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Correlated growth in ultrathin pentacene films on silicon oxide: Effect of deposition rate
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Understanding the growth mechanism in molecular organic thin films is fundamental to their applications in
organic electronics. We present an extensive study of the growth mechanism of pentacene thin films on silicon
dioxide (SiO2) using atomic force microscopy. For a fixed substrate temperatureTs , the deposition ratek is
found to be a key parameter in controlling the nucleation density in the submonolayer regime and hence
transport properties in the first layer of the organic field effect transistors. At a fixedTs5338 K the maximum
number of pentacene islands per unit areaN follows the scaling lawN}kd with d51.1660.10. A mechanism
of homogeneous nucleation followed by diffusive growth accounts for this behavior and allows us to estimate
the critical nucleus size of the pentacene islands. The results obtained from a statistical analysis of the island
size distribution are fully consistent with a phenomenological capture zone model. The validity of this model
depends on the extent of reevaporation of pentacene admolecules during deposition, which is moderated by the
deposition rate. We demonstrate that the rate dependence of island nucleation has important implications for
the density of grain boundaries, which may play an important role in the transport mechanism.

DOI: 10.1103/PhysRevB.69.165201 PACS number~s!: 61.43.Hv, 81.15.Ef, 68.37.Ps, 85.65.1h
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I. INTRODUCTION

In an effort to integrate organic semiconductors into el
tronic devices, ultrathin films consisting of a few molecu
layers are raising increasing interest.1–3 In organic field ef-
fect transistors~OFETs! based on organic semiconducto
like oligothiophenes and acenes, transport properties h
been shown to depend closely on the morphology and
crystal structure of the first few molecular layers in cont
with the dielectric layer (SiO2 , Al2O3).3 Accordingly, opti-
mizing OFET performances requires control and understa
ing of the nucleation and growth mechanism in the submo
layer regime. Organic thin films grown by high vacuu
deposition onto clean insulator substrates (Al2O3 and SiO2)
presents an ideal case system for this study. Both therm
namics and kinetics of island formation are controlled
different deposition parameters such as substrate temper
Ts , surface coverageu, and deposition ratek as well as the
chemical nature and the crystalline structure of the substr
The overall theoretical framework for homogeneous nuc
ation and growth based on the rate-equation formalism
been thoroughly developed, especially by Venableset al.,
and verified experimentally in a number of cases for in
ganic systems.4 Yet there exists only a limited number o
studies which applied this theoretical frame to orga
systems.5,6

In this study, we focus on the early stage of the growth
a molecular semiconductor, i.e., pentacene, on silicon ox
Pentacene (C22H14) is a fully conjugated aromatic molecul
consisting of five fused benzene rings. This molecule
recently emerged as a key material in the design of OFE
with a high charge mobility of the order of 1 cm2/V s and
high on/off ratios observed.7 The coverage rangeu<40% in
this investigation corresponds to the nucleation and gro
0163-1829/2004/69~16!/165201~7!/$22.50 69 1652
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regime where islands are undergoing neither coalescence
Ostwald ripening.

Our paper is organized as follows. Section II describ
experimental conditions for thin film deposition as well
atomic force microscope~AFM! imaging and data process
ing. Section III is divided into two main subsections. Th
first part deals with the rate dependence of the total sta
island density per unit area, enabling us to estimate the c
cal nucleus size. The second part focuses on the analys
domain size distributions. We also demonstrate that the p
nomenological capture zone model used in previous stu
to model the growth of amorphous Alq3 domains6 can be
successfully applied to the case of crystalline layers of p
tacene in the submonolayer regime under certain condit
of deposition rate.

II. EXPERIMENTAL SECTION

The substrates used in this study consist of a boron do
silicon wafer with a 200-nm-thick thermal oxide layer. N
further solution cleaning steps were applied to the silic
silicon dioxide substrates. Atomic force microscopy me
surements on these substrates revealed smooth oxide
faces with a rms roughness below 0.1 nm. In order
eliminate organic contaminants on the oxide surfaces,
applied a rf oxygen plasma treatment for 5 min in an atm
sphere of 1021 mbar pure oxygen. The power density of th
plasma was 0.1 W/cm2 and a bias of250 V was applied to
the substrates. We also performed Kelvin probe meas
ments inside the vacuum chamber to observe surface po
tial shifts induced by the oxygen plasma. For this purpo
doped silicon surfaces with a very thin oxide layer we
used. The surface potential of 4.9 V was nearly unchan
after the oxygen surface plasma, indicating that the treatm
©2004 The American Physical Society01-1
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SIRAPAT PRATONTEPet al. PHYSICAL REVIEW B 69, 165201 ~2004!
does not induce substantial stoichiometric changes of the
ide layer.

High vacuum deposition of pentacene was performed
base pressure of 331027 mbar. Pentacene~Fluka! which
had been purified twice by vacuum sublimation was eva
rated from a fused quartz crucible heated by a tungsten w
To investigate the effect of deposition rate on the maxim
nucleation densityN, we have chosen to work at a fixe
substrate temperatureTs5338 K (65 °C). The nominal
thickness is measured by a quartz crystal balance kept at
K. No reevaporation is observed on the microbalance at
K, which ensures the same total amount of material dep
ited onto SiO2 for all deposition rates. Topography of th
films was investigated byex situatomic force microscopy on
a Nanoscope III in tapping mode using Si tips~25–50 N/m
and 280–365 kHz!. Statistics of the island size distribution
~ISDs! for each deposition rate were obtained on 300–5
islands.ANALYSIS ~soft imaging system! software was em-
ployed for the statistical analyses of the topographic AF
images. The center coordinates (xi ,yi) of individual islands
were extracted from topographic AFM images for use as
put data for Voronoi tesselation performed byVOROGLIDE

software8 in the analysis of the capture zone model.

III. RESULTS

A. Nucleation and role of reevaporation

Figure 1 depicts typical topographic AFM images of 0.
nm-thick pentacene layers grown at various deposition r
on a SiO2 substrate atTs5338 K. In all cases, pentacene
observed to form islands with a typical height of appro
mately 1.560.1 nm corresponding to a monolayer of pen
cene molecules slightly inclined to the normal of t
substrate.9 The spatial distribution of the islands is clear

FIG. 1. AFM surface topography of 0.5-nm-thick pentace
films grown at various deposition rates on a 200-nm-thick S2

substrate at a fixedTs565 °C. All the images are 10310mm2.
Inset: a Fourier transform of the AFM image for the rate 15 n
min.
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different from a random Poisson seeding. The existence
strong spatial correlations is evidenced by the fast Fou
transform~FFT! of the topographic images~see inset of Fig.
1!. The FFT in Fig. 1 clearly shows a ring whose radi
corresponds to the correlation distance between nea
neighbor islands,lNN . Note also the uniformity in domain
sizes, especially for deposition ratesk above 1 nm/min. This
narrow size distribution indicates that secondary nuclea
between islands has not occurred during growth, underlin
the existence of extended depletion zones around exis
nuclei that hinder secondary nucleation. Foru<40%, coa-
lescence events between neighboring domains are insig
cant. We emphasize that the cleanliness of the substr
achieved after the plasma treatment is of utmost importa
in order to avoid heterogeneous nucleation of thr
dimensional~3D! crystals initiated by surface impurities.

Figure 1 reveals three interesting trends as a function
increasingk for constant nominal thickness and substra
temperature:~i! the apparent coverageu of the SiO2 substrate
increases,~ii ! the morphology of the islands becomes mo
compact, and~iii ! the number density of islands is found
increase and accordingly the domain size to decrease.

In Fig. 2~a!, the observed coverageu for samples with the
same nominal thickness 0.5 nm is plotted as a function
increasing ratek. This shows thatu first increases withk and
saturates to a limiting value of approximately 0.35 monola
ers. The asymptotic limitumax50.35 at high deposition rate
is fully consistent with the expected value for complete co
densationu5h/hmono50.33 ~using the monolayer thicknes
hmono'1.5 nm). The increase of coverage for increas
deposition rate is a clear indication of reevaporation dur
deposition, particularly at low deposition rates. Qualitative

/

FIG. 2. Dependence of surface morphology on deposition rak
for pentacene thin films with a nominal thickness of 0.5 nm
SiO2 . ~a! The k dependence of the surface coverage measured
AFM and the form factorf . ~b! The k dependence of the numbe
density of islandsN and the mean area of the islands^A&. The error
bars represent the standard deviation for the corresponding size
tributions. The dotted line results from a fit using a power la
dependence~see text!.
1-2
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we explain that, for low deposition rates, admolecules h
to diffuse for a larger distance on the substrate before be
incorporated into islands because of the low nucleus den
hence having a larger probability of being desorbed~see Sec.
IV !.

The compactness of an island can be quantified by usi
form factor f . In Fig. 2~a!, we also plot the form factorf
54p^A&/^P&2 where^A& and^P& are the mean area and th
mean perimeter of the islands.10 Clearly, the branched den
dritic structures observed at lowk lead to low values off
~below 0.2! which tends toward 0.65 at high rates of mo
than 10 nm/min. As pointed out by Tromp and co-worke
the branched dendritic morphology is indicative of diffusi
limited aggregation.2 The limit f→0 is expected for a fracta
object with fractal dimensiond51.6– 1.7. Even at the high
rates, the form factor remains below the limitf 51 for cir-
cular islands.

Figure 2~b! illustrates thek dependence of the density o
islands per unit surfaceN, together with that of the averag
island size. The plotted data correspond approximately to
maximum island density observed in the apparent cover
range 0.2–0.4, where coarsening~coalescence and ripening!
is negligible ~for the rate 0.15 nm/min, the maximumN is
observed for the film of approximately 1.0 nm nomin
thickness!. In the case of SiO2 substrate, we observe thatN
}kd with d51.1660.10 for k varying over two orders of
magnitude~0.15 nm/min to 45 nm/min!. As demonstrated by
Venables and co-workers,4 in the case of homogeneou
nucleation the density of stable islandsN is expected to vary
~i! as a power law with the deposition ratek and ~ii ! as an
activated Arrhenius law with the substrate temperatureTs :

N}kd exp~bEN! ~1!

whereEN is the activation energy for homogeneous nuc
ation andb5(kBTs)

21. EN is a function of the activation
energy for desorptionEA and the free energy differenceEi
betweeni molecules in the island and in the adsorbed sta
andED is the activation energy for surface diffusion of pe
tacene molecules. Note thati denotes the critical nucleus siz
where an island ofi molecules is the most unstable and w
dissociate. Stable islands start to grow from sizei 11.

Different regimes of condensation~complete, initially in-
complete and totally incomplete! lead to different power
laws of N as a function ofk.4 In the case of complete con
densation for 2D islands, one expectsd5 i /( i 12),1.4 For
complete condensation, our experimental value of the ex
nent d'1 would be the asymptotic limit for an extreme
large critical nucleus sizei . We discard this possibility, given
the evidence for reevaporation, which implies a regime
incomplete condensation, at least up tok515 nm/min. Two
regimes of incomplete condensation have been distinguis
by Venables and co-workers in the case of 2D islan
namely, ~i! extreme incomplete condensation which yiel
d5 i andEN5@Ei1( i 11)EA2ED# and~ii ! initially incom-
plete condensation which givesd5 i /2 and EN5(Ei
1 iEA)/2. In the former regime, clusters grow upon dire
incorporation of impinging molecules on the cluster surfa
whereas in the latter cluster growth is mainly controlled
16520
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diffusion of molecules on the substrate surface. In the pres
case, we consider that the initially incomplete condensa
applies. Indeed, in the case of extreme incomplete conde
tion, one would expect the apparent coverage to be a frac
of the deposited thickness in all cases.11 Moreover, the fractal
morphology of domains at low deposition rates indicates t
the growth proceeds by diffusion of admolecules in a dif
sion limited aggregation~DLA ! regime. Accordingly, we es-
timate the critical nucleus size to be two pentacene m
ecules, i.e., clusters with sizei>3 will be stable whereas
clusters of two molecules will have a larger probability
dissociation.

We emphasize that the determination of the critic
nucleus sizei relies strongly on the growth model chosen
describe the nucleation and growth mechanism and the
ployed methodology. For instance, in Ref. 12 a valuei 53
was obtained for pentacene islands at 293 K from the fitt
of the ISD using the analytical form predicted by the mod
of Amar and Family.13 In this model, condensation is as
sumed to be complete and the fitting parameter of the I
depends directly on the critical nucleus sizei . A different
approach for the determination ofi which we have adopted
here involves~i! the identification of the condensation re
gime at work and~ii ! the determination of the scaling law i
Eq. ~1!.4,11 However, as stated by Venableset al., in the so-
called ‘‘initially incomplete’’ regime of condensation, the ex
act power-law dependence of the nucleation densityN on the
deposition ratek may need to be resolved by numeric
simulations.4

B. Analytical form of the island size distributions

A closer insight into the growth of pentacene in the su
monolayer regime has been obtained by analyzing the
distributions as a function of deposition rate. In Fig. 3, w
depict typical island size distributions fork in the range
0.15–15 nm/min. We can distinguish two regimes for t
ISD. Fork<0.15 nm/min, the ISD is found to be extreme
broad, whereas, fork>0.45 nm/min, the ISD is narrow an
has a positive skewness. This skewness is not due to co
cence of neighboring islands, given the low substrate co

FIG. 3. Comparison of the island size distributions for four d
ferent deposition rates. The results are fitted to a Gamma distr
tion. The ordinate axis represents the scaled variablex5A/^A&.
1-3
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SIRAPAT PRATONTEPet al. PHYSICAL REVIEW B 69, 165201 ~2004!
age~see above!, but represents an intrinsic characteristic
the ISD. The overall form of the ISD observed for pentace
islands is similar to that evidenced in the case
Alq3 /H-passivated Si~100!.6 In this case, the ISD was show
to be consistently described by a Gamma distribution:

Gp~x!5
pp

G~p!
xp21 exp~2px!, ~2!

wherex5A/^A& is the normalized variable andp is defined
as

p5
^A&2

s2 ~3!

for a x2 distribution. ^A& is the mean value ands2 is the
variance of the island size distribution.

This analytical form of the ISD follows from a captur
zone ~CZ! model proposed by Mulheran and Blackman14

With respect to the classical growth models based on
rate-equation formalism, this model takes into account
correlated nature of growth between neighboring islands
including the local environment of each island.14 The princi-
pal assumption of the CZ model is that existing nuclei gr
at a rate which is proportional to their capture zone ar
ACZ , which are delimited by polygonal cells built on th
seeds of nuclei~see Fig. 4!. These cells can be determined b
Voronoi tessellation and the analytical distribution of c
areas is of the Gamma type. The scaling of the ISD ver
coverage stems from the invariance of the Voron
network.14

We have fitted the experimental ISD to a Gamma dis
bution using a maximum log-likelihood method.15 Figure 3
illustrates the close matching obtained fork>0.45 nm/min.
However, we emphasize that the identification of the anal
cal form of the ISD may remain ambiguous from only t
fitting of the experimental data and necessitates a thoro
analysis of the various moments of the ISD.

To ascertain the Gamma form of the distribution, we co
pare in Table I the values ofp obtained from Eq.~3! ~i.e., by
calculating the first and second moments of the ISD! with
those obtained from the previous fitting. A clear matching
observed between thep values extracted by the two differen

FIG. 4. Schematic showing the effect of the interplay betwe
the mean intergrain distancelNN and the diffusion distancelD on
the growth mechanism in the submonolayer regime of pentacen
the case 2lD,lNN , the capture zones of the islands are delimit
by the dotted lines, whereas for 2lD.lNN they coincide with the
polygonal Wigner-Seitz cells~see text!.
16520
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methods, which proves the Gamma form of the distributi
Thus this fitting procedure is fully self-consistent@it would
be sufficient to fit the experimental ISD to a Gamma functi
by only using thep value obtained by Eq.~3!#.

For k>0.45 nm/min, the overall values ofp are rather
high (.8) and clearly distinct from the value of 3.6 ex
pected for a random Poisson distribution of the nuclei.16 This
is a consequence of strong spatial correlations in the p
tions of pentacene nuclei on the substrate as evident in
FFT ~see Fig. 1!. This result highlights the correlated natu
of growth between neighboring pentacene islands, which
sults in a coupling between island positions and sizes
thus supports growth by the CZ model. In contrast, fork
<0.15 nm/min, the ISD hardly matches a Gamma-type d
tribution.

C. Validity of CZ model vs deposition rate

To investigate the validity of the capture zone model,
performed Voronoi tessellation6,14 on topographic AFM im-
ages in order to verify the main assumption of the CZ mo
~see above!. Figure 5~a! depicts a typical Voronoi pattern
built on the (xi ,yi) center coordinates of pentacene islan
for a film deposited atk51.5 nm/min. The proportionality
between the area of individual capture zonesACZ and the
corresponding areaA of the islands is depicted in Fig. 5~b!.
The strong correlation betweenA and ACZ is evident and
results in a very small dispersion of the data points~correla-
tion coefficient 0.93!. The curveA5aACZ yields a slopea
50.31, in agreement with the coverageu50.33, since by
definition ^A&/^ACZ&5u. Accordingly, for k51.5 nm/min,
the CZ model does clearly apply.

This Voronoi analysis was applied to all the samp
grown at different deposition rates to extract the CZ a
distributions. In Fig. 6~a!, we compare the ISD and theACZ
distribution for two different deposition rates. Whereas
good matching between the two distributions is observed
k515 nm/min, there is a pronounced discrepancy for
rate of 0.15 nm/min. This is further illustrated in Fig. 6~b!,
showing thek dependencies of both the values ofp charac-
terizing the ISD and the values ofpCZ from the CZ area
distributions. We observe thatp increases from less than 3.
at k50.15 nm/min to 14.0 atk51.5 nm/min, whereaspCZ
remains in all cases above 13. Accordingly, the differen
pCZ2p is minimal for the higher rates. This means that on
for the higher rates do the island size and CZ area distr

n

In

TABLE I. Comparison between the values ofp from the experi-
mental fitting to the Gamma distribution and the expected values
a x2-type distribution.

Deposition rate
~nm/min!

^A&/s2

~Island size!
p

~Gamma fit!

0.45 8.8 8.060.8
1.5 14.2 14.061.1
4.5 13.4 13.761.0
15 11.8 11.960.9
1-4
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tions coincide. These results underline that the validity of
CZ model is dependent on the deposition rate as discuss
the following section.

IV. DISCUSSION

A. Interplay between surface diffusion and reevaporation of
pentacene

The various experimental observations concerning the
fect of deposition rate on coverage, form factor, and isla
size distributions can be interpreted in terms of a bala
betweenlNN , the mean nearest neighbor~NN! island dis-
tance, andlD , the mean distancelD that a pentacene ad
molecule diffuses before being desorbed.11 lD is given by
lD5ADtA, whereD is the diffusion constant of pentacen
molecules on the substrate andtA is the mean residence tim
of pentacene molecules on the substrate.11 While lNN varies
asN21/2 and hencek21/2, lD is expected to stay constant
a fixedTs . Accordingly, we can distinguish two growth be
haviors as a function of deposition rate:~i! 2lD,lNN and
~ii ! 2lD.lNN .

For low deposition rates, i.e., when 2lD,lNN , admol-
ecules arriving on the surface far from existing nuclei~see
Fig. 4! have a larger probability of reevaporation due
longer diffusion paths before reaching an island. Acco

FIG. 5. Capture zone analysis by Voronoi tessellation.~a! Typi-
cal Voronoi pattern obtained from the tessellation of a topograp
AFM image ~deposition rate 1.5 nm/min!. ~b! Correlation plot be-
tween the areaA of the islands and the corresponding capture zo
areaACZ for each particle. The full line is the result of a linea
fit, illustrating the proportionality between CZ areaACZ and
island sizeA.
16520
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ingly, the amount of admolecules incorporated into a giv
island is no longer determined by the geometrical area o
Wigner-Seitz~WS! cell but depends on the island morpho
ogy and diffusion lengthlD . As shown in Fig. 4, at a given
moment in the growth regime, the CZ will be roughly d
fined as the area inside the dotted line extending bylD

5ADtA from the border of the dendritic island. This ha
several implications. First, the main assumption of the

ic

e

FIG. 6. Validity of the capture zone model as the deposition r
varies.~a! Comparison between the island size distribution and
capture zone area distribution obtained by Voronoi tessellation
k50.15 nm/min and 4.5 nm/min. The full lines correspond to t
best fits using a Gamma distribution.~b! Variation of the values of
p for ISD andpCZ for CZ with the deposition rate.

FIG. 7. Evolution of the expected mean island size at full co
erage ^ACZ& and the estimate of the grain boundary dens
^ACZ&

21/2 with the deposition rate. The lines are the best fits
power laws with the exponent values of21 for ^ACZ& and 0.5 for
^ACZ&

21/2.
1-5



te
n
ee
te
a
e

o
C
ac
t o
rr
ad
tr
e
o

ce
ds
a
r
e

ui
a
re
sp

ic

1
o

n
c

er
or

i
c

nic
like
th
m-

Sev-
the

ng
en-
ion,

a
r

is-
ned

for
ne
her
if-
the

n.
en-
on
of

-
rate
r,

ng
ar-

N-
tion

-

a-

B

n

i,

G.

.

-
ly,
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model which implies proportionality between the growth ra
of an island and its CZ area defined as the WS cell is
longer verified. Second, in the absence of overlap betw
adjacent CZs, NN islands tend to grow in a noncorrela
manner. This leads to broadened island size distributions
the fractal island morphology typical for DLA. This cas
corresponds tok<0.15 nm/min@see Fig. 6~a!#.

For 2lD.lNN , diffusive areas of NN islands tend t
overlap as schematized in Fig. 4. As a consequence, the
of islands are determined by the local environments of e
island and can be defined as the Wigner-Seitz cells buil
the seeding of surrounding nuclei. This ensures the co
lated nature of growth between NN domains and thus le
to narrow Gamma-type ISDs and nonrandom spatial dis
butions. An equilibrium concentration of admolecules b
tween the islands develops during growth and ensures m
compact island morphologies~form factors closer to 1!.11

B. Implications for the transport properties

The results obtained from the rate dependence ofN and
the validity of the CZ model have important consequen
on transport properties across adjacent pentacene islan
the case of full coverage, since interisland boundaries
expected to contain a larger concentration of traps for cha
carriers.17 At full coverage, a good approximation of thes
grain boundaries is obtained from the Voronoi mosaic b
on the initial seeding of nucleation centers. Thus the gr
size and the total length of grain boundaries per unit a
between pentacene islands is mainly determined by the
tial distribution of nucleation centers.

In Fig. 7, we have plotted both the mean grain size^ACZ&
and the total amount of grain boundaries per unit area, wh
is by first approximation proportional tôACZ&

21/2.18 We see
that the change of deposition rate from 0.15 nm/min to
nm/min results in an increase of more than one order
magnitude in the grain boundary density. Accordingly, o
expects a sizable increase of the concentration in charge
rier traps and hence a decrease of the carrier mobility. Th
fore, the deposition rate is potentially one of the key fact
essential to the improvement of charge carrier mobilities
ultrathin pentacene films, in addition to polymorphism, stru
tural defects within islands, and chemical impurities.
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V. CONCLUSIONS

This study demonstrates that systems involving orga
semiconductors on atomically flat and inert substrates
SiO2 are ideal to probe the validity of theoretical grow
models. In the case of inorganic systems, this is often co
plicated by experimental factors such as surface defects.
eral important aspects of the nucleation and growth in
early stage of deposition of pentacene onto SiO2 have been
unveiled. The nucleation densityN varies almost linearly
with deposition ratek at a fixed substrate temperatureTs
5338 K. The rate-equation formalism explains this scali
and allows us to estimate the critical nucleus size. Cond
sation occurs in the incomplete regime due to reevaporat
especially at low deposition ratesk<0.45 nm/min. The is-
land size distributions are consistently described by
Gamma function characterized by a single parametep
which varies with deposition rate. Fork>1.5 nm/min, large
p values indicate correlated growth of nearest neighbor
lands, which are evidenced by the existence of a well defi
nearest neighbor distancelNN . The interplay betweenlNN
and the mean diffusion distancelD is shown to control the
degree of correlations. Correlated growth is observed
2lD.lNN and is successfully described by the capture zo
mechanism proposed by Blackman and Mulheran. Furt
investigations will focus on the role of reevaporation at d
ferent substrate temperatures and the determination of
activation energies for surface diffusion and reevaporatio

In addition, we have demonstrated that the rate dep
dence of the nucleation density has strong implications
the density of grain boundaries per unit area, which is one
the limiting factors for the carrier mobility in OFET struc
tures. The characterization of OFETs versus deposition
will be the subject of a future communication. In particula
it would be interesting to probe the molecular orderi
within the dendritic islands and its impact on the charge c
rier mobility.
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