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We have examined the dynamics of adsorption of diindenoperylene �DIP� on SiO2 and SiO2

modified with an interfacial organic layer using in situ real time synchrotron x-ray scattering,
focusing on the effects of coverage. On both surfaces we observe a substantial increase in the
probability of adsorption with increasing coverage, which is most dramatic at the highest incident
kinetic energies. On the initially uncovered surfaces, we observe a smooth decrease in the
probability of adsorption with increasing incident kinetic energy, indicative of trapping-mediated
adsorption. Once both surfaces are covered by DIP, the effects of incident kinetic energy are greatly
reduced, and trapping is very efficient over the range of kinetic energies examined. Possible reasons
for efficient trapping at high coverage and at high incident kinetic energy include more efficient
momentum transfer due to mass matching, and possibly direct molecular insertion. Comparison to
results on another small-molecule, pentacene, suggests that this behavior should be common to
hyperthermal growth of a variety of other small-molecule thin films. © 2009 American Institute of
Physics. �DOI: 10.1063/1.3088835�

I. INTRODUCTION

Conjugated small molecules have garnered significant
attention in recent years owing to their ability to assemble
into highly ordered semiconductors with electronic transport
characteristics surpassing those of amorphous Si,1,2 currently
the material of choice for manufacturing thin film transistors
�TFTs�. The molecular packing structure, the efficiency of
�-�� coupling, the number of grain boundaries in polycrys-
talline organic semiconductor films, and interfacial trap
states essentially mediate charge transport in organic TFTs.3,4

The realization that the performance of these devices is inti-
mately linked to the molecular packing, microstructure, and
morphology of the organic semiconductor and to the surface
chemistry of the gate dielectric has led to studies of the
mechanisms of growth and ordering of conjugated small-
molecular building blocks on inorganic substrates.5–9 This
has also spurred efforts to influence the growth behavior by
modifying the substrate surface chemically10,11 or
physically.12

Typically, small-molecule thin films are deposited by
vacuum sublimation or evaporation processes. The simplicity
of these thermal processes makes them attractive, but they
lack versatility to tailor the growth of molecular films as
growth rate �GR� and substrate temperature are essentially
the only process parameters. Alternative methods are
available13–15 which offer additional process parameters to
possibly manipulate the growth behavior of thin films.

Among these, supersonic molecular beams stand out because
of their ability to tune the state of incident molecules in the
vapor phase, including their translational kinetic energy,16–22

angle of incidence,18 and their state of aggregation, e.g., via
formation of van der Waals clusters.23,24

The kinetic energy of the incident molecular flux is ex-
pected to affect most directly the probability of molecular
adsorption, i.e., the trapping probability, as this energy must
be dissipated in some way to bind the molecule to the sur-
face. The dynamics of adsorption of relatively simple mol-
ecules on typically inorganic substrates �e.g., transition met-
als� has been extensively studied.25 Study of more complex
molecules, and the examination of more complex surfaces
such as those provided by liquids26 and surfaces terminated
with self-assembled monolayers27 is much less wide spread.
Concerning organic thin film growth, increasing the incident
kinetic energy has been shown to decrease the trapping prob-
ability of pentacene on SiO2 substrates, while the depen-
dence on the angle of incidence follows neither normal nor
total energy scaling.18 The effect of incident kinetic energy in
the multilayer regime, particularly the evolution of surface
roughness of pentacene thin films, is currently a matter of
discussion, as we have not found any significant changes in
the growth mode with incident kinetic energy from in situ
real time synchrotron x-ray scattering and ex situ atomic
force microscopy �AFM�.22 Moreover, from molecular dy-
namics simulations28 and experiments29 by our group we find
that, at least for pentacene on SiO2 surfaces, there are impor-
tant contributions of events such as direct molecular inser-
tion of pentacene into previously existing pentacene layers at
sufficiently high incident kinetic energies, and these are
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manifest in an increase in the trapping probability with in-
creasing coverage.

In order to determine how universal the changes are with
increasing coverage in the kinetics of growth of organic thin
films from hyperthermal sources we examine here the
growth of diindenoperylene �DIP� on clean SiO2 and SiO2

modified with an interfacial organic layer, hexamethyldisila-
zane, HN�Si�CH3�3�2, HMDS. Space filling models for DIP
and pentacene are shown in Fig. 1. DIP is known to grow in
a more sustained layer-by-layer mode than pentacene on
SiO2,30 which will allow us to make use of in situ real time
synchrotron x-ray scattering to monitor the growth from the
submonolayer regime to that corresponding to the formation
of several layers. Such experiments were not possible with
pentacene, as the films roughen quickly, dampening the in-
tensity at the anti-Bragg condition �001

2
�.22 For DIP we are

able to measure the rate of growth for the first few layers
using x-ray scattering and we find that the rate of adsorption
changes significantly as the coverage of adsorbed molecules
increases, and that the relative amount of increase depends
on the incident kinetic energy. We discuss the possible mo-
lecular scale events that may lead to this acceleration in the
rate of growth.

II. EXPERIMENTAL PROCEDURES

The experiments were carried out in the G3 station of the
Cornell High Energy Synchrotron Source in a custom-
designed ultrahigh vacuum chamber fitted with Be windows
that is described in detail elsewhere.31 Briefly, the system
consists of four separately pumped chambers: a main scatter-
ing chamber; a source chamber, where the supersonic nozzle
resides; an antechamber separating the source and main
chambers, which houses a beam shutter and rotating blade
chopper; and a fast entry load lock. All chambers are pumped
by high-throughput turbomolecular pumps. The base pres-
sure of the chamber was typically �4�10−9 Torr and
samples were loaded via the load-lock chamber, which was
evacuated to �10−7 Torr prior to sample transfer into the
main chamber.

Substrates were 4 in. Si �100� wafers �Wacker-Siltronic,
p-type, 500–550 �m thick, 38–63 � cm� subject to an
SC-1 clean, 15 s HF dip and SC-2 clean immediately before
growth of SiO2. Approximately 300-nm-thick SiO2 films
were grown by wet thermal oxidation at 1100 °C. HMDS
was deposited on a number of these samples from the vapor
phase using a YES LP-III Vapor Prime Oven after successive
evacuation and purge cycles to dehydrate the substrate held
at 150 °C. Immediately prior to placement into the load lock
of the vacuum chamber, bare oxide wafers were cleaned and
degreased by sonication for 15 min in anhydrous CHCl3 so-
lution �99%+�, sonicated in H2O for 15 min, washed with
de-ionized �DI� water, dried with N2, and subjected to UV-
ozone cleaning for 15 min.

Supersonic molecular beams of DIP were generated by
passing a carrier gas �He, 99.999% Air Gas Inc.� over a
temperature controlled container �the evaporator� located up-
stream of the nozzle in the source chamber. The flow of
carrier gases was modulated using a mass flow controller
�MKS�. The nozzle �heatable� consisted of 0.25 in. diameter
stainless steel tubing, with a 125 �m thick plate of stainless
steel welded at its end. This plate had a 150 �m orifice
machined into it. The doubly differentially pumped beam
passed through a trumpet shaped skimmer �1.5 mm aperture,
Beam Dynamics Inc.� into an antechamber and through a
large aperture that produced a well-defined rectangular beam
spot �4�15 mm2� on the substrate at normal incidence. Us-
ing He as a carrier gas, the energy of the beam of DIP could
be varied from 5.1 to 12.3 eV as determined from time of
flight measurements.31 The flux of DIP was varied by adjust-
ing the temperature of the evaporator �typically, Tb

�320 °C�. In all cases the beam was incident normal to the
substrate surface, and could be blocked using a shutter in the
antechamber, facilitating precise exposures of the substrate
to the molecular beam. Multiple experiments could be car-
ried out on the same substrate, which is made possible by
translating the substrate perpendicular to the supersonic mo-
lecular beam, and due to the high beam-to-background flux
ratio. During deposition the substrate temperature was kept
at Ts=64 °C. The GR of DIP ranged between 0.0019 and
0.0086 ML s−1 �ML denotes monolayer� for the submono-
layer regime, and 0.0068 and 0.013 ML s−1 for the
multilayer regime. Following deposition, atomic force mi-
croscopy was conducted ex situ in tapping mode using a DI
3100 Dimension microscope.

Growth of DIP was monitored in situ and in real time by
x-ray synchrotron scattering, using 9.75 keV x rays incident
at an angle of 1.11° �with respect to the substrate surface�
with a flux of �1013 photons s−1, incident to the sample
through a Be window with energy resolution of 1% dictated
by the use of a multilayer monochromator. A Bede scintilla-
tor counter was used for measuring the scattered x-ray inten-
sity. Both static �0�qz�1.0 Å−1� and time-resolved anti-
Bragg �001

2 ;qz=qBragg /2=0.37 /2 Å−1� x-ray reflectivity
measurements were performed. The latter is an effective
monitor of the nature of growth, i.e., layer-by-layer �LbL�
versus three dimensional �3D� islanded growth.

The anti-Bragg x-ray data were fitted using a modified

diindenoperylene (DIP) benzene HSi(CH3)3

methane ethane pentacene

FIG. 1. �Color online� Space filling models for the primary molecule of
interest here, DIP, and two related acenes, pentacene, and benzene. We also
show two molecules more commonly studied in the field of gas-surface
dynamics, methane, and ethane, and the chemisorbing species formed upon
exposure of SiO2 to HMDS, HSi�CH3�3, where H represents the SiO2

surface.
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version32 of the mean-field, rate equation model of growth
first proposed by Cohen et al.33 The equations for the cover-
age of individual layers ��n� are given by

d�n

dt
= Sn−1F���n−1 − �n� − �n−1��n−1 − �n��

+ SnF�n��n − �n+1� , �1�

where n=0 represents the substrate, n=1 the first molecular
layer, etc., Sn is the probability of adsorption for molecules
incident on the nth layer, F is the incident molecular flux
�ML s−1�, and �n is the fraction of molecules that initially
impact and land on top of the nth layer, but rather than stay-
ing on the top of that layer, drop down and become part of
that layer via some mechanism. The latter includes “down-
ward” interlayer transport of molecules across a step edge,
but also includes events such as direct molecular insertion. In
this solid-on-solid model �n−1��n. In the absence of adsorp-
tion of molecules on themselves, Eq. �1� reduces to d�1 /dt
=S0F�1−�1�, the rate expression expected for simple mo-
lecular adsorption on a surface. Here we will assume that
there are two values for the probability of adsorption: one for
adsorption on the substrate �S0�, and one for that on previ-
ously existing molecular layers, independent of their thick-
ness �S1=S2=S3 , . . .�. Concerning interlayer transport we will
assume that three values are possible �note, as the substrate
cannot be penetrated, �0=0�, namely, �1, �2 and �n	3. There
is also a coverage dependence built into these interlayer
transport coefficients, which is described in detail
elsewhere.32,33 Finally, “upward” interlayer transport �move-
ment from the n to the n+1 layer� is not factored into this
model.

Once layer coverages have been calculated by integrat-
ing Eq. �1�, these can then be used to calculate the x-ray
intensity as a function of time.9,22,32–35 The intensity of the
scattered beam �I� depends upon the layer population accord-
ing to the following relationship:

I�t� = �rsubse
−i
 + rfilm�

n=1

�

�n�t�e−iqzdn�2

, �2�

where rsubs and rfilm are the reflection amplitudes of the sub-
strate and the film, 
 is the phase change upon reflection, qz

is the out-of-plane scattering vector, and d is the out-of-plane
interplanar spacing. At the so-called anti-Bragg position,
qzd=�, which results in a change in the sign of the thin film
terms in the summation with the filling of each successive
layer.

III. RESULTS AND DISCUSSION

In Figs. 2–5 we present a subset of experiments we have
conducted concerning the growth of DIP on clean SiO2, and
SiO2 that has been modified with HMDS. The data shown
represent the lowest �5.1 eV� and highest �12.3 eV� kinetic
energies examined here using the supersonic molecular beam
source. All experiments were conducted at Ts=64 °C. In Fig.
2�a� we present the scattered x-ray intensity acquired in real
time at the anti-Bragg condition �qz=001

2
� for the growth of

DIP on SiO2 at Ei=5.1 eV. As suggested in connection with

Eq. �2�, intensity oscillations for this scattering condition are
expected due to alternating contributions of the odd and even
layers to the magnitude of the scattered intensity. Depending
upon the reflection amplitudes �rsubs and rfilm� and the phase
change �
�, thin film growth can lead to either one or two
maxima for every 2 ML of growth. As may be seen in Fig.
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FIG. 2. �Color online� �a� X-ray intensity at the anti-Bragg condition as a
function of exposure to the molecular beam �Ei=5.1 eV� for thin films of
DIP deposited on clean SiO2. Ts=64 °C. Thick solid lines �right ordinate�
indicate a fit of the data to a model and thin solid curves �left ordinate�
represent predicted coverages ��n� of the individual layers. �b� Total cover-
age ��tot, left ordinate� and GR �right ordinate� predicted by a fit of the data
displayed in �a�.
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FIG. 3. �Color online� �a� X-ray intensity at the anti-Bragg condition as a
function of exposure to the molecular beam �Ei=12.3 eV� for thin films of
DIP deposited on clean SiO2. Ts=64 °C. Thick solid lines �right ordinate�
indicate a fit of the data to a model and thin solid curves �left ordinate�
represent predicted coverages ��n� of the individual layers. �b� Total cover-
age ��tot, left ordinate� and GR �right ordinate� predicted by a fit of the data
displayed in �a�.
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2�a� for these conditions we see a small maximum, followed
by a much larger one. The second pair of small and larger
maxima are almost entirely obscured, however, after which
the intensity oscillations have become strongly damped, in-
dicating 3D growth. Approximately, these maxima corre-
spond to deposition of 1, 2, 3, and 4 ML of DIP on SiO2.

The kinetics of growth can be modeled more precisely
by making use of both Eqs. �1� and �2� and these results are
shown in Figs. 2�a� and 2�b�. In �a� we show the coverage
�occupancy� of each layer predicted by the fit to the intensity
oscillations as shown by the solid blue line. Most important
to the discussion here, we find that to fit the data we need to
assume that S0F�0.0077 ML s−1, whereas Sn	1F
�0.0090 ML s−1. Thus, these data indicate that the rate of
growth has accelerated with increasing thickness/coverage.
Since adsorption is essentially irreversible for these condi-
tions �desorption is negligible� these data indicate that the
acceleration in the rate is due to an increase in the adsorption
probability S with increasing coverage. In this case the ad-
sorption probability has increased by about 16%.

We consider additional results in Fig. 3, where here DIP
is incident on SiO2 at Ei=12.3 eV. Comparing these results
to those shown in Fig. 2 we notice two important differences.
First, the second of the larger maxima �corresponding to
�4 ML of DIP� is more pronounced for these conditions,
indicating that LbL growth is more extended for these con-
ditions. Second, the difference between the initial rate of
growth, and that achieved at longer times and higher cover-
ages is now much different—to fit these data we must as-
sume that S0F�0.0039 ML s−1, whereas Sn	1F
�0.0074 ML s−1, an increase of nearly 90%. If we consider
intermediate kinetic energies we find results for this accel-
eration in the rate of growth that are intermediate between
those shown in Figs. 2 and 3, and they exhibit a consistent
trend with Ei, namely a 49% increase at Ei=7.7 eV, and
64% at Ei=10.9 eV.

In Figs. 4 and 5 we display the results for the growth of
DIP on SiO2 modified with HMDS. As may be seen the
intensity oscillations show both similarities and differences
between those for growth on SiO2. Again we see maxima for
approximately the completion of each monolayer, but for
growth on the HMDS-modified surface the intensities asso-
ciated with the completion of the first and third monolayers
are approximately equal or exceed that for growth on the
second and fourth monolayers, which differs from that on
clean SiO2. This is simply due to changes in the reflection
amplitude�s� and the phase change produced by the thin in-
terfacial organic layer. At the lowest kinetic energy �5.1 eV�
from Fig. 4 we see that the intensity oscillations for approxi-
mately the first 4 ML are more pronounced than those ob-
served for growth on clean SiO2 at the same energy. This
suggests that LbL growth is more extended on the HMDS-
modified surface for these conditions. From Fig. 4�b� we see
that on this surface a change in the rate of growth �bare
substrate versus multilayer� is also observed, and for this
energy the amount of increase is �46%, a value larger than
the amount of acceleration observed on clean SiO2 at this
same Ei. At the highest kinetic energy �12.3 eV�, in Fig. 5 we
see that the intensity of the oscillations appear to be some-
what more damped at the higher energy, suggesting some-
what rougher growth at the higher energy. Concerning the
kinetics of growth, acceleration in the rate of growth at the
highest energy is clearly evident on the HMDS-modified sur-
face, and the increase in this case is about 262%. Again, for
the two intermediate cases we do not display here, we find
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FIG. 4. �Color online� �a� X-ray intensity at the anti-Bragg condition as a
function of exposure to the molecular beam �Ei=5.1 eV� for thin films of
DIP deposited on SiO2 modified with HMDS. Ts=64 °C. Thick solid lines
�right ordinate� indicate a fit of the data to a model and thin solid curves �left
ordinate� represent predicted coverages ��n� of the individual layers. �b�
Total coverage ��tot, left ordinate� and GR �right ordinate� predicted by a fit
of the data displayed in �a�.
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FIG. 5. �Color online� �a� X-ray intensity at the anti-Bragg condition as a
function of exposure to the molecular beam �Ei=5.1 eV� for thin films of
DIP deposited on SiO2 modified with HMDS. Ts=64 °C. Thick solid lines
�right ordinate� indicate a fit of the data to a model and thin solid curves �left
ordinate� represent predicted coverages ��n� of the individual layers. �b�
Total coverage ��tot, left ordinate� and GR �right ordinate� predicted by a fit
of the data displayed in �a�.
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results that are intermediate and that establish a trend con-
cerning the amount of acceleration: an approximately 104%
increase at Ei=7.7 eV and �203% at Ei=10.9 eV.

It should be clear that our results show conclusively
that—for the systems we have examined here—the probabil-
ity of adsorption differs significantly for adsorption in the
submonolayer and multilayer regimes, and that this differ-
ence becomes larger with increasing energy. Unfortunately,
we measure only the product SF directly, and measurement
of the absolute incident flux using standard methods is not
feasible. We can, however, use quadrupole mass spectrom-
etry �QMS� to measure the relative incident molecular flux,
after correcting for the velocity of the DIP molecules. We
have done so making use of a QMS placed in the direct path
of the beam in experiments separate from those displayed in
Figs. 2–5. Thus these results �run to run� may be affected by
the reproducibility of the flux produced by the supersonic
beam, and we estimate this uncertainty to be about �5%, not
exceeding �10%. The change in incident flux during the
course of an experiment and its impact on comparing sub-
monolayer to multilayer GRs, on the other hand, is closer to
�1%. These facts should be kept in mind in the discussion to
follow.

In Fig. 6 we present the relative probabilities of adsorp-
tion as a function of the incident kinetic energy after making
an appropriate accounting for the change in the incident flux
for the beams representing different Ei’s. We have normal-
ized these results for the highest flux-corrected GR we ob-
serve here, namely, growth on HMDS-modified SiO2 at Ei

=7.7 eV. In Fig. 6�a� we plot results for the adsorption of
DIP on SiO2, and in �b� for DIP on HMDS-modified SiO2. In
both cases we plot both the clean substrate �S0� and the thin
film covered substrate �Sn	1� probabilities of adsorption. On
both surfaces the probability of adsorption at high coverage
exhibits little dependence on the incident kinetic energy,
showing a modest �statistically significant� increase initially
�from Ei=5.1 to 7.7 eV�, and a slight �statistically insignifi-

cant� decrease as Ei is increased from 7.7 to 12.3 eV. At
thermal energies ��0.1 eV� we expect S=1, and likely in-
dependent of coverage. Thus, if the values at Ei=5.1 eV are
quantitatively correct, this would imply that the adsorption
probability at high coverage passes through a minimum—
behavior that is reminiscent of the adsorption probability of a
transition metal complex on a surface terminated with a self-
assembled monolayer.36 Nevertheless, for five of the eight
conditions/substrates examined the normalized probabilities
in the high coverage regime are between 0.9 and 1, within
the estimated experimental uncertainty. This suggests that,
over the incident kinetic energy regime considered here, the
adsorption and accommodation of the molecule’s incident
kinetic energy are efficient.

In contrast with the results at high coverage, on both
substrates the implied probabilities of adsorption at zero cov-
erage, S0, are much less than unity, and show a clear trend
with increasing incident kinetic energy, decreasing with in-
creasing Ei. While the adsorption probabilities at high cov-
erage for a particular value of Ei are very similar on the two
substrates, and within 10% of each other for all cases, this is
not the case for the zero-coverage probability of adsorption,
which exhibits a dependence on the substrate. For all values
of Ei, the probability of adsorption is smaller on the HMDS-
modified surface.

We can make an additional comparison by calculating
the ratio of S0 to Sn	1. For example, should the modest in-
crease in Sn	1 as Ei is increased from 5.1 to 7.7 eV we
observe here not be physical, but perhaps some artifact in our
estimation of the incident flux, then this procedure might be
a better estimate for S0, assuming that Sn	1�1. These results
are shown in Fig. 6 for both surfaces, where the dashed line
acts to guide the eye. As may be seen, in both cases there is
smooth decrease in the ratio S0 /Sn	1 with increasing energy
on both surfaces.

Given knowledge of the adsorption probability of DIP
on these two substrates it is of interest to compare these to
the values that we measure for pentacene on these same two
surfaces.18,19 DIP and pentacene are of course similar organic
molecules, both planar, with a rather large length-to-width
aspect ratio. Thus we may expect similar behavior concern-
ing the dynamics of trapping. Ignoring for the moment the
angle of incidence, as all of the results here are for normal
incidence, in most simple models for trapping the incident
kinetic energy �Ei�, the binding energy of the molecule to the
surface �Eads�, the mass of the incident particle, and the �ef-
fective� mass of the surface atom�s� play roles in determining
the adsorption probability. One can expect that the trapping
probability should be a smoothly decreasing function of a
reduced kinetic energy, Ei /Eads. As DIP and pentacene are
expected to bind flat to the surface at low coverage �we as-
sume accommodation occurs before subsequent transport
and incorporation into existing islands�, and since they are
planar, one might expect that the binding energy Eads will
scale approximately with the number of C atoms.

In Figs. 7 and 8 we display the adsorption probability
measured for DIP and pentacene18,19 on SiO2 and HMDS-
modified SiO2 plotted as a function of the reduced incident
kinetic energy. In both cases the values for the adsorption
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�b� SiO2 modified with HMDS. Results are shown for DIP on the bare
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malized to the highest GR observed here �growth in the multilayer regime
on HMDS-modified SiO2 at Ei=7.7 eV�, and corrected for differences in
the incident flux. The ratio of the two probabilities is also shown for each
case �triangles�. A representative error bar ��10%� is shown in each panel.
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probabilities were normalized to the highest GR �also flux
normalized� observed in the multilayer regime, which for
pentacene was found at Ei=1.5 eV, and for DIP at Ei

=7.7 eV. To arrive at a reduced kinetic energy we simply
divide Ei by the number of C atoms in each molecule.

In Fig. 7�a� we see that there is a significant difference
between the adsorption probabilities for DIP and pentacene
on SiO2 at a similar value of Ei. The difference is less when
the data are plotted as a function of the reduced kinetic en-
ergy in Fig. 7�b�, however, the data still do not exhibit much
similarity. This is surprising, and we do not have a good
explanation for this. We note that these two data sets �DIP
and pentacene� were collected using different experimental
systems and techniques �x-ray scattering versus AFM�. It is
possible that these experiments were conducted under differ-
ent partial pressures of H2O. However, both systems possess
a base pressure of no greater than 5�10−9 Torr, and both
systems use a load lock for sample entry, thus differences in
the presence of H2O�a� would not seem to be the basis for an
explanation. Additional experiments may be warranted.

In Fig. 8 we consider the results for DIP and pentacene
on HMDS-modified SiO2. As may be seen, plotted versus the

reduced kinetic energy the two sets of data now exhibit simi-
lar behavior. The probability of adsorption of DIP exceeds
that for pentacene by a modest amount at a comparable value
of Ei /Eads, however, the construction has not produced a uni-
versal curve. A number of factors might contribute to the fact
that a universal curve is not observed. For example, we have
not considered excitation of internal modes in the two mol-
ecules. Such T→V conversion, if more prevalent for the
larger DIP molecule, it would imply that internal energy
might also play a role in determining the adsorption prob-
ability �e.g., vibrationally hot molecules will trap less effi-
ciently�. In previous work on NO trapping on Au�111� �Ref.
37� vibrational energy had no effect on trapping. Concerning
the trapping of more complex molecules �SF6 and CCl4� on
their condensed phases38 an effect of vibrational energy was
observed, but it vanished at higher incident kinetic energies.
Thus, the role of internal energy remains to be determined.

In concluding our discussion of the dynamics of adsorp-
tion we now make a number of conclusions and observa-
tions. First, there is clearly a difference between the dynam-
ics of trapping on the bare surfaces and the growing thin film
of DIP. This is the major result of this work. This result
mostly reflects very efficient trapping on the surface covered
by DIP due to highly efficient momentum transfer due to
mass matching. In general the well depths of the molecule-
surface potentials for DIP on SiO2, HMDS-modified SiO2

and a DIP thin film are unknown. The latter is most easily
related to the enthalpy of sublimation, which for pentacene is
about 1.6 eV.39 Given a well depth of this order, it is some-
what surprising that at Ei=12.3 eV that trapping of DIP on
DIP is as efficient as it apparently is. One factor that assists
trapping in this high kinetic energy regime is likely direct
molecular insertion, which we will discuss further below.
Trapping on the bare surface exhibits behavior similar to that
observed in many small-molecule-surface systems—it exhib-
its a continuous decrease with increasing kinetic energy. For
DIP, trapping is more efficient on the untreated SiO2 surface.
As stated above the molecule-surface potential is generally
not known for the two systems considered here. Comparing
the two surfaces it would seem that excitation of surface
vibrational modes/phonons may not be so different, as the
–OH present on SiO2 is basically replaced by a
–O–Si�CH3�3 species. Finally, electron excitation seems un-
likely as SiO2 is a large band gap insulator.

In addition to analysis of the rate of adsorption as a
function of coverage we have also examined the morphologi-
cal evolution of the thin films also as a function of coverage.
Although this topic is not the focus of this paper, it is instruc-
tive to comment on those features that might shed some light
as to the molecular scale events occurring during adsorption.
The evolution of surface roughness can be assessed by the
modeling of the anti-Bragg oscillations we considered above
�Figs. 2–5� and by direct measurement using AFM. In Fig. 9
we present the rms surface roughness predicted by our fits to
the anti-Bragg oscillations as a function of film thickness for
growth of DIP on �a� SiO2 and �b� HMDS-modified SiO2.
Also shown as individual points, are the rms surface rough-
ness values found from analysis of the AFM images �in each
case, 3�3 �m2 and 10�10 �m2�. First, on HMDS-
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modified SiO2 we see in �b� that there is very little difference
in the evolution of surface roughness. The two data sets not
plotted �Ei=7.7 and 10.9 eV� are essentially indistinguish-
able from the two that are plotted �Ei=5.1 and 12.3 eV�.
Concerning the final rms roughness, for all four values of Ei

examined, the standard deviations between the value pre-
dicted from the x-ray analysis, and those measured from
AFM do not exceed 4%.

As may be seen in Fig. 9�a�, on SiO2, in contrast, we do
observe an identifiable trend with kinetic energy, and the
increase in roughness is slowest at the highest kinetic energy.
Note that the intermediate energy �7.7 eV, not plotted� exhib-
its results almost indistinguishable from those shown for the
lowest kinetic energy �5.1 eV�. In all of these cases, the
discrepancy between the predictions of the model and the
results from AFM span the range 3%–8%. The roughness
found from AFM also decreases continuously with increas-
ing kinetic energy, in agreement with the predictions of the
model fit to the x-ray data.

What factors might lead to a decrease in surface rough-
ness with increasing incident kinetic energy? First we recall
that flux normalized GRs/relative adsorption probabilities at
high coverage do not vary substantially with kinetic energy,
and are very similar on the two surfaces examined. Thus,
changes in the morphological evolution due to different GRs
can be ruled out. Other factors/explanations often associated
with thin film growth using energetic particles are the forma-
tion of “hot spots,” and so-called transient mobility where
molecules can skitter across the surface before being fully
thermalized and finding a favorable binding site. In prelimi-

nary work, we have found that smoother films can be formed
by increasing the substrate temperature �both on SiO2 and
HMDS-modified SiO2�. What is curious, however is how
such hot spots could be produced and modify the growth on
SiO2, but not on HMDS-modified SiO2. If transient mobility
is a major factor, again why would it be present for growth
on SiO2, and not on HMDS-modified SiO2?

From experiment, there are no obvious clues as to what
may be changing as to the ultimate destination of molecules
impacting the growing crystal. Some insight can be obtained
from molecular simulation, where the adsorption of penta-
cene on a pentacene crystal has been investigated. Briefly,
from these studies,28,29 it is found that there is an increasing
tendency for molecules striking first the nth layer to become
part of that layer, and not the nth+1 layer, via direct molecu-
lar insertion or, if the impact is sufficiently close to a step
edge, via transport across the step edge. For example, at Ei

=2 eV and for impacts 11 Å from the step edge nearly 3
4 of

the molecules simply adsorb on top of the existing layer,
while �20% directly incorporate into that layer. As Ei is
increased further to 5 and then 10 eV these numbers change
dramatically, with the fraction residing on top decreasing to
about 1

2 and then 20%, while the fraction directly incorporat-
ing into the preexisting layer increasing to 28% and then
40%. Thus, it would seem that events such as direct molecu-
lar insertion may play a role here. For an incompletely filled
and exposed layer, molecular insertion would seem to be
beneficial to smooth growth, as it will promote completion of
the nth layer before growth of the nth+1 layer has become
significant. Direct molecular insertion could also be detri-
mental to smooth growth, however, as it can produce inter-
stitial species directly, which can cause the buildup of stress
in the film that might lead to deleterious strain-relief mecha-
nisms causing roughening. If energy dependent direct mo-
lecular insertion is playing a role in determining the thin film
morphological evolution, then why would it be most evident
on SiO2? As discussed below, the biggest difference between
the two surfaces occurs at Ei=5.1 eV and as the coverage
increases from 2 to 4 ML. It is conceivable that in this cov-
erage regime the island density and shape may depend on
substrate surface termination in such a way that it affects the
amount of direct insertion or related processes such as
“downward funneling.”40

One final factor may play a role in the structural
evolution—it is well known, for example, that organic thin
films can often crystallize in different phases, often as a
function of thin film thickness. For what film thicknesses
may this issue be important here? Side-by-side comparison
of the roughness versus thickness shows that the difference
between the two surfaces is largest at the lowest incident
kinetic energy, Ei=5.1 eV. Moreover, the majority of the
difference is associated with the morphological evolution
from 2 to 4 ML: for Ei=5.1 eV on SiO2 the roughness is
1.12 to 2.63 nm over this range, a change of 1.51 nm, while
on HMDS-modified SiO2 it is 1.11–1.77 nm, a change of
0.66 nm. In comparison, for Ei=5.1 eV at a coverage of 10
ML on SiO2 the roughness is 4.14 nm, a change �from the
value at 4 ML� of 2.37 nm, whereas on HMDS-modified
SiO2 the roughness is 4.90 nm, a change of 2.27 nm. Previ-
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FIG. 9. �Color online� Thin film roughness as a function of thin film thick-
ness for DIP deposited on �a� clean SiO2 and �b� SiO2 modified with HMDS.
Results are shown for 3 and 2 values of the incident kinetic energy, respec-
tively. The curves represent the prediction of the model used to fit the
anti-Bragg intensity data shown in Figs. 2–5. The points shown represent
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ous work35 may be of interest here to the discussion, where
the growth of DIP on SiO2 was examined at thermal kinetic
energies and Ts=130 °C. Here on SiO2 a change in the in-
plane lattice parameter, a 2% expansion, was observed upon
the adsorption of the second and third MLs. In work not to
be detailed here, we observe a similar expansion in the in-
plane parameter for this same coverage regime for DIP on
HMDS-modified SiO2 at Ei=10.8 eV. Thus, these structural
changes, seen on both surfaces, would seem to not explain
the differences in the dependence of roughening on kinetic
energy observed here between DIP grown on SiO2 and that
grown on HMDS-modified SiO2.

IV. CONCLUSIONS

We have examined the dynamics of adsorption of DIP on
SiO2 and SiO2 modified with an interfacial organic layer us-
ing in situ real time synchrotron x-ray scattering, focusing on
the effects of coverage. On both surfaces we observe a sub-
stantial difference between the dynamics of adsorption on the
clean surfaces, and that on the growing thin film. On the
clean surfaces, we observe a smooth decrease in the prob-
ability of adsorption with increasing incident kinetic energy,
which is reminiscent of trapping-mediated adsorption seen in
many systems. For DIP, trapping is somewhat more efficient
on the clean SiO2 surface, perhaps due to a larger binding
energy of DIP to this surface. Once both surfaces are covered
by DIP, the effects of incident kinetic energy are greatly re-
duced, and trapping is very efficient over the range of kinetic
energies examined. Possible reasons for efficient trapping at
high coverage and at high incident kinetic energy �Ei exceed-
ing the binding energy by a factor of 5–10� include more
efficient momentum transfer due to mass matching, and pos-
sibly direct molecular insertion. These differences between
the dynamics of adsorption in the submonolayer and
multilayer regimes lead to significant accelerations in the
rate of growth, approaching a factor of 4 in one case. Finally,
the evolution of surface roughness is similar for all incident
kinetic energies and, on both surfaces, layer-by-layer growth
is severely degraded after deposition of 4 ML. We do ob-
serve a modest effect of kinetic energy on roughening for
growth of DIP on SiO2, where the degradation of layer-by-
layer growth is most rapid for deposition at the lowest inci-
dent kinetic energy examined �Ei=5.1 eV�.
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