single-monolayer step,6 it becomes
easier for the third step to catch up, and growth is driven
toward the 3D limit. This mechanism is accentuated by the
fact that A1
1 for HTS, which reduces the supply of mol-
ecules joining the first layer from above. The role of desorp-
tion as a factor inducing a transition to 3D growth has not
been discussed before to our knowledge. Krause et al.14 ex-
plored the temperature dependence of a 2D-3D transition in
3,4,9,10-perylene-tetracarboxylic-dianhydride �PTCDA� on
Ag �111�. The strong binding energy between PTCDA and
the metal substrate renders desorption negligible in this sys-
tem. Verlaak et al.10 found that the transition to 3D growth of
pentacene on alkylated self-assembled monolayers �SAMs�
occurred at a lower temperature than on SiO2. This was dis-
cussed in terms of the relevant interaction energies �stronger
interaction between pentacene and SiO2 than between penta-
cene and alkylated SAMs�, without explicitly including the
effects of desorption.

The literature is not clear on the relative magnitude of
desorption from SiO2 and from organic substrates. Most
studies have assumed negligible desorption of pentacene
from SiO2 at room temperature.7 Estimates indicate a stron-
ger interaction between pentacene and SiO2 than pentacene
and some alkylated SAMs �Ref. 10� or PMMA,11 in agree-
ment with our findings here. However, this is at odds with
recent work by Pratontep et al.,11 who measured significant
desorption from SiO2 at room temperature. This discrepancy
could be attributed to different surface treatment of the ox-
ide. Direct evidence that desorption is more facile from HTS
than from uv-ozone-cleaned SiO2 is directly seen in the anti-
Bragg data of Fig. 2. In the absence of desorption, Eq. �1�
predicts a peak in the x-ray scattering at precisely 1 ML. This
is the case in Figs. 2�a�–2�c�, for growth on SiO2 at 25 and
60 °C, and on HTS at 25 °C. Therefore, there is no substan-
tial difference in pentacene desorption under these condi-
tions. Moreover, the second peak in Figs. 2�a� and 2�c�,
which corresponds to the formation of a nearly complete
second monolayer of pentacene, occurs at a nominal thick-
ness of 2 ML. Since desorption of pentacene molecules from
a pentacene underlayer is negligible, desorption from the
substrate must be negligible under these conditions. This al-
lowed us to set v1

des=0 in Eq. �2� for the data of Figs.
2�a�–2�c�. However, the data for the films grown on HTS at
60 °C �Fig. 2�d��, show a peak that occurs past 1 ML, indi-
cating that significant desorption from the substrate takes
place under these conditions. A fit of Eqs. �1�–�3� to the data
was only possible when v1

des was set as a fit parameter and
was found to be equal to 0.02 ML/min.

V. CONCLUSIONS

In conclusion, real-time synchrotron x-ray scattering in
the anti-Bragg configuration was used to monitor the growth
of pentacene thin films on inert substrates. A distributed-
growth model, according to which pentacene molecules ad-
sorbed on the nth layer can either nucleate and contribute to
the growth of the �n+1�th layer or transfer downward and

FIG. 3. �a� Close-up of the film grown on HTS at 60 °C
�Fig. 1�d��, and �b� cross section �along the line in �a�� showing step
heights of several monolayers.
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contribute to the growth of the nth layer, gave a good de-
scription of the data and provided significant insights into the
growth of pentacene films. First, for molecules adsorbed on
the first and second layers, the probability of downward
transfer was found to be dependent on the substrate, and
independent of temperature within the range from
25 to 60 °C. Second, for films grown on SiO2, an Ehrlich-
Schwoebel barrier of the order of 70 meV dominated down-
ward transfer of pentacene molecules in layers away from
the substrate. Third, for films grown on an alkylated self-
assembled monolayer, significant desorption of pentacene
molecules from the substrate forced the growth mode toward
the 3D limit at elevated temperatures.
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