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In situ studies of morphology, strain, and growth modes of a molecular organic thin film
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We use grazing incidence x-ray scattering to study the molecular structure and morphology of thin~,70
ML ! crystalline films of 3,4,9,10-perylenetetracarboxylic dianhydride~PTCDA! on Au~111! surfaces as a
function of film thickness, substrate temperature, and growth rate. Although the first two PTCDA monolayers
grow in a layer-by-layer fashion, the film evolution beyond the second monolayer depends strongly upon the
growth conditions resulting in low-temperature@i.e., nonequilibrium~NEQ!# and high-temperature@equilib-
rium ~EQ!# growth regimes. In the NEQ regime, the films roughen monotonically with increasing film thick-
ness, but retain a well-defined film thickness. Furthermore, we find that these films have a lattice strain which
is independent of film thickness. In the EQ regime, the film acquires a three-dimensional morphology for
thicknesses.2 ML, and the lattice strain decreases rapidly with increasing thickness. We also show that the
transition between the NEQ and EQ regimes is sharp and depends upon the balance between the growth rate
and substrate temperature. These results suggest that the PTCDA/Au~111! system is thermodynamically de-
scribed by incomplete wetting, and that strain and kinetics play an important role in determining molecular
organic film characteristics.@S0163-1829~97!09130-3#
th

o
o

th
m
x
ll
th
ul
m
A

he

be
ra

of
r-
s, it
lms
di-
.’’

as

the
ge
and

etal
ar
nd

e

ittle
nd
I. INTRODUCTION

The growing interest in molecular organic materials as
basis for creating optoelectronic devices~e.g., light emitting
diodes1,2 or waveguide-coupled detectors3! has led to an in-
creasing interest in the structure and growth dynamics
organic molecular thin films. Such films hold the promise
a wide tunability in their properties~by making use of the
synthetic capabilities of organic chemistry!, as well as a high
degree of microscopic structural control when grown by
ultrahigh vacuum~UHV! process of organic molecular bea
deposition~OMBD!, as suggested by the observation of e
citon confinement in OMBD grown multiple quantum we
structures.4 This has highlighted the need to understand
structure and morphology of these materials at the molec
level so that the structure-property relationships of these
terials can be fully explored. Films consisting of PTCD
~3,4,9,10-perylenetetracarboxylic dianhydride! have been
very well studied, and PTCDA is considered to be an arc
typal molecular organic thin film material.5–9 Previous stud-
ies have found that uniform crystalline PTCDA films can
grown on a wide range of substrates using OMBD in ult
560163-1829/97/56~6!/3046~8!/$10.00
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high vacuum.6,9,10 From these observations and the lack
any dislocation defects in thick PTCDA films due to diffe
ences in the interlayer and intermolecular binding energie
has been suggested that molecularly smooth PTCDA fi
can be grown largely independent of lattice matching con
tions, and which has been referred to as ‘‘quasiepitaxy9

Recently, we have determined the two-dimensional~2D!
structure of a 17 ML PTCDA film on Au~111! substrates,
and found that these films exhibit a finite degree of strain
measured by the aspect ratio of the 2D unit mesh.11

More generally, there is wide interest in understanding
behavior of organic/inorganic interfaces, as found in a ran
of studies from model systems such as self-assembled
Langmuir-Blodgett monolayers and multilayers,12 to more
applied systems such as in the biomineralization of skel
materials.13 While these organic/inorganic systems appe
very different from the simpler atomic epitaxial systems a
also have interactions which are typically weaker~e.g., van
der Waals interactions dominate!, the degree to which thes
systems differ in afundamentalway from atomic epitaxial
systems is not apparent. For instance, there is often l
known about the microscopic evolution of the structure a
3046 © 1997 The American Physical Society
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56 3047In situ STUDIES OF MORPHOLOGY, STRAIN, AND . . .
morphology of organic materials, as compared with wha
known about many conventional inorganic film syste
~e.g., semiconductors, metals!. At present, there is only a
limited understanding of the microscopic growth mech
nisms of planar organic systems, or even the dependenc
the film structure and morphology upon growth condition
Yet, previous theoretical studies have suggested that l
planar molecules~such as PTCDA! should have qualitative
differences as compared to other epitaxial systems due to
large mismatch between the molecular size and the subs
lattice spacings as well as the expectation that the subst
film van der Waals interactions should be relatively low.14,15

In the present study, we use grazing incidence x-ray
fraction~GIXD! to study, at the molecular level, the structu
and morphology of thin~,70 ML! PTCDA films grown on
Au~111! substrates as a function of number of molecu
layers, n, substrate temperature,T, and growth rate,R.
Au~111! serves as an excellent substrate on which to st
the relationship between strain and morphology since
PTCDA/Au~111! bond energy is higher than in previous
studied cases of PTCDA on graphite or glass. In the la
situations, it is believed that the weaker film/substrate in
action leads to the growth or relaxed film structures.9 First,
we describe the evolution of the PTCDA film morpholog
and lattice strain as a function of film thickness for film
grown in the low-temperature@or nonequilibrium ~NEQ!#
growth regime. We then explore the dependence of PTC
growth on substrate temperature and growth rate to show
there exists a sharp transition between the low-tempera
~NEQ! and the high-temperature equilibrium~EQ! growth
regimes, and that the transition depends upon both
growth rate and substrate temperature. These results are
cussed in the context of previous studies of PTCDA film
and thin film growth in general.

II. EXPERIMENT

The grazing incidence x-ray scattering experiments w
performed in an ultrahigh vacuum system which allows
in situ analysis of the PTCDA film structure during growt
The Au~111! single crystal substrates are cleaned by sput
ing and annealing, resulting in the expectedA3323 surface
reconstruction,16 and the PTCDA films are grown o
Au~111! single crystalline surfaces by OMBD. The PTCD
source is a resistively heated tantalum oven with a small~;1
mm2) aperture covered with a fine tungsten mesh. The x-
scattering measurements were performed at the Exxon X
beamline at the National Synchrotron Light Source. In th
measurements, the radial resolution of 0.008 Å21 is set by
slits before the detector, corresponding to a resolution li
of ;800 Å ~none of the reported data are limited by the x-r
resolution!. The PTCDA beam flux during growth was inde
pendently monitored using a quartz crystal microbala
~QCM!, and was calibrated through the observation of os
lations in the specular x-ray intensity as a function of tim
during the growth, due to the subsequent addition of e
monolayer.17 We note that there is a discrepancy between
PTCDA flux ~as derived from QCM! and the PTCDAcover-
age~as derived by the x-ray intensity analysis and descri
in Sec. III!. In general, a smaller coverage is derived fro
the x-ray intensity analysis than is found by monitoring t
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PTCDA flux with the QCM, suggesting that the sticking c
efficient may decrease after completion of the first tw
monolayers~which were used for the QCM calibration!. For
simplicity, all film thicknesses quoted in this work are d
rived from the QCM reading.

III. RESULTS

A. Film evolution vs thickness„NEQ regime…

In Fig. 1, we show the evolution of the wide angle x-ra
specular reflectivity18 for a clean Au~111! surface, and as a
function of film thickness ranging from 1 ML up to;45 ML
of PTCDA. These data show the Au crystal truncation ro
exhibiting a sin22(Qd111/2) functional form, where the mo
mentum transfer,Q, is related to the scattering angle, 2u, by
the relationQ5(4p/l)sin(2u/2). Here,l is the x-ray wave-
length, andd11152.356 Å is thed-spacing for the~111!
Bragg planes of the Au substrate. The PTCDA~1 0 2! Bragg
peak is found atQ51.95 Å21 corresponding tod10253.22
Å. The ~1 0 2! Bragg peak becomes both more intense a
narrower as the film thickness is increased, as expected
the growth of a well ordered crystal. As we have previou
observed,11 the data for the thicker films exhibit oscillation
of the intensity above and below the~1 0 2! Bragg peak, in-
dicating that there exists a well defined film thickness,
though the rapid damping of these oscillations away from

FIG. 1. Specular reflectivity~circles! of PTCDA/Au~111! is
shown as a function of the PTCDA film thickness~shown in units
of PTCDA monolayers, in which 1 ML corresponds to 3.22 Å!. The
solid line is a fit to the data assuming a density profile of the fo
of Eq. ~1!. All films were grown at a substrate temperature of 17 °
except the 1.0 and 2.3 ML films which were grown at 100 °C. T
growth rate for these films was;5 ML/min, except the 1, 2.3, and
29.5 ML samples which were grown at a rate of;0.8 ML/min.
Each set of data is vertically offset by a factor of 10 for clarity.
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~1 0 2! Bragg peak indicates that the film thickness is n
uniform on a molecular~i.e., one monolayer! scale.

The ~1 0 2! Bragg peak is accurately aligned along t
Au~111! substrate surface normal, with no evidence for a
extra mosiac~angular! broadening. Therefore, we infer tha
the PTCDA molecules form well-defined lamella parallel
the Au substrate surface. Furthermore, we have no evide
of any stacking disorder in these films, or even any out-
plane orientational disorder~i.e., mosaic about the surfac
normal!. Consequently, understanding the PTCDA fi
structure along the surface normal reduces to a determina
of the occupation of each molecular layer~i.e., the PTCDA
density profile!. This can be determined by comparing t
x-ray reflectivity data to a model in which the density of ea
PTCDA layer is allowed to vary. Since the x-ray scatteri
data in Fig. 1 are in the ‘‘large angle’’ regime, they a
sensitive to the density and spacings of the crystal
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PTCDA film at the level of the PTCDA layer spacing,d102
53.22 Å. This is distinct from the density profile determine
from a small angle reflectivity, which is sensitive only to th
total density distribution independent of the degree of or
and/or crystallinity.

We model the PTCDA density profile,r(n), with a phe-
nomenological expression which has three characteris
~1! An arbitrary layer density,r(n), for the first three
PTCDA layers (n<3) which allows for the possibility of a
different 2D structure~and therefore different 2D density! in
the first few layers due to the PTCDA/Au interaction,~2! an
exponential decay of the density forn.3, with an
asymptotic limit ofrN ~the layer density near the film sur
face! with a decay length,L, and ~3! a density cutoff~at
layer N) having a root-mean-square~rms! roughness,DN.
An empirical expression which contains each of these ch
acteristics can be written~for n>3) as
r~n!5@„r~3!2rN…exp„2~n23!/L…1rN#/@11exp„1.59~n2N!/DN…#. ~1!
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We have chosen this functional form since Eq.~1! provides a
flexible functional form capable of reproducing a wide ran
of possible density profiles, ranging from an ideal step fu
tion ~with no surface roughness! to a monotonically decreas
ing density profile characteristic of a three-dimensional~3D!
film morphology. Furthermore, Eq.~1! can quantitatively re-
produce the x-ray scattering intensities of PTCDA film
grown under a wide range of conditions. By integrating t
derived density profile, we can obtain the adsorbed mas
the film.19 In order to calculate the scattering intensity of th
film, we must also include the specular reflectivity of t
semi-infinite Au~111! substrate~as indicated in the 0 ML
curve in Fig. 1!, which results in the sin22(Qd111/2) depen-
dence found for the clean surface.

The calculated scattering intensities for the best fit den
profiles are shown as solid lines in Fig. 1. Note that
calculations using Eq.~1! fit both the changes in the~1 0 2!
peak shape as a function of thickness, as well as the dam
of the intensity oscillations away from the~1 0 2! peak posi-
tion for film thicknesses of up to;30 ML. For the 44.5 ML
film, we are unable to quantitatively explain the x-ray inte
sities within this model, which suggests that actual den
profile for thicknesses of.30 ML is no longer adequately
described by Eq.~1!.

In Fig. 2, we show the derived density profiles, which p
the film density as a function of the molecular layer numb
n. In these plots, the density of bulk PTCDA is normaliz
to r51.0. These density profiles have two characterist
there is a broad termination of the film density at the PTCD
film surface~for thicknesses greater than 2 ML!, and the film
density decreases continuously within the film. To test
uniqueness of these results, we have also fit the data~for
relatively thin films,N<15 ML! by allowing the density of
each layer to vary as an independent parameter. While
derived density profiles are noisy~as expected since th
number of independent fitting parameters is larger than
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justified by the data!, they had all of the same features foun
in the density profiles in Fig. 2 using the phenomenologi
fit based upon Eq.~1!.

We now address the evolution of the rms surface rou
ness,DN, which is plotted in Fig. 3 as a function of film
thickness. At the initial stage of growth, the first and seco
monolayers appear to completely cover the Au surface
fore any additional layers are occupied~i.e., the first two
monolayers ‘‘wet’’ the Au surface!; this is supported by our
observation of layer-by-layer intensity oscillations during t
growth at the PTCDA anti-Bragg condition for only the fir
two monolayers,17 as well as our observation that these la
ers are more strongly bound to the Au~111! surface than
found in bulk PTCDA. For instance, while ‘‘bulk’’ desorp
tion from a multilayer PTCDA film occurs at;240 °C, we

FIG. 2. The derived density profiles as a function of the PTCD
film thickness for the x-ray scattering data shown in Fig. 1. The fi
thicknesses are noted, and the growth conditions are specifie
Fig. 1.
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56 3049In situ STUDIES OF MORPHOLOGY, STRAIN, AND . . .
find that a bilayer of PTCDA is stable for 240 °C,
T,250 °C, and that a monolayer is stable for 250 °C,
T,400 °C. We have also found that the coverage in
presence of a PTCDA flux can be thermodynamically c
trolled at the monolayer and bilayer level by varying t
substrate temperature, but that below 240 °C the film thi
ness is controlled kinetically as a function of the incide
flux. In the second stage of growth, the third and subsequ
layers do not appear sequentially but instead form a gro
front which roughens monotonically with increasing fil
thickness. For example, we find that an average;3.3 ML
thick film has a nonzero layer occupation for up to 5 distin
layers.

In order to quantitatively understand the evolution
NEQ film growth, the surface roughness is plotted as a fu
tion of the total adsorbed mass~as measured by the QCM! in
Fig. 3. We also compare these data to a simple kinetic rou
ening model20 in which the molecules randomly adsorb wit
out any surface diffusion. In this model, the rms surfa
roughness increases as the square root of the film thickn
shown by the solid line in Fig. 3~offset to account for the 2
ML wetting film!, and provides a reasonable description
the evolution of surface roughness to thicknesses as hig
;30 ML.

Next, we address the density gradient within the inter
of the film, which is clearly observed in Fig. 2. Although th
surface roughening is well described by random adsorpt
the observed density gradient within the film is not a ch
acteristic of this model. By approximating the density profi
if Eq. ~1! with a linear slope, we find that the normalize
density gradient is (1/r)dr/dn52„r(3)2rN…/L. Then for
the 17 ML film in Figs. 1 and 2, the density gradient
determined to be (1/r)dr/dn520.03460.013, which is a
statistically significant deviation from the expected flat de
sity profile. The physical significance of the density gradie
is that the completion of each layer~for n.2) is inhibited,
resulting in a quasi-three-dimensional film morphology.

To further understand this roughening, we have obtai

FIG. 3. The measured rms surface roughness as a functio
film thickness, for substrate temperatures ofT517 °C ~NEQ re-
gime, open circles! andT>100 °C~EQ regime, closed circles!. The
solid line is the expected evolution for random deposition, wh
has been offset by 2 ML to take into account the wetting layer;
dashed line is a guide to the eye for data in the EQ regime.
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atomic force microscope~AFM! images of a 16.5 ML film
grown under similar conditions. The AFM images revea
‘‘mesa’’-like microstructure, with a typical mesa having
diameter of;4000 Å, and where each mesa is separated
‘‘valleys.’’ Furthermore, the images show that the mes
have molecularly flat surfaces, and in many cases individ
steps having the expected PTCDA layer spacing~3.22 Å!
can be observed. These observations suggest that the de
gradient in Fig. 2 is due to the valleys between the mes
and that thesurfaceroughness~which in our analysis is in-
dependent of themorphological roughness due to the va
leys! appears to be due to a distribution of mesa heights
opposed to a random roughness at the molecular scale.

B. Strain evolution vs film thickness„NEQ regime…

Previous studies of thick~0.4mm! PTCDA films grown in
the NEQ regime indicate uniform films without any eviden
of islanding,9 they were performed on amorphous substra
or on graphite. Furthermore, studies of;300 Å thick
PTCDA films on oxidized silicon wafers did not find an
evidence for islanding.6 This suggests that the difference b
tween these earlier results and for PTCDA/Au~111! dis-
cussed here lies in the nature of the substrate surface an
strength of the molecule/substrate bond.14,15 We have previ-
ously found that PTCDA films grown on Au~111! surfaces
have a preferred 2D orientational alignment with the su
strate, and have a large~4%! 2D lattice strain11 even though
the PTCDA films are incommensurate with the substrate
tice spacings by 2%.11 Both of these observations imply tha
the interaction between the PTCDA film and the Au~111!
substrate is stronger than for these previously studied
tems. We therefore have extended our investigation to inv
tigate how strain evolves as a function of thickness, and
termined its relationship to the observed film morphology

A schematic of the 2D structure of PTCDA/Au~111! in
both real and reciprocal space is shown in Figs. 4~a! and
4~b!. Using x-ray diffraction, we show wide angle azimuth
scans through the~0 1 2! Bragg peaks in Fig. 5. From th
multiplicity of diffraction peaks, it is evident that there exis
more than one orientation of the PTCDA film with respect
the Au substrate. This is in contrast to our previously pu
lished data which showed only one 2D orientation with
spect to the substrate lattice.11 We have found that the num
ber of inequivalent film orientations depends upon the det
of the Au substrate~e.g., surface miscut! and the growth
conditions used. For instance, the orientation of PTCD
films on a graphite surface was found to be affected by
orientation of step edges.21 Some of the variability between
substrates may be explained by the detailed nature of the
surface such as the magnitude and direction of the sur
miscut.

A PTCDA film having a particular orientation~with its
symmetry equivalent orientations separated by 60°! would
exhibit both~0 1 2! and ~0 1 -2! Bragg peaks, having an az
muthal separation,Df, determined by the 2D PTCDA lattice
spacings (a,b). That is

Df5f0122f01-252 arctan~2b* /a* !52 arctan~2a/b!,
~2!
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where a* and b* are the reciprocal lattice vectors corr
sponding to the~0 1 0! and ~0 0 1! Bragg peaks~e.g., a*
52p/a), respectively. For an unstrained PTCDA lattice, t
unit mesh has dimensions22 of (a,b)5(11.96 Å, 19.91 Å!
with a/b50.6007, corresponding to a peak separation ofDf
5100.5°. Given the six-fold symmetry of the Au substra
this results in an azimuthal peak separation of 19.5°. Th
fore, an unstrained PTCDA film aligned along thef50°
azimuth would exhibit~0 1 2! Bragg peaks atf50°, and
~0 1 -2! Bragg peaks atf519.5° and 40.5°~as well as sym-
metry equivalent orientations separated by 60°!. Conse-

FIG. 4. A 2D schematic of the~a! reciprocal and~b! real space
structure of a PTCDA film on a Au~111! substrate. The open circle
in ~a! are diffraction peaks due to the PTCDA film with the~0 1 2!
Bragg peak noted, while the filled circles are Bragg peaks due to
Au~111! surface. In~b!, the ~0 1 2! Bragg plane is shown for the
film orientation which is aligned along thef50° azimuth.
,
e-

quently, while the~0 1 2! and~0 1 -2! Bragg peaks are equiva
lent with respect to the film, they have inequivale
orientations with respect to the Au substrate.

Based upon these arguments, we can assign each o
Bragg peaks to a particular PTCDA film orientation. F
instance, the peaks labeled~0 1 2! and ~0 1 -2! are due to a
PTCDA film orientation defined by the alignment of th
~0 1 2! Bragg peak along thef50° axis of the Au substrate
@as shown in Figs. 4~a! and 4~b!#. Similarly, a second film
orientation is defined by the alignment of the~0 1 2!8 peak
along thef530° direction, and a third domain~0 1 2!9 is
aligned along a low symmetry direction. Due to the numb
of inequivalent domains, we have also confirmed these
signments by measuring the separation of the~011! and
~01-1! Bragg peaks, which provides an independent deter
nation of the film orientation.

Using Eq. ~2!, we can determine the aspect ratio of t
PTCDA unit cell through a measurement of the azimut
separation of the~0 1 2! and ~0 1 -2! Bragg peaks. In Fig. 5,
we show data for a 3.3 ML film grown at 17 °C and a grow
rate of 3.9 ML/min. The observed peak separation for
f50° orientation,Df515.260.3°, is significantly smaller
than the expected value of 19.5°, which corresponds to
aspect ratio ofa/b50.64960.003. If we define the film
strain, d, as the fractional deviation of the unit cell aspe
ratio from the expected bulk value, thend5@(a/b)film
2(a/b)bulk#/(a/b)bulk50.08, where (a/b)bulk50.6007. In
the context of inorganic growth, 8% strain would be cons
ered very large, although it is of a similar magnitude to th
which we have measured for other organic thin film system
such as self-assembled monolayers.23 Similarly, the aspect
ratio for the f530° domain is found to bea/b50.615
60.003, corresponding to a strain ofd50.024. The depen-
dence of the lattice strain upon the azimuthal orientation w
respect to thesamesubstrate clearly demonstrates the sen
tivity of the film strain to theatomic scale structure and
symmetry of the substrate lattice.

In Fig. 6~a!, we plot the lattice strain as a function of film
thickness for films grown under nonequilibrium~i.e., NEQ!
conditions. Althoughd is relatively large@;7% and;4%

e

FIG. 5. A wide angle azimuthal scan through the~0 1 2! Bragg
peaks of the same 3.3 ML film shown in Fig. 1~a!. The contribu-
tions from three distinct film orientations,~0,1,62!, ~0,1,62!8, and
~0,1,62!9, are clearly apparent.
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for the ~0 1 2! and~0 1 2!8 domains#, there does not appear t
be any systematic decrease of the strain~i.e., strain relief!
even for film thicknesses of up to;70 ML ~.200 Å!. This
implies either that the critical thickness of the PTCDA film
very large, or that the kinetic barrier to relieve the strain
sufficiently high that the strain is frozen-in at room tempe
ture. Note that this lack of strain relief is consistent w
previous fluorescence studies of PTCDA/NTCDA multilay
structures grown under similar~NEQ! conditions. There it
was found that the exciton-phonon coupling, a property
pected to be very sensitive to strain, did not change as
PTCDA layer thickness was increased from 10 to 500 Å24

C. Transition from NEQ to EQ growth regimes

To understand the influence of diffusion in the observ
morphologies and the degree to which they represent e
librium structures, we now discuss the dependence of
film morphology on the substrate temperature during grow
In Fig. 3, we compare the evolution of the film surface wid
for films grown at high temperature (T>100 °C! to films
grown at 17 °C. Although we have found layer-by-lay
growth for the first two monolayers independent of the s
strate temperature~for temperatures as high as 180 °C!, there
is a significant difference in the film evolution between the
two temperature ranges. While films grown at NEQ indic
a slow, monotonic evolution of the surface roughness, fi
grown at high temperature exhibit a much stronger div
gence of the surface roughness for thicknesses.2 ML. The
sudden increase of the surface roughness~particularly under
equilibrium conditions! coupled with the two stage growt
behavior, indicates that the equilibrium film morphology
the PTCDA/Au~111! system corresponds to incomplete we
ting.

In Fig. 6~b!, the measured 2D lattice strain is shown a
function of thickness for films grown at substrate tempe
tures of T.100 °C, and growth rates ofR;0.8 ML/min
~i.e., within the EQ regime!. These data indicate that th
strain for films of a few monolayers thickness is very simi
to that found for the nonequilibrium films, although th
strain is nearly completely relieved for film thicknesses e
ceeding;15 ML. This implies that the observed changes
film morphology and lattice strain are correlated, and t
both are determined by the growth regime.

To understand the nature of the transition between
NEQ and EQ regimes, in Fig. 7 we show the evolution of
wide angle x-ray specular reflectivity for a series of 17 M
films grown atR56.7 ML/min, as a function of the substra
temperature during growth. These data demonstrate that
T<110 °C, the films exhibit a temperature independent m
phology ~similar to that shown in Figs. 1 and 2!, but for T
.110 °C there is a significant change in the film morpholo
as indicated by the sudden loss of the intensity oscillati
near the~1 0 2! Bragg peak. A plot of the surface roughne
vs temperature for these films~Fig. 8! shows that this tran-
sition is associated with an abrupt increase in the film surf
roughness. Qualitatively, this appears to be due to the for
tion of large 3D islands as the film evolves towards the eq
librium incomplete wetting morphology. The evolution
the surface width vs temperature for a lower growth rate
0.6 ML/min is also shown in Fig. 8. While the roughness
s
-

r

-
he

d
i-
e
.

-

e
e
s
-

a
-

r

-

t

e
e

for
r-

y
s

e
a-
i-

f

the NEQ regime is indistinguishable from that found
higher growth rates, the transition temperature between N
and EQ regimes decreases by;40 °C when the growth rate
is reduced by an order of magnitude. This demonstrates
the film morphology near the transition between equilibriu
and nonequilibrium growth regimes results from a balan
between adsorption and diffusion, while the film morpholo
appears to be independent of the growth rate and subs
temperature within the NEQ regime.

To further probe the mechanisms involved in the tran
tion between NEQ and EQ regimes, we note that films gro
at NEQ do not undergo a transition to the EQ morpholo
when annealed at temperatures as high as 100 °C. In
these films actually exhibit anincrease in the number of
intensity oscillations near the~1 0 2! Bragg peak for anneal
ing times of up to many hours~as compared to the loss o
intensity oscillations for filmsgrown at these temperatures!.
Therefore the transition towards a 3D morphology is not d
simply to thermally activated molecular diffusion at the

FIG. 6. A plot of the measured lattice strain, defined as
fractional deviation of the (a/b) ratio from the bulk value, as a
function of PTCDA film thickness, plotted for~a! the NEQ regime
(T517 °C, and growth rate of;4 ML/min!, and~b! the EQ regime
~the 4.4 and 17.3 ML samples were grown atT5170 °C, while the
1 ML sample was grown at 100 °C, and the growth rate was
ML/min!. In ~a!, the lattice strain for the~0 1 2! domain is derived
independently through the separation of both the~0,1,62! and
~0,1,61! Bragg peaks. There is no significant decrease in the lat
strain as a function of film thickness for NEQ films, in contrast
the strong decrease in strain for films grown in the EQ regime.
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temperatures, but instead appears to be due to a dynam
aspect of the growth process itself. Since the resulting fi
morphology is typically a result of a balance between
adsorption and diffusion rates, this suggests that the diffus
is strongly modifiedduring growth. This may be due to a
transient mobility of the PTCDA molecules upo
adsorption25 ~in which the latent heat of adsorption may b
converted, at least in part, to kinetic energy!.

Given the observed ‘‘mesa’’ morphology in NEQ grow
film, the sharpness of the transition between low- and hi
temperature regimes suggests that the evolution towar

FIG. 7. Specular x-ray reflectivity~circles! of a series of
PTCDA films on Au~111! as a function of the substrate temperatu
during growth for 17 ML PTCDA films. The growth rate was 0
ML/min. The solid line is a fit to the data as described in the te

FIG. 8. Film surface roughness of a 17 ML film as a function
substrate temperature, for growth rates ofR50.6 ML/min ~open
circles! andR56.7 ML/min ~filled circles!. Note that the crossove
temperature between the NEQ and EQ regimes increases sub
tially as R increases.
cal

e
n

-
a

3D morphology may be possible when the diffusion leng
of the molecules is larger than the average mesa size. U
such conditions, the film may undergo Ostwald ripenin26

~but by making use of transient mobility instead of therma
activated diffusion! in which larger islands grow at the ex
pense of the smaller ones, resulting in a 3D island morph
ogy in the EQ regime. In contrast, when the diffusion leng
is smaller than the size of a typical mesa, we expect t
temperature independent NEQ film morphology will b
found.

IV. DISCUSSION AND CONCLUSIONS

These results provide a detailed picture of the struct
and morphology of PTCDA films grown on single crystallin
Au~111! substrates, and demonstrate that the evolution
molecular organic film growth can be unexpectedly compl
particularly in cases where there is a relatively stro
molecule/substrate interaction.14,15We have found that in the
low-temperature~NEQ! regime, PTCDA films exhibit a
‘‘mesa’’ morphology, and that these films also have a lar
~;8%! lattice strain as exhibited as a change in thea/b ratio
of the 2D unit mesh. This lattice strain does not decay w
increasing film thickness. When grown in the hig
temperature~EQ! regime, a 3D film morphology is observed
and the lattice strain decreases rapidly for increasing fi
thicknesses. These observations suggest that PTCDA inc
pletely wets the Au~111! surface, and that lattice strain i
likely to be the driving force for the mesa morphology foun
in the NEQ regime.

We have also found that the transition between the N
and EQ regimes is sharp, and depends upon both the
strate temperature and growth rate. We also observe tha
cannot transform films grown in the NEQ regime to an E
morphology simply by annealing the film at substrate te
peratures which correspond to the EQ regime. This sugg
that this transition is a dynamical phenomenon due to a
ance between the adsorption and diffusion rates during
growth process.

It is useful to compare these results with low-temperat
studies~,60 K! of simple molecular systems which hav
previously been the subject of considerable study. In th
systems~such as Xe, Ar, N2 , and Ne films adsorbed on
graphite27! it has been found that true layer-by-layer grow
~i.e., wetting! exists when the ratio of the molecule-substra
to molecule-molecule interactions is minimal, while incom
plete wetting occurs when this ratio is large. This point
view has also been supported by theoretical studies28 which
show that stresses imposed by the substrate will result
strain field within the film, and induce incomplete wettin
This appears to be consistent with our observations that
PTCDA-Au interaction is stronger than the PTCDA-PTCD
interaction, which presumably induces the observed lat
strain, and results in incomplete wetting. Further, we n
that unstrained incommensurate ‘‘quasi-epitaxial’’ syste
have been predicted and observed for small PTCD
substrate interactions. We view the PTCDA/Au~111! system
grown at NEQ conditions bears many similarities to the
so-called ‘‘quasiepitaxial’’ systems, but can also be und
stood in the context of highly strained epitaxial film growt

What is perhaps most unusual is the kinetic aspect of

.

f

tan-



m
em

c
s

or
ts
ss

m

y

tal
e of
f a

y
SF

he

e-

56 3053In situ STUDIES OF MORPHOLOGY, STRAIN, AND . . .
PTCDA/Au~111! system. We have found that the NEQ fil
morphology is apparently independent of the substrate t
perature during growth from as low as2100 °C to as high as
;100 °C, and that the observed lattice strain does not de
for film thicknesses as high as 70 ML. Once grown, the
films are stable, even when annealed at temperatures c
sponding to 3Dgrowth conditions. Together these resul
suggest that the energetic barrier for fundamental proce
~such as molecular diffusion! is apparently sufficiently high
so as to limit any thermally induced evolution of the fil
structure and morphology.

Note added in proof. Multiple orientations of PTCDA/
Au~111! ~see Sec. III B! have recently been observed b
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