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Nucleation and Growth of Perfluoropentacene on Self-Assembled Monolayers: Significant
Changes in Island Density and Shape with Surface Termination
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We have examined the nucleation and growth of perfluoropentacene (PFP) on SiO, and on a variety of surfaces
possessing different terminating self-assembled-monolayers (SAMs) using in situ synchrotron X-ray scattering
and ex situ atomic force microscopy. The SAMs ranged from very low surface energy hydrophobic surfaces
(perfluorooctyltrichlorosilane) to higher surface energy hydrophilic surfaces (3-methacryloxypropyltrichlo-
rosilane). From real time X-ray scattering, we find that the growth of PFP, while crystalline, becomes very
three-dimensional after completion of the first I —2 monolayers, independent of the substrate surface termination.
Concerning growth in the submonolayer regime, we find that nucleation is homogeneous and that the absolute
density of islands depends strongly on the surface termination, while the relative change of the island density
with increasing growth rate is essentially independent of the underlying SAM. From the latter, we find that
a critical island size of ~2—3 molecules can describe all of the data. On the other hand, the dependence of
the island density on termination implicates a significant change in the diffusivity of PFP with the identity of
the SAM. The shape of the islands also depends on the surface termination but somewhat unexpectedly—the
islands are most compact and faceted on surfaces where the diffusivity of isolated PFP molecules is the
smallest. This result highlights the difference in transport mechanisms concerning diffusion across the substrate
and that around the periphery of an island in molecular systems. Finally, on all surfaces, the films formed in
the multilayer regime are similar and are described by rough, highly anisotropic features, perhaps dominated

by a single low index face.

I. Introduction

The study of complex conjugated molecules for applications
in organic thin film electronics and photonics has received much
attention because of their ability to form highly ordered thin
films with excellent electrical properties.'~ Studies have shown
that the interface between the organic semiconducting layer and
the dielectric is critical to charge transport and that the majority
of charge carriers are generated in the first few monolayers
(MLs) of the organic layer.*”” Several studies have also shown
that the deposition of organic semiconductors on low energy
surfaces such as self-assembled monolayers (SAMs) signifi-
cantly improves the electrical properties of the organic thin film
transistor (OTFT).®”!2 The exact reasons as to why this
improvement is observed are still a matter of debate, however.
Clearly, the development of a better understanding of the effects
of SAMs on the nucleation and the initial stages of growth of
organic semiconductors, particularly in the submonolayer
regime, will greatly aid in resolving these issues.

There have been a number of investigations of the nucleation
of pentacene on clean, unmodified, silicon dioxide (SiO,), and
the consensus is that the nucleation is homogeneous with the
size of the critical cluster being ~2—6 molecules.*"!> The study
of the effects of SAMs on the nucleation of organic semicon-
ductors, pentacene or otherwise, has proven to be more

* To whom correspondence should be addressed. Tel: 607-255-9934.
Fax: 607-255-9166. E-mail: jre7 @cornell.edu.

7 School of Chemical and Biomolecular Engineering, Cornell University.

# Cornell High Energy Synchrotron Source, Cornell University.

$ Universitit Tiibingen.

10.1021/jp107518f

challenging. A major obstacle to be overcome in these systems
is that pentacene and other organic thin films undergo significant,
and sometimes rapid, postgrowth reorganization and dewetting
when deposited on low energy surfaces.'®!” One system, due
to its low intrinsic surface energy, that might not be expected
to dewet low energy surfaces of SAMs is the n-type organic
semiconductor perfluoropentacene (PFP). Thus, this property
of PFP can be exploited to examine in detail effects occurring
in the submonolayer nucleation and growth of organic small
molecule thin films on surfaces terminated with SAMs.

Here, we report on the effects of SAMs on the nucleation
and growth of PFP using a combination of both in situ and ex
situ surface sensitive probes. Concerning the SAMs, we consider
four layers that differ in terms of their size (thickness) and
chemical nature: octyltrichlorosilane (OTS), (Cl);Si—(CH,);—
CHs;, perfluorooctyltrichlorosilane (FOTS), (Cl);Si—(CH;),-
(CF,)s—CF;3, 3-methacryloxypropyltrichlorosilane (MAOPTS),
(C1)3Si—(CH;);—O—(C=0)(C(CH3)=CH,), and hexamethyld-
isilazane (HMDS), HN(Si(CH3);),. The first three of these
hydrolyze to form —Si(—O—); linkages to the SiO, surface of
the substrates, whereas HMDS decomposes and releases
—Si(CHj); fragments, which then bind to the surface. For
comparison, we also consider unmodified SiO,. In terms of
surface energies, the SAMs follow the order (high-to-low):
unmodified SiO,, MAOPTS, HMDS, OTS, and FOTS. We
deposit thin films of PFP in ultrahigh vacuum (UHV) using a
collimated supersonic molecular beam'*!%!° and make use of
ex situ atomic force microscopy (AFM) to probe the thin film
morphology, focusing on the submonolayer regime. We also
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employ in situ real-time synchrotron X-ray scattering measure-
ments at the “anti-Bragg” configuration® to directly probe the
filling of each successive molecular layer of PFP. We will find
below that the nature of the SAM affects significantly both the
density and the shape of the islands formed at submonolayer
coverages.

II. Experimental Procedures

The experiments were carried out in the G3 station of the
Cornell High Energy Synchrotron Source in a custom-designed
UHYV system, described elsewhere, fitted with Be windows. %!
Briefly, the system consists of four separately pumped chambers:
a main scattering chamber, a source and antechamber, which
act to produce the supersonic beam, and a fast entry load-lock.
All chambers are pumped by high-throughput turbomolecular
pumps. The base pressure of the chamber was typically ~4 x
107° Torr, and samples were loaded via the load-lock chamber,
which was evacuated to ~1077 Torr prior to sample transfer
into the main chamber.

Substrates were Si(100) wafers (Wacker-Siltronic, p type, 100
mm diameter, 500—550 um thick, 38—63 Q cm) subject to a
SC-1 clean, 15 s HF dip and a SC-2 clean followed by growth
of ~300 nm thick SiO, films by wet thermal oxidation at 1100
°C. Next, these wafers were cleaned and degreased by sonication
for 15 min in anhydrous CHCl; solution (99%+), sonicated in
deionized (DI) water for 15 min, washed with DI water, dried
with N, and exposed to UV ozone for 15 min. These processes
provided a clean and reproducible hydrophilic surface. Finally,
the SAMs were deposited using established procedures.?!
Briefly, the FOTS and MAOPTS layers were deposited from
the vapor phase using an MVD-100 system, while the HMDS
was deposited from the vapor phase using a YES LP-III Vapor
Prime Oven. OTS was deposited from the solution phase in a
N,-purged glovebox.

Supersonic molecular beams of PFP were generated by
passing He (99.999% Air Gas Inc.) as a carrier gas over an in
situ temperature-controlled evaporator located upstream of the
150 um diameter nozzle in the source chamber. The flow of
He was set by a mass flow controller. The beam passes through
a 1.5 mm diameter skimmer, into the antechamber, and through
an aperture to produce a well-defined beam spot on the substrate
(4 x 15 mm?) at normal incidence. The kinetic energy of the
beam was measured using time-of-flight mass spectrometric
techniques'® and kept constant for all experiments at E; = 4.6
eV. For all experiments described here, the substrate temperature
during growth was Ty = 40 °C, and in all cases, the beam was
incident normal to the substrate surface and could be blocked
using a shutter in the antechamber. Multiple experiments could
be carried out on the same substrate, which is made possible
by translating the substrate perpendicular to the supersonic
molecular beam and because of the high beam-to-background
flux ratio. Following deposition, AFM was conducted ex situ
in tapping mode using a Digital Instruments 3100 Dimension
microscope.

The SiO, substrates modified with FOTS, OTS, HMDS, and
MAOPTS, were characterized by contact angle and X-ray
reflectivity (XRR). First, contact angles were measured in two
solvents (water and formamide). Next, using the Young—Dupre
equation,??> we calculated the surface energy of FOTS, OTS,
HMDS, and MAOPTS and found values of 11.1, 16.7, 32.7,
and 40.1 mJ m™2 respectively. In comparison, the surface energy
of clean, unmodified SiO, has been reported to lie between 50
and 60 mJ m~22*?* Fits to the XRR data (not shown) were
performed with the Parratt32 software package® (based on the
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Figure 1. (a) X-ray intensity at the anti-Bragg condition as a function
of exposure to the molecular beam (E; = 4.6 eV) for thin films of PFP
deposited on a SiO, surface terminated with HMDS. The substrate
temperature, T, = 40 °C, and the rate of growth was 0.0103 ML s~
The thick solid blue line (left ordinate) indicates a fit of the data to a
model, and thin solid black curves (right ordinate) represent predicted
coverages of the individual layers. Representative (b) line scan and (c)
surface height histogram obtained from AFM of a submonolayer PFP
thin film (0.36 ML) grown on HMDS.

Parratt formalism?®®), from which we obtain the thickness of the
organic layers and the mean electron density. Knowledge of
the molecular weight of the SAM molecules permits us to
estimate the two-dimensional (2D) surface concentration of the
SAMs. For all four SAMs, we found values in the range of
2—3 x 10 molecules cm ™2, similar to values found using XRR
and X-ray photoelectron spectroscopy?’ for these same SAMs.

III. Results and Discussion

We first consider measurements of film growth using in situ
real time synchrotron X-ray scattering. Here, growth of PFP
was monitored using 9.82 keV X-rays incident at an angle of
1.15° (with respect to the substrate surface) with a flux of ~10"
photons s™! (unattenuated value, the beam was attenuated for
all experiments) incident to the sample through a Be window
with energy resolution of 1%, which was dictated by the use of
a multilayer monochromator. An avalanche photodiode (Oxford
Danfysik, Oxford, United Kingdom) was used to measure the
scattered X-ray intensity. First, we consider X-ray reflectivity
measurements at the so-called “anti-Bragg” condition (00%%; ¢,
= (Brage/2 = 0.40/2 A"), which is an effective monitor of the
nature of growth, that is, layer-by-layer (LbL) vs three-
dimensional (3D) islanded growth.'®?%?

In Figure 1a, we plot the scattered intensity measured in situ
and in real time for the growth of PFP on HMDS at E; = 4.6
eV. As may be seen, for growth on this surface, we observe a
single sharp, cusplike peak, which coincides with completion
of the first ML, but the anticipated second (small, similar to
the zero-coverage intensity), third (large, similar to the first
peak), and other subsequent maxima are almost completely
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obscured. Beyond the deposition of four MLs, the intensity
remains constant. This suggests that growth becomes 3D quickly
after completion of the first 1 —2 MLs. The intensity oscillation
can be fit using a modified version®® of the mean-field, rate
equation model of growth first proposed by Cohen and co-
workers.?! The fit to the intensity is indicated by the solid blue
line, and we see that the fit to the experimental data is excellent.
In Figure la, we also show the coverage (occupancy) of each
layer with solid black lines that are predicted by the fit to the
intensity oscillations. After a total growth of two MLs, the
second layer is ~81% full, whereas after four MLs, the fourth
layer is only ~59% full. These results indicate that PFP grows
in an LbL mode for approximately two MLs before significant
roughening begins to occur. Indeed, we observe essentially
identical behavior concerning the intensity oscillations at the
anti-Bragg condition for growth on all four SAMs examined
here, on unmodified SiO,, and for incident kinetic energies over
the range of E; = 4.6—16.4 eV. We note that this behavior has
also been observed for growth of PFP from a thermal effusion
source on a thin layer of native Si0,.3>%

In Figure 1b, we display a representative line profile obtained
from ex situ AFM of the islands formed after deposition of
~0.36 ML of PFP on a HMDS-terminated surface at a growth
rate of 0.0056 ML s~!. In Figure lc, we display a histogram of
surface heights calculated from the entire AF micrograph. The
line profile and histogram indicate that the islands of PFP on
HMDS are single ML-tall islands with an average height of
~1.61 £ 0.04 nm. This height is consistent with ex situ specular
XRR measurements of ~10 ML thick films of PFP deposited
on a variety of surfaces (including clean, unmodified SiO,)
where a unit cell height of dy; = 1.57 £ 0.02 nm was
found.?>7 We note that following deposition, AF micrographs
of submonolayer growth of PFP reveal single ML tall high
islands on all of the surfaces that we have investigated. This is
also the case where the submonolayer films have experienced
extended aging, postdeposition, for time periods in vacuum for
>2 h (as opposed to <2 min more typically here) and in air for
several months. This indicates that PFP does not reorganize or
“dewet” on these surfaces unlike other conjugated organic
semiconductors such as pentacene'® and diindenoperylene (DIP),
where such behavior has been observed on surfaces terminated
with both HMDS and FOTS layers. The relative stability of
the submonolayer islands of PFP is of course essential to the
main objectives of this work.

In Figure 2a—d, we display AF micrographs of PFP deposited
on HMDS at a series of growth rates (GRs), increasing in
sequence from 0.0024 to 0.018 ML s~!, with all other parameters
(e.g., E; and Ty) fixed. The growth rate of PFP has been tuned
by varying the temperature of the in situ evaporator. On this
surface, the shapes of the islands at all growth rates are polygons
and anisotropic, with an aspect ratio ~2—3. At this stage of
growth, the islands are also mostly isolated from each other,
such that we can use these images to calculate the maximum
island density. As the field of view is the same in all cases
(3 x 3 um?), we see by inspection that the island density of
PFP increases with increasing GR. The scaling of the island
density with GR in this way is exactly as expected from classical
nucleation theory for homogeneous nucleation,**~*® which states
that the maximum island density, N,, for 2D islands and
complete condensation (adsorption is irreversible) is given by
the following expression:

]vx = n(a’l*)(GR/D)l*/(t*+2) exp[El*/(l* + Z)kBTq]
ey
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Figure 2. Atomic force micrographs, 3 x 3 um?, of submonolayer
thin films of PFP grown on a SiO, surface terminated with HMDS at
rates of (a) 0.00240, (b) 0.00424, (c) 0.00561, and (d) 0.0180 ML s~
In all cases, the incident kinetic energy was E; = 4.6 eV, and the
substrate temperature was T, = 40 °C.

where D is the tracer diffusivity of the molecule, i* is the critical
cluster size, E; is the binding energy of the critical cluster, and
kg 1s the Boltzmann constant. The critical cluster size is defined
as the largest unstable cluster, such that a cluster with i* + 1
molecules is more likely to grow than to decay. The dimension-
less prefactor (6, i*) is nearly a constant—only weakly
dependent on i* and coverage, 0.3 Thus, one straightforward
measurement of the critical cluster size is to quantify how the
maximum island density varies with GR37%° (cf. Figure 2a—d).

In Figure 3, we display the maximum island density as a
function of GR for PFP on the five surfaces that we consider
here. The maximum island densities of PFP were measured at
submonolayer coverages (6 < 0.43 ML) before island coales-
cence took place using 10 x 10 um? (3 x 3 um? for PFP on
FOTS) AF micrographs. As may be seen in the figure, the
maximum island density of PFP increases with increasing GR
on all surfaces, and the data are described very well by a power
law in all cases. This would seem to argue against any
interpretation involving defects in the SAMs playing a signifi-
cant or dominant role in the nucleation. Thus, it seems that
regardless of the nature of the underlying interfacial layer, PFP
exhibits homogeneous nucleation on all surfaces. The critical
cluster size of PFP can be determined from the power law fit to
the data, and our results are displayed in the inset of Figure 3.
Here, in a fit to the data, we have considered explicitly the
uncertainty in each value for the density of the islands (N'?,
where N is the direct count of the islands in the image). As
may be seen, we find similar values for the power law
exponents, and they span the range of i* = 2.4—3.7. The results
on HMDS, OTS, unmodified SiO,, and MAOPTS are all very
similar, and the mean value for these four surfaces is given by
i*=2.66 £ 0.36. FOTS is somewhat of an outlier from these
results, albeit the uncertainty is greater, and we find i* = 3.68
4 0.61. Thus, possibly except for the case of FOTS, the
interactions between the substrate surface and the PFP molecules
do not significantly affect the critical cluster size of PFP.
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Figure 3. Maximum island density as a function of submonolayer
growth rate for the deposition of PFP on SiO, and SiO, terminated
with four different self-assembled MLs. In all cases, the incident kinetic
energy was E; = 4.6 eV, and the substrate temperature was T, = 40
°C. The straight lines represent a fit to a power law. The inset shows
the critical island size, i*, as a function of surface termination.

Unlike the slopes of the curves shown in Figure 3, at a
comparable growth rate, the maximum island density of PFP
depends strongly on the nature of the substrate. In particular,
the maximum island density of PFP is greatest on FOTS,
followed by HMDS, OTS, SiO,, and MAOPTS. Because N, o<
(GR/D)™™*2_and because we observed essentially the same
value for i* on all five surfaces, this suggests that the diffusivity,
D, of PFP differs on the five surfaces and is mostly responsible
for the offsets. An underlying assumption concerning this
conclusion is that the prefactor 7 in eq 1 does not contribute
significantly to the observed changes in N,. For the range of
coverages that we consider here (@ ~ 0.1—0.4 ML) and the
values for the size of the critical cluster (i* ~ 2—4), we estimate
n(0, i*) to lie in range 0.2—0.3 for PFP on all surfaces
investigated.’” This difference (less than a factor of 2) clearly
does not account for the change in N, that we observe. Thus,
we are left with an explanation that the change in N, observed
has to be the result of a change in the diffusivity, D, of PFP on
each surface.

The relative diffusivity of PFP can be estimated by taking the
ratio of N, on any two surfaces at a constant GR (0.005 ML s~
and using the relationship, Dy = D[(N,/N,2) "2 If we
let D = Drors = 1 and assume i* = 2.66 (vide supra), then by
implication, Duymps = 7.1, Dors = 35, Dsio, = 67, and
Dyaorrs = 115. This analysis suggests that the diffusivity of
PFP is a strong function of the chemical and structural nature
of the underlying substrate. Other work has found differences
in island densities with surface termination—in particular,
concerning growth of pentacene on SiO, vs Si(100) surfaces
terminated with H*’ or cyclohexene.' In these studies, the island
densities were highest on a chemically oxidized SiO, surface*’
and a plasma-cleaned and annealed thin SiO, gate oxide."

The thin films of PFP have also been characterized using
grazing incidence diffraction (GID) at the CHESS G2 station
to verify the in-plane crystalline structure and to examine the
possibility if the structure was sensitive to the underlying layer.
Ex situ analysis using GID on ~4 ML thick PFP films on all
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Figure 4. Atomic force micrographs, 3 x 3 um? of submonolayer
thin films of PFP grown on five different surfaces: (d) SiO, (0.24 ML
of PFP) and SiO, terminated with (a) FOTS (0.56 ML), (b) HMDS
(0.42 ML), (c) OTS (0.39 ML), and (¢) MAOPTS (0.33 ML). The
micrographs are in order of decreasing island density, a—e. In panel f,
we present an AF micrograph of a PFP film deposited on a SiO, surface,
representing a thickness of 3.61 ML. In all cases, the incident kinetic
energy was E; = 4.6 eV, and the substrate temperature was 7y = 40
°C.

surfaces showed essentially no differences in the positions of
the in-plane reflection planes, and the positions of the peaks
were consistent with earlier reports.** Ex situ analysis using
GID on thinner ~1.5 ML PFP films showed only minor
differences in the positions of the (120) and (130) reflection
planes (the most intense observed here) on all surfaces. For
example, from previous work, g, = 1.771%* and 1.772 A~ 33
whereas we found values ranging from 1.762 to 1.773 A~
Likewise, in previous work, g3 = 2.158% and 2.153 A~'3
whereas we found values ranging from 2.149 to 2.168 A~'.
These values represent a difference of at most 0.6—0.7%. We
do not believe such small changes in the crystal structure in
the ML regime are significant enough to explain other observa-
tions that we make here concerning phenomena that show a
dependence on surface termination.

The nature of the SAM not only affects the island density of
PFP but also the submonolayer island shapes. In Figure 4, we
display representative AF micrographs of PFP in the submono-
layer regime for growth on all of the surfaces examined here.
The corresponding coverages and GRs for these films are all
within a factor of ~2 and are given in the figure. On FOTS,
HMDS, and OTS, the PFP islands are anisotropic with a
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Figure 5. Atomic force micrographs of submonolayer thin films of
PFP grown on a SiO, surface terminated with HMDS at rates of (a)
0.00240 and (b) 0.0180 ML s~'. As presented, the scale in (a) is 3 x
3 um?, while that in (b) is 33 x 3 um?. The axes have been scaled
to produce what appear to be equivalent island densities to highlight
the similarities in island shapes. In all cases, the incident kinetic energy
was E; = 4.6 eV, and the substrate temperature was Ty = 40 °C.

compact polygonal shape. The aspect ratio of these islands is
approximately ~2—4, and it is greater on FOTS as compared
to HMDS and OTS. In contrast, the islands on MAOPTS and
SiO, are clearly not compact polygons and are much more
irregular. The shapes of these islands are similar to those
reported for growth of pentacene on Si0,'>!>4 but are not nearly
as fractal as those reported for pentacene on H- and cyclohexene-
terminated Si(100).'34

We note that the changes that we observe in island shape
with surface termination do not depend on the growth rate for
each surface examined. To examine this explicitly, we consider
again the results that we presented in Figure 2 concerning the
growth of PFP on HMDS. In Figure 5, we present micrographs
representing the lowest and highest growth rate examined, where
we have scaled the images such that the apparent island density
(number of islands in the image) is constant, even while the
growth rate changes from 2.4 x 1073 to 18.0 x 107> ML s™!
or a factor of 7.5. As may be seen, the shapes and aspect ratios
of the islands for the two extremes of growth rates examined
are essentially indistinguishable from each other. Thus, it is clear
that the change in the rate of growth cannot explain the change
in the island shape and that the differences observed in
submonolayer island shapes are most strongly influenced by the
substrate—PFP interactions.

Unlike the features formed in the submonolayer regime, once
the substrate is covered, the morphologies of the PFP thin films
in the multilayer regime are all remarkably similar. A repre-
sentative micrograph is shown in Figure 4f for the case of a
~4 ML thick film on SiO,. As may be seen, the features in this
coverage regime are very anisotropic and are narrow and rodlike,
similar to what has been reported previously.?>** As expected
for growth on substrates lacking crystallographic order, we see
that different grains are evidently randomly oriented with respect
to each other and to the substrate. However, there is some short-
range order as small “bundles” of these rodlike features are
observed. It is interesting to note that the submonolayer islands
that most resemble these features observed in the multilayer
regime are those formed on FOTS.

The shape of islands in the submonolayer regime can be the
consequence of both energetic (thermodynamic) and kinetic
factors. Not unlike the situation concerning the 3D evolution
of surface morphology and roughness, similar molecular scale
events contribute to the structures that are formed in 2D. There
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are important differences, however, between these essentially
2D and 3D phenomena. Our results indicate that the diffusivity
of PFP varies greatly on the five surfaces examined here, by as
much as 2 orders of magnitude. We expect that diffusion of
PFP on these starting substrates involves the molecule laying
flat (to maximize van der Waals interactions), assuming that
the underlying SAM is sufficiently dense such that PFP is
unlikely to penetrate the organic ML. In contrast, the molecules
that are part of both the growing islands and the multilayer thin
film are standing up, with their long molecular axis nearly
perpendicular to the surface. Thus, the interaction with the
underlying substrate is expected to be fundamentally different
concerning diffusing admolecules vs molecules incorporated into
the crystals. Thus, fast diffusion on a substrate need not translate
into fast diffusion around the periphery of an island or vice
versa.

In terms of molecular scale events that occur as islands grow
and begin to adopt a shape, the first event has to involve
attachment of a molecule to the island edge. At low coverages
and assuming adsorption is irreversible on the substrate surface,
prior to attachment, these molecules will adsorb first on the bare
substrate and then diffuse to the island edge (as compared to
adsorbing on top of the island and diffusing to the island edge).
Given the shape of these molecules and the nature of the
molecule—substrate and molecule—molecule interactions (es-
sentially van der Waals), there could be a barrier to the
attachment process, as the molecule must reorient itself with
respect to binding flat on the substrate surface to binding
nominally upright at the island edge (vide infra). Some sort of
sliding or flipping motion would seem to be necessary, which
may be facilitated by nearby molecules either in the island or
representing the underlying SAM. We note that such motions
involving reorientation do not occur in atomic (epitaxial) systems
such as Pt on Pt(111), where island shapes have been the focus
of several investigations,*' as they are properly modeled as
particles with spherical symmetry. The final state—a molecule
bound to an island edge—is expected to depend on the local
structure, for example, which crystal face is exposed at the island
edge. In extreme cases, one might imagine that molecules
diffusing on a particular substrate and impacting a particular
crystal face of an island edge may be reflected, whereas some
other combination could lead to very efficient incorporation/
attachment. Such “anisotropic sticking” or “anisotropic accom-
modation”, as suggested in work on atomic epitaxial systems,*'+?
could explain the formation of anisotropic islands, which has
been suggested to occur in other small molecule organic
systems.*

Island shape can also be determined by energetic/thermody-
namic factors. Given differences in the surface energy of
different crystallographic orientations, an island may seek to
minimize high energy edges vs low energy ones. Such a process
would depend on the fast diffusion of molecules around the
edges of islands, including corners where added barriers to
diffusion may exist. In 3D, diffusion of atoms from one terrace
to another is hampered by the well-known step-edge, or
Ehrlich—Schwoebel, barrier.*+* Such a barrier also exists in
molecular systems,*™*® which we examine here. In 2D, an
analogous “island corner crossing” barrier has been identified
concerning atomistic epitaxial growth.*” Undoubtedly, a similar
barrier exists for molecular systems. If energetic factors are
determining island shapes and we are below a temperature where
entropy-driven island edge roughening is important, then one
would expect compact islands, with possibly relatively straight
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edges. Such seems to be the case for the islands on FOTS,
HMDS, and OTS, not so for the islands formed on MAOPTS
and SiO,.

Reviewing our results as a whole concerning island shape,
we consider some potential scenarios. First, can the islands
formed here restructure/reorganize during growth and hence
influence the shapes that are formed? One test of the extent of
postdeposition island shape evolution is to examine what occurs
under extended aging. For example, concerning near-ML
coverages of pentacene on FOTS and HMDS, we have found
that these films undergo significant postdeposition reorganization
if left under vacuum for a period of time ranging from a few
minutes (on FOTS) to ~120 min (on HMDS).'® To test this
possibility here, we compared AF micrographs for samples of
PFP on SiO, and FOTS where in each case samples were
removed almost immediately after growth (~2 min) or were
left under vacuum for ca. 150 min. The images for these
submonolayer films (not shown here) were essentially indistin-
guishable in terms of both island shape and density. Additional
aging in air for ~2 months also did not produce any changes
in island shape and density. Thus, either the films formed here
do not reorganize or they do on a time scale that is short with
respect to the time it takes to remove a sample from vacuum
(<2 min). We note this latter time period is not so different
from the time of growth (~0.4—0.7 min for Figure 4a—e).
Indeed, reviewing the results from Figure 5, where the total
time of growth varied from 0.4 to 2.5 min, we do not observe
any noticeable changes in island shape, even while the density
is changing by a factor of ~3.

On the basis of the previous discussion, we are left with a
picture where either reorganization does not occur, or it is very
fast as compared to the time scale of the experiments (<< min).
We can argue against the latter interpretation using the following
argument. If reorganization is fast, then it is on both SiO, and
FOTS for the conditions examined here, as both terminations
showed no effects during postdeposition aging. In this case, we
would be left with the unusual situation where reorganization
leads to different island shapes depending on the underlying
substrate, also while the densities of these islands are changing.
We believe this to be unlikely; thus, we are left with the
conclusion that other factors are contributing to the island
shapes.

Island shape can be influenced by the kinetics of admolecule
attachment. As described above, the molecular motions associ-
ated with attachment of a molecule at an island edge can be
quite complex and may involve contributions of molecules
present in the underlying layer. We note that this is quite unlike
atomistic epitaxial growth, as indicated above, and a simple
comparison is displayed in schematic form in the upper panel
of Figure 6. Indeed, as discussed above, it is actually likely
that a barrier exists to admolecule attachment as the molecule
reorients from lying down to standing up. Once attached, the
molecule may diffuse around the periphery of an island before
finding a preferred binding site, exhibiting a form of transient
mobility. We would distinguish such a process from large-scale
reorganization if the final step of binding to a preferred site is
effectively irreversible.

How might the bonding of PFP vary from site to site on an
island edge? If we use pentacene as a guide, calculations using
DFT-LDA indicate that the binding of pentacene varies sig-
nificantly concerning the likely low index crystalline facets
present on the edges of the islands.® For example, pentacene
is bound by ~0.9 eV on the relatively smooth (100) face, ~0.75
eV on the (110) and (110) faces, and ~1.2 eV on the (010)

J. Phys. Chem. C, Vol. 114, No. 47, 2010 20125

(4] Q =
l flipping sliding

T R A 11
atomistic epitaxial organic small molecule
growth crystal growth

(010)

(110)

Figure 6. Upper panel: Schematic representation of the motions
associated with adatom attachment to a submonolayer island and
admolecule attachment to a submonolayer island, where these molecules
are “standing upright”. Lower panel: A simple model for the shape of
an island of PFP formed in the submonolayer regime, based on the
known crystal structure, where the surface exposed is the (001) plane.
We assume here that the herringbone angle is exactly 90°, where a
PFP molecule can be represented in-plane by a rectangle. The two in-
plane lattice vectors are shown, a = 11.4 10\, and b = 4.5 A.

face. More recent calculations of this same system using a
density functional that better describes van der Waals interac-
tions suggest that these energies may be underestimated by
25—50%.%' Using these results, the binding of pentacene to the
(100), (110), and (010) faces may be closer to 1.25, 1.13, and
1.52 eV. At room temperature, using these binding energies,
the difference in residence time between the (100) and (010)
faces could be on the order of 4 x 10*—1 x 10°. In this scenario,
the (010) faces could act effectively as sinks, and growth could
preferentially proceed in this direction.

In terms of equilibrium shapes, we are aware of no studies
of PFP concerning this issue. There are examinations of
pentacene, however. Concerning pentacene, calculations indicate
that islands should be approximately hexagonal in shape,
consisting of (100), (110), and (110) edges and either devoid
of (010) edges® or possessing small facets presenting this face.”!
No study predicts the presence of square corners in the
equilibrium crystal shape produced by the intersection of (100)
and (010) faces. Examining the images given in Figures 2, 4,
and 5, we observe a variety of acute, obtuse, and, without
question, some right angles, especially on HMDS and OTS. How
might these images be related to PFP equilibrium crystal shapes?
To answer this question, we now consider what is known about
the crystal structure of PFP.

The structure of PFP is similar to that of pentacene, but there
are important differences. For example, the angle between
neighboring molecules in the herringbone rows is nearly 90°
(91.2°) for PFP vs 51.9° for pentacene.** Using what is known
about the size and shape of the unit cell of PFP,** we can
construct a simple model for the shape of the PFP islands in
the submonolayer regime. In particular, the in-plane lattice
constants are given by a = 11.40—11.48 A, b = 4.49—4.53 A,
and y = 90°.%% In the lower panel of Figure 6, we consider
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a simple model for the packing of PFP molecules in the unit
cell, where we assume that the herringbone angle is exactly
90°. In this case, the in-plane space occupied by each PFP
molecule can be approximated by a rectangle, where the aspect
ratio is determined by the ratio of lattice constants b/a ~ 0.39.%*
On the basis of this simple construction, similar to what has
been applied to the case of pentacene,™ the (100) face can be
expected to be a low surface energy face. The other low index
face, the (010), although exhibiting more molecular scale
roughness as shown in Figure 6, might also be expected to be
a low surface energy face. Perhaps of most interest here, the
(110) face would appear to be almost degenerate in surface
energy with the (010) face.

If we assume that the islands formed possess a number of
edges that represent the low index (100), (110), and (010) faces,
then a quantitative analysis of the island shapes would seem to
be in order. Unlike the analysis of 3D topology, analysis of 2D
shapes formed in the submonolayer regime is not widely
reported, and there are no standard or well-established methods
that are commonly employed (outside of fields such as
cartography). We make use of two methods here, which are by
no means unique. We will also only report the results for the
analyses on FOTS, HMDS, and SiO,. The results for OTS are
quite similar to those on HMDS, while the same is true for
MAOPTS and SiO,. First, we used MATLAB to produce a
topological map of the submonolayer structures. By selecting
the appropriate “height”, the islands become a series of closed
curves. Islands not making closed curves, for example, those
at the edge of the micrographs, were not included in the
analyses. Next, given these curves, we then applied the
Douglas—Peucker algorithm®>** to find “best fit” polygons for
each island. Here, the analysis was somewhat subjective, as
depending on the size of the tolerance parameter used in the
fit, the algorithm can fit a shape to a very large number of
vertices giving an uninformative and, perhaps, unphysical
representation of the island shape. For example, for the relatively
compact islands observed on FOTS, HMDS, and OTS, one
expects to limit the number of vertices to fewer than those for
the islands on MAOPTS and SiO,.

In Figures 7 and 8, we present the results of our analysis of
the island shapes. To clearly illustrate our method in Figure 7,
we consider only the analysis of single islands formed on HMDS
and SiO,. The first row includes the shapes found by applying
the Douglas—Peucker algorithm, and the longest edge is
highlighted by a dotted line in each case. In the second row,
we plot the (unweighted) histograms for the vertex angles and,
as may be seen the island on SiO,, gives both convex and
concave vertices. In the third row, we consider another
representation of the island shapes. Here, we consider the angles
that the faces make with each other, regardless if the facets meet
to make a corner. In this analysis, the longest side of each
polygon defines 0°, and the edges are treated as vectors such
that the possible angles range from 0° to 360°. In this
construction, we also weight the distribution by the length of
the edge. For HMDS, the long, nearly parallel faces produce a
peak in the distribution, whereas on SiO, the distribution is much
broader.

In Figure 8, we present a full analysis of the islands formed
on FOTS, HMDS, and SiO,, where in the top row we present
micrographs for films deposited at rates of 0.0021, 0.0056, and
0.0019 ML s™!, representing coverages of 0.119, 0.361, and
0.388 MLs, respectively. In the second row, we present the
shapes that were fit to each of the islands analyzed. The number
of islands analyzed were 135, 74, and 131 for PFP on FOTS,
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Figure 7. Illustrative figure demonstrating the method that we use to
analyze island shapes. First row: shapes of single islands found from
an analysis of the atomic force micrographs of PFP on HMDS and
SiO,. Second row: histograms of the vertex angles represented by the
polygons. Third row: histograms of the angles of relative orientation
between the sides of the polygons, with respect to the longest edge,
and weighted to the length of the edge.

HMDS, and SiO,, respectively. Here, for the number of vertices,
our analysis gave these values (means and standard deviations):
4.70 £ 1.17,5.70 &£ 2.28, and 14.61 +£ 6.58 for PFP on FOTS,
HDMS, and SiO,, respectively. As may be appreciated, the
shapes have been well captured by this analysis. In the third
row, we plot histograms of the unweighted population of vertex
angles in the fitted polygons. Here, we see an obvious difference
for the results on FOTS and HMDS vs that on SiO,. As the
former two surfaces are populated mostly by compact islands,
these histograms are described by a single Gaussian distribution.
For FOTS, we find that the mean is ~99°, with a standard
deviation of 33°, while for HMDS, we find 104° and 37°,
respectively. On SiO,, we see that the distribution is bimodal,
because of the noncompact shapes, and that two Gaussians fit
the data: 103 4+ 27° and 264 + 38°. If the low index faces
dominate the populations, we would expect peaks in the
distribution (for angles <180°) at angles of 43, 69, 90, 111, and
137° (cf. Figure 6). These values are certainly represented in
all cases examined here, but we hesitate to make a stronger
conclusion at this point in the analysis.

In the fourth row of Figure 8, we plot the histograms of the
relative angles between edges of the fitted polygons and the
longest edge, applying a weighting factor given by the length
of the edge, as we described in connection with Figure 7. Again,
we take note of important differences concerning the results
for FOTS, HMDS, and SiO.. First, the distribution on FOTS is
highly peaked at an angle of ~180°. Indeed, the two bins
representing angles from 175 to 185° represent 39% of this
length-weighted histogram, while a fit to a Gaussian gives a
mean and standard deviation of 180.7 £ 3.5°. This means that
on FOTS there is a strong tendency for the formation of islands
possessing parallel facets or edges. Given the structure discussed
above in connection with Figure 6, it seems likely that these
would be the (100) and (100) faces. There is also a hint of higher
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Figure 8. First row: Atomic force micrographs of submonolayer thin films of PFP grown on (left to right) FOTS, HMDS, and SiO,. The first two
of these images are 3 x 3 um?, and the latter is 10 x 10 um?. Second row: Analysis of island shapes as simple polygons using the approach
described in the text. Third row: Histograms of the vertex angles represented by the polygons. Fourth row: Histograms of the angles of relative
orientation between the sides of the polygons, with respect to the longest edge, and weighted to the length of the edge.

frequencies for angles of ~80—100°, but a peak in this range
is much less obvious. On HMDS, the histogram is similar to
that on FOTS but not as peaked at an angle of ~180°. Here,
the four bins representing angles from 170 to 190° represent
29% of this length-weighted histogram, while a fit to a Gaussian
gives a mean and standard deviation of 181.0 4+ 7.9°. Thus,
this surface also tends to form islands that possess parallel edges,
but the larger contribution of edges not close to 180°, as
compared to FOTS, indicates that the aspect ratios of the islands
are smaller on this surface. Finally, on SiO,, the edge-length
weighted distribution is very broad and does not exhibit an
obvious peak. A fit of these data to a Gaussian gives a mean
and standard deviation of 180 =+ 137°. These results are
consistent with the noncompact nature of the islands that are
formed on SiOs.

Summing up the results of our analysis displayed in Figure
8 concerning the shapes of the islands, we find that the largely
objective analysis described above mostly verifies what is seen

by the naked eye. First, the islands on FOTS and HMDS (and
OTS, cf. Figure 4) are compact, and ~70% of the vertex angles
lie within a range of 65—140°, with the distribution peaking
near 100°. These results are consistent with the existence of
corners produced by the intersection of (100) edges with both
(110) and (010) edges. The large predominance of parallel edges,
particularly on FOTS, but less dominant on HMDS (and OTYS),
strongly suggests that many islands possess long (100) and (100)
faces as edges. These parallel edges are also quite noticeable
for multilayer films of PFP on all surfaces, cf. Figure 4f. On
SiO, (and MAOPTS), the islands are not compact and a number
of vertex angles lie in the range of 180—360°. Also, on these
surfaces, there is only a very weak tendency to form islands
with parallel edges.

In concluding our discussion of island shape variation with
surface termination, we make the following observation. Al-
though it is likely that equilibrium shapes are not achieved on
any surface, there is a connection between equilibrium concepts
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and those based on molecular events such as admolecule
attachment, diffusion along edges and across corners, and
preferential binding. Low energy edges, such as the (100), will
bind admolecules weakly and tend to “donate” these molecules
to bind at higher energy edges such as the (010) and the (110).
Thus, if corner crossing is facile, then one can imagine the
formation of islands with straight parallel (100) edges. Large
barriers to island corner crossing, however, will tend to lead to
instabilities in the evolution of island shape, and islands that
are not compact will tend to form.*’ If barriers to island corner
crossing are playing a role in the islands that are formed on
SiO, and MAOPTS, then these barriers are apparently much
different for PFP on FOTS, HMDS, and OTS. As the short edge
of PFP interacts most directly with the underlying substrate,
this sensitivity is unexpected. This is particularly curious as the
mobility of flat lying, isolated PFP molecules is highest on the
MAOPTS and SiO, surfaces.

IV. Conclusions

In conclusion, we have examined the nucleation and growth
of PFP on a series of surfaces represented by differing chemical
terminations and surface energies. PFP was chosen because of
its low intrinsic surface energy—we do not expect it to dewet
or reorganize on low energy surfaces. This enabled us to study
the effect of SAMs on the nucleation and growth of a crystalline
organic thin film, which is otherwise very problematic to
examine. On all surfaces examined, PFP forms single molecule-
high islands in the submonolayer regime, which are stable in
density, shape, and size with extended aging. Furthermore, PFP
exhibits the characteristics of homogeneous nucleation on all
surfaces. We found that the chemical structure of the SAM
significantly affects the nucleation density of PFP under
otherwise identical conditions of growth. In particular, the
density of islands on FOTS (the lowest surface energy SAM
examined) exceeded that on MAOPTS (the highest surface energy
SAM examined) by over an order of magnitude. At the same time,
the size of the critical nucleus indicated by the change in island
density with growth rate showed no dependence on surface
termination, and a value of i* ~ 2—3 could describe all data.
We are left to conclude that the change in island density is due
to a change in the diffusivity of PFP admolecules on these
surfaces by as much as 2 orders of magnitude. The chemical
structure of the SAM also significantly affects the shapes of
the islands of PFP formed in the submonolayer regime.
Interestingly, the islands are most compact and faceted on those
surfaces where diffusion of isolated PFP admolecules is
indicated to be the slowest. The shapes of the islands formed
on all surfaces were analyzed in terms of simple polygonal
shapes. These shapes were consistent with the islands possessing
a number of the low index edges, that is, the (100), (010), and
(110), including parallel (100) edges on surfaces terminated by
FOTS, HMDS, and OTS. Our observations suggest that the
molecular motions and intermolecular interactions describing
the diffusion of isolated admolecules are quite different from
those concerning molecules moving on the periphery of a
growing island. Finally, once the substrate surface is covered,
the growth becomes very 3D on all surfaces, and a rough
multilayer morphology is observed. For these thick films, very
anisotropic features are formed, which may suggest the pre-
dominance of a single face at these coverages, such as the (100)
orientation.
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