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Structure and growth morphology of an archetypal system for organic epitaxy: PTCDA on Ag„111…
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The planar organic molecule 3,4,9,10-perylenetetracarboxylic dianhydride~PTCDA! deposited on Ag~111!
has been used as a model system for organic molecular-beam epitaxy~OMBE!. The crystal structure and
morphology of thin films in the range of 50–200 Å have been examined in detail as a function of the growth
parameters by x-ray diffraction and noncontact atomic force microscopy. Evidence for the coexistence ofa-
and b-like structures has been found for a variety of growth conditions. A growth temperature-dependent
morphology transition from smooth films to well-separated islands has been observed which can be related to
changes of the crystal structure. These changes of the crystal structure can be rationalized similar to the
Nishiyama-Wassermann and the Kurdjumov-Sachs relations. The island density and size show a similar
temperature-dependent behavior as observed for MBE-grown inorganic thin films. A rate-equation-based
analysis is used to estimate an effective diffusion barrier for the surface self-diffusion of PTCDA.

DOI: 10.1103/PhysRevB.66.235404 PACS number~s!: 68.55.Jk, 68.55.Ac, 81.10.Aj, 61.66.Hq
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I. INTRODUCTION

Over the last few years, organic semiconductors have
perienced a tremendous increase in research activity,
their attractive electronic and optical properties have beco
evident.1 While several device structures have been succ
fully demonstrated, it has also become clear that, simila
inorganic semiconductors, the exploitation of the full pote
tial of these materials requires a thorough characterizatio
their structure.2 Due to the complexity of the organic mate
rials, which is related to their usually low-symmetry crys
structures and their polymorphism, the mechanisms of
structure formation and the resulting morphologies are
from being well understood.

Due to the large number of interesting organic co
pounds, it is necessary to concentrate the scientific effor
specific model systems, with the aim of developing a co
plete understanding of the underlying fundamental phys
Of special interest are planar molecules including peryl
and pentacene derivatives, phthalocyanines, and other
matic hydrocarbons such as coronene.3–5 The comparatively
low molecular weight of these molecules in addition to th
stability against polymerization and thermal decomposit
up to several hundred degrees Celsius allows the contro
deposition of crystalline thin films by organic molecula
beam epitaxy~OMBE!.1 For this class of organic molecule
the perylene derivative PTCDA ~3,4,9,10-perylene-
tetracarboxylic dianhydride, C24H8O6, schematically shown
in Fig. 1! serves as a model system.6–9 Moreover, PTCDA
has interesting electronic and optical properties with stro
anisotropies associated with the crystal structure.1,10

The growth of PTCDA multilayers is of particular impo
tance, since many interesting optical, optoelectronic,
electronic properties can only be exploited using high-qua
thin films for the design of devices such as organic lig
emitting devices, transistors, or waveguides. Several stu
of PTCDA multilayers on a variety of substrates have sho
the complex and manifold structures of PTCDA thin film
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grown on weakly interacting substrates such as KCl, hig
oriented pyrolytic graphite, and organic surfaces of se
assembled monolayers,1,6,11–13 on strongly interacting sub
strates such as Si and Ni,14,15 and on substrates with interac
tions between these extreme cases, such as Au~Ref. 7! and

FIG. 1. ~a! Structure of the planar PTCDA molecule (9.2
314.2 Å) consisting of the perylene core~the five central carbon
rings! and two anhydride end groups.~b! Schematic of the
PTCDA~102! plane. The stacking of the rectangular unit mesh~lat-
tice vectorsb1 andb2) distinguishesa andb ~broken lines: posi-
tion of the second layer!.
©2002 The American Physical Society04-1
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Ag.8,9,16

The present study is devoted to the structure and gro
morphology of PTCDA~102! deposited on a Ag~111! single
crystal as a function of the growth temperature,Tgrowth , the
deposition rate,F, and the average film thickness,d. In par-
ticular, we address the question of how the thin-film struct
is related to the monolayer structure.9,17 We report results of
the growth temperature-dependent crystal structure as s
ied by grazing incidence x-ray diffraction~GIXD! and the
growth temperature-dependent morphology as studied
atomic force microscopy~AFM!, optical microscopy, and
specular x-ray diffraction. These results are compared w
theoretical models for molecular-beam epitaxy~MBE!
growth processes. It is shown that, despite the obvious
ferences between organic-inorganic and metal-on-metal
taxies, the structure formation exhibits remarkable simila
ties on the microscopic and mesoscopic scales.

This paper is organized as follows. In Sec. II the expe
mental procedure is described. The results for the dep
dence of the morphology and crystal structure on the gro
parameters are presented in Sec. III. In Sec. IV, the res
are analyzed in detail, and Sec. V contains the conclusio

II. EXPERIMENTAL DETAILS

A. Sample preparation

Bulk PTCDA crystallizes in stacked molecular shee
each plane containing interlocking PTCDA molecules in
herringbone structure~Fig. 1!. Two monoclinic polymorphs
have been observed,a (a53.74 Å, b511.96 Å, c
517.34 Å, b598.8°) ~Refs. 18 and 19! and b (a
53.87 Å, b519.30 Å, c510.77 Å, b583.6°),6,20 which
differ in the relative stacking of the molecular sheets~See
Fig. 1 and Ref. 16!.

The PTCDA films studied here have been deposited
OMBE on Ag~111!. For all experiments, the same substra
has been used, an Ag~111! single crystal with 0.23° miscu
and 0.15° out-of-plane mosaicity.22 Prior to deposition, the
Ag substrate has been cleaned by repeated cycles of sp
ing ~30 min at room temperature, Ar1 energy 500–600 eV
Ar pressure '631025 mbar) and annealing at'700
2900 K for >15 min. The thoroughly outgassed PTCD
~previously purified by gradient sublimation! has been ther-
mally evaporated from a Knudsen cell. The desired fi
thicknessd has been monitored by a quartz-crystal microb
ance~QCM!. In addition, the growth process itself has be
monitored in real time by x-ray scattering in a portable MB
chamber.22

B. X-ray and AFM experiments

The AFM experiments have been performed in a stati
ary OMICRON MBE system. The base pressure of the de
sition and analysis chamber is in the 10211 mbar range. The
growth chamber is equipped with a quadrupole mass s
trometer, a QCM, and several evaporation cells for orga
materials and metals. For thein situ analysis of the samples
low-energy electron diffraction~LEED!, Auger electron
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spectroscopy, and a UHV AFM are available. To avoid t
induced effects on the samples, AFM was done in the n
contact mode.

For the x-ray scattering experiments, a portab
diffractometer-based OMBE chamber has been used, w
is described in detail elsewhere.22 It is a full-featured system
for OMBE, but small enough to be mounted directly on
standard diffractometer table. It includes a sputter g
evaporation sources, a QCM, and installations for sam
cooling and heating. A 360° beryllium window permitsin
situ, real-time x-ray-diffraction measurements to be carr
out during growth. Pressures in the 10210mbar range can be
achieved with a top-mounted turbomolecular pump and
side-mounted battery-powered ion pump, which mainta
the vacuum during transport to a synchrotron-radiat
beamline.

The GIXD experiments were performed at beamli
ID10B of the European Synchrotron Radiation Facility a
wavelength ofl50.932 Å. Additional experiments wer
done at l51.237 Å. The synchrotron experiments we
supplemented by measurements at a rotating anode with
Ka radiation.

III. RESULTS

A. AFM experiments

In order to study the morphology of PTCDA on Ag~111!,
a number of films has been grown in the stationary MB
system. They have been deposited at low deposition r
(1.360.5 Å/min) and at substrate temperatures between
K and 474 K. The average thickness of the film wasd
550 Å for all samples.

Figure 2 shows examples for the different large-sc

FIG. 2. Morphology of a 50 Å PTCDA film ~area 2.5
32.5 mm2) as a function of the growth temperature~see main text!.
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STRUCTURE AND GROWTH MORPHOLOGY OF AN . . . PHYSICAL REVIEW B66, 235404 ~2002!
morphologies as a function ofTgrowth . All AFM images are
representative, as ensured by measuring several spots o
ery sample separated by up to several millimeters. For be
comparison, the images presented here have identical si
2.532.5 mm2. At least four separate morphological regio
exist: ~I! a low-temperature morphology observed at 135
showing a mesalike structure@Fig. 2~a!#, ~II ! a region char-
acterized by a relatively smooth surface at room tempera
@Fig. 2~b!#, ~III ! a transition region at 33365 K exhibiting
facets@Fig. 2~c!#, and~IV ! a region characterized by crysta
lites for Tgrowth>343 K @Figs. 2~d!–2~f!#. In the following,
these regions will be described in detail.

Region I is characterized by small islands which are
ranged along the silver substrate steps. This can be
cluded from the characteristic undulation of the island cha
which reflects the typical step distribution of the substra
Perpendicular to the substrate steps the islands are slig
elongated to 100–200 nm. Parallel to the steps the typ
width is 50–100 nm. The islands are separated by 0.5–1
deep valleys in all directions. They do not appear to be l
ited by specific facets, but have a smooth, slightly curv
surface. Region II reflects the buried silver steps by the p
ence of lateral waves on a micrometer scale. The single s
change smoothly into one another and cannot be separ
The smooth ripples show a height difference of'2 nm, and
sometimes they show a tendency to form more facet
structures. In the faceted transition region~III ! the main facet
axis is preferentially aligned parallel to the silver steps. T
length of the facets is in the micrometer range. The facets
100–200 nm wide, and their surfaces are only slightly (
25°) inclined to the large-scale substrate surface. Mos
the islands characterizing region IV are limited on the s
by three relatively clear facets and one not-well-defined s
face, and on the top by the PTCDA~102! plane.

While for Tgrowth.343 K only one island size with a
certain distribution has been found, forTgrowth5343 K
small clusters between the crystallites have been obser
The AFM pictures show clearly that the island size~area
covered by the islands! increases with temperature from
'0.1 mm2 at 343 K to'5 mm2 at 413 K, while the island
density decreases from'12 mm22 at 343 K to
'0.001mm22 at 413 K. The combined analysis of imag
taken with the optical microscope and the AFM imag
makes it possible to measure the temperature-depen
changes with statistical significance~see Sec. IV!.

B. X-ray experiments

In order to establish the PTCDA in-plane structure, a la
number of Bragg reflections has been measured at a g
Tgrowth . Hyperscripts denote reflections of thea- or b-type
structure, but for consistency the Miller indices are alwa
given in thea nomenclature.6,16

1. High-temperature GIXD experiments

Figure 3~a! shows the average in-plane diffraction inte
sity distribution of the high-temperature sample withd
550 Å, Tgrowth5448 K, andF50.9 Å/min and its relation
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to the crystal orientation of the substrate. All positions ha
been determined at the respective growth temperature.

Table I comprises the averageq values of equivalent re-
flections in comparison with the calculated bulk values. T
nomenclature of the measured peaks@Fig. 3~a!# follows from
the bulk reflections with the least positional deviations. Sin
no measurable difference in theq values of~012! and (012̄)
has been observed for these films, these reflections
treated as equivalent.

The azimuthal intensity distribution of the~012! reflec-
tions is shown in Fig. 4~a! for two different qz . While the
azimuthal intensity distribution is relatively broad, the rad
in-plane measurements show narrow peaks with an in-p
coherence length of 5506100 Å for all reflections. As an
example for the out-of-plane peak width, the raw data of
peaks associated with thea-like phases around the azimuth
anglef50 is shown in Fig. 5. The out-of-plane coheren
for all measured peaks is 470630 Å, i.e., higher thand con-
sistent with the island morphology seen in Figs. 2~d!–2~f!.

A thicker, but otherwise similar sample has been gro
with d5200 Å, Tgrowth5453 K, andF53.4 Å/min. In par-
ticular, both samples have a similar azimuthal intensity d
tribution, shown for the~012! reflections in Fig. 4, and no
difference between theq values of the reflections from bot
samples could be resolved. Compared to the thin sample

FIG. 3. ~a! Position of the measured in-plane intensity distrib
tion of a sample with d550 Å, Tgrowth5448 K, and F
50.9 Å/min. The crystal orientation of the Ag substrate is ind
cated to show the epitaxial relation of film and substrate. The
flections have been categorized according to the related bulk p
morph and the reflection type; (012)a is represented by large ope
circles, (012)b by small black circles, (011)a by large black circles,
(011)b by gray circles, and (002)a by small open circles~see text!.
~b! Expected positions of the~012!, ~011!, and ~002! reflections
~parameters of the unit cell: see text!. a1 is represented by large
filled circles, a2 by small filled circles,b1 by large open circles,
andb2 by small open circles.
4-3
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TABLE I. Averageq values of the reflections of the high-temperature sample. The reflections have
attributed to the related bulk reflections ofa andb structure. In parentheses: calculated bulk values from
unit-cell dimensions of Ref. 6.

Reflection qz(Å
21) qi (Å21) q(Å21)

(012)a 0.363 ~0.373! 0.911 ~0.822! 0.888 ~0.902!
(012)b 0.309 ~0.334! 0.818 ~0.824! 0.875 ~0.889!
(011)a 0.181 ~0.111! 0.605 ~0.614! 0.631 ~0.641!
(011)b 0.298 ~0.300! 0.596 ~0.601! 0.667 ~0.671!
(002)a 0.364 ~0.373! 0.624 ~0.631! 0.723 ~0.733!
(002)b ~0.000! ~0.651! ~0.651!
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in-plane intensity distribution of the thick sample is mo
concentrated on specific positions. Measurements of
200 Å sample at room temperature show no signific
changes in the azimuthal intensity distribution.

The observed intensity distribution has been attributed
the a and theb structures, respectively, both with two in
equivalent orientations~subscripts 1 and 2!.16 In the upper
part of Fig. 4, a schematic of the azimuthal distribution of t
peaks and their attribution to the different domains is sho
Table II summarizes the number of domains, the azimu
separationDf of the~012! and the (012̄) reflections, and the
epitaxial orientation of the different structures. All in-plan
reflections exhibit a characteristic azimuthal asymmetry~Fig.
4! which can be attributed to a rotation of the entire in-pla
unit mesh~Sec. IV B!. Mirror domains show the same dis
tortion, but in the opposite rotational direction.16

FIG. 4. Azimuthal intensity distribution of the~012! reflections

~the anglef denotes the azimuthal separation to Ag@224̄#). Atop
~a!: schematic of the preferential azimuthal positions and their
tribution to four structures. The intensity distributions are attribu

to (012̄) and~012! reflections. Filled circles denote thea-like struc-
ture with higherqz , open circles theb-like structure with lowerqz .
~a! Azimuthal intensity distribution of the 50 Å sample.~b! Inten-
sity distribution of the 200 Å sample. The open circles represent
b-like structure, the filled circles thea-like structure.
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With the assignment of the reflections, and with the mo
of the rotated domains, the in-plane unit mesh of the pre
entiala andb domains has been calculated assuming a r
angular unit mesh, similar to the~102! plane of the bulk
polymorphs. For thea structure,b1520.1160.05 Å, b2
512.1660.05 Å, and the angleg590.060.2° betweenb1
andb2 have been found. The unit mesh of theb structure has
the dimensions b1519.4460.05 Å, b2512.5360.05 Å,
and g59060.2°. With these values, the~011!, ~012!, and
~002! reflections have been calculated as presented in
3~b!. All measured reflections, i.e., also the (011)a, the
(011)b, and the (002)a reflections, can be explained consi
tently which supports the assumption of negligible deviatio
from a rectangular unit cell~for the thicknesses under inves
tigation!. We note that the lattice parameters correspond
the preferential orientation, but a certain distribution of la
tice parameters cannot be excluded.

2. Low-temperature GIXD experiments

Similar data have been taken for a film withd550 Å,
Tgrowth5318 K, andF50.9 Å/min. Figure 6~a! shows the
measured (012) reflections in af range of 30°. The~011!
reflections have been found atqz50.18 Å21, the ~012! re-
flections atqz50.36 Å21. No qz splitting of the~012! inten-
sity distribution could be observed. A scan of the azimut
intensity distribution of the~012!-type reflections is shown in
Fig. 7~a!. While all ~012! peaks are well separated, the~011!

t-
d

e FIG. 5. PSD measurement of the (012)a reflections near

Ag@224̄#.
4-4
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STRUCTURE AND GROWTH MORPHOLOGY OF AN . . . PHYSICAL REVIEW B66, 235404 ~2002!
reflections consist of two sharp reflections, between whic
broad intensity distribution is found. For all reflections,
in-plane coherence length of 6506100 Å and an out-of-
plane coherence length of 5065 Å have been determined.

A thicker (d5200 Å), but otherwise similar, film ha
been grown atTgrowth5336 K andF53.5 Å/min. Qualita-
tively, this film shows the same features as the 50 Å film,
can be seen in Fig. 7~b!.

The measured~012!-type reflections can be divided int
two groups, according to the intensity and peak width, i
sharp and broad reflections. The sharp peaks have bee
tributed to ab-like structure, the broad peaks to aa-like
structure. The number of domains, the azimuthal separa
of the ~012! and the (012̄) reflections, and the orientation o
the domains to the substrate are summarized in Table II

Assuming a rectangular unit mesh for both structures@as
observed for the~102! plane of the bulk polymorphs#, the
lattice parameters ofa have been calculated asb1519.8
60.1 Å and b2512.260.1 Å. For b, b1519.2560.05 Å

TABLE II. Number of azimuthal domains, azimuthal separati

of the ~012! and the (012̄) reflections, and orientation to the sub
strate for the PTCDA monolayer~Refs. 9 and 17! and the structures
observed in this work forTgrowth5448 K ~i.e., highTgrowth).

Structure Domains Df (°) Alignment

ML 6 13.9 (012)iAg(224̄)

(012̄)iAg(57̄2)
a1 12 19.1560.3 (012)iAg(224̄)
a2 12 19.1560.3 (012̄)iAg(57̄2)
b1 12 13.960.3 (012)iAg(224̄)
b2 12 13.960.3 (012̄)iAg(57̄2)

FIG. 6. ~a! Positions of the measured in-plane intensity distrib
tion of the sample grown with the parametersd550 Å, Tgrowth

5318 K, andF53.5 Å/min. The open symbols denote the~011!
peaks, the filled symbols the~012! peaks.~b! Calculated positions
of the ~011! and~012! reflections of thea ~open circles! and theb
~filled circles! structures~for unit-cell dimensions, see text!.
23540
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and b2512.7960.05 Å have been determined. Figure 6~b!
shows the simulated reflections, based on theb1 andb2 val-
ues calculated from the~012! reflections. All measured re
flections can be explained with the aligneda- and the rotated
b-like domain sets, yet the positions of the~011! reflections
of the b-like structure deviate slightly from the measure
value. This may be an indication that either the unit mesh
actually not exactly rectangular for theb structure~which is
known to be the case for the monolayer9! or theqi values of
the~011!- or ~012!-type reflections ofa andb differ slightly.

3. Additional GIXD experiments

Several samples have been grown at temperatures
tween 388 K and 473 K, and at various deposition rates
film thicknesses. In all cases a broad intensity distribut
has been observed. As an example, Fig. 8 shows the~012!
reflections of a 32 Å sample grown at 473 K. For all sampl
a qz splitting of the ~012!-type reflections has been found
i.e., evidence for the coexistence of thea and theb struc-

-

FIG. 7. Azimuthal intensity distribution of the~012!-type reflec-
tions. Atop ~a! : schematic of the preferential azimuthal positio
and their attribution to two structures. The intensity distributions

attributed to (012̄) and ~012! reflections.~a! Azimuthal intensity
distribution of the 50 Å sample.~b! Intensity distribution of the
200 Å sample.

TABLE III. Number of domains, azimuthal separation of th

~012! and the (012̄) reflections, and orientation to the substrate f
Tgrowth5318 K ~i.e., low Tgrowth).

Structure Domains Df~°! Alignment

a 12 18.160.5 (012̄) rotated by 2.260.5°

from Ag(57̄2) to Ag(224̄)
b 12 13.960.3 (012)iAg(224̄)

(012̄)iAg(57̄2)
4-5
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B. KRAUSE et al. PHYSICAL REVIEW B 66, 235404 ~2002!
tures. The intensity distribution aroundf50 has been attrib-
uted to the~012!, the one aroundf5617° to the (012̄)
reflection. While the (012̄) intensity shows a steep increa
at f5619° andf5614°, and a constant intensity distr
bution in between, the~012! intensity distribution is more
irregularly distributed in the range off565° and consists
of two tips and two shoulders. Most likely, the asymmet
intensity distribution between the peak atf517° andf5
217° is due to the substrate miscut. The steep decreas
the (012̄) intensity is found at positions related to the hig
temperature structure, while the intensity distribution in b
tween is related to the low-temperature structure. These
tures, and also the irregular shape of the central peak, ca
explained by a superposition of both structures~see Sec.
IV B !.

4. Coexistence of thea and theb polymorphs

The intensity distribution of the in-plane Bragg reflectio
can be used to determine the ratio of thea- and theb-like
structures. Table IV summarizes the growth conditions a
the estimated ratio of thea and theb structures for severa
samples. For all samples both structures have been obse
For all samples except one, thea structure, which is also the
preferred bulk structure, dominates. With one exception
a contribution seems to increase withTgrowth . In many
cases, the domains aligned to Ag@57̄2#, i.e., a2 andb2, are
preferred.

FIG. 8. In-plane intensity distribution of the~012!-type reflec-
tions of a sample with the growth parametersd532 Å, Tgrowth

5473 K, andF56.3 Å/min.
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5. Out-of-plane measurements

In order to determine the film structure along the surfa
normal, radial scans through the~102! reflection have been
performed. Several samples withd550 Å/min and withF
50.822 Å/min ~low F) and F512214 Å ~high F), re-
spectively, grown at variousTgrowth , have been studied.

The temperature dependence of the coherence lengthL, as
determined from simulations of the measured intensity d
tribution and normalized to the average film thicknessd, is
shown in Fig. 9. ForTgrowth<323 K, L is constant for the
low F samples and equalsd550 Å. The films are only
slightly corrugated at these temperatures. We conclude
the PTCDA crystallites grow coherently from the substra
surface to the film surface. ForTgrowth.323 K, the coher-
ence length increases strongly, saturating at eight times
average film thickness ('400 Å). In this temperature range
the morphology changes to separate islands, and a com
son with the AFM data shows that the coherence length c
responds to the average island height~Fig. 9!. This extends
the height measurements to temperatures where the se
tion between islands is of the order of several micromet

FIG. 9. Growth temperature dependence of the out-of-plane
herence length of two sets of samples withd550 Å, one grown
with F50.822.0 Å/min ~filled circles!, and the other withF512
214 Å/min ~open circles!. The coherence length has been norm
ized tod. The open diamonds represent AFM height measurem
at similar samples grown withF50.9 Å/min. The inset shows a
typical x-ray scan through the out-of-plane PTCDA~102! reflection
(Tgrowth5373 K). The asymmetry of the~102! reflection is related
to the distance,d0, between the topmost Ag~111! lattice plane and
the first PTCDA layer of about 2.9 Å.
peak
TABLE IV. Estimated ratio of thea and theb structures. The estimates are made on the basis of the
intensities of all measured domains. Note, however, that the ratio ofa to b is most likely determined by a
very delicate balance of various factors including the morphology and miscut of the substrate.

Tgrowth (K) d(Å) F(Å/min) a ~%! a1 /a2 b ~%! b1 /b2

318 50 0.9 75 25
336 200 3.5 90 10
388 180 7 90 10
448 50 0.9 90 0.5–1 10 1
453 200 3.5 45 0.5 55 0.5
473 32 6.3 95 5
4-6
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STRUCTURE AND GROWTH MORPHOLOGY OF AN . . . PHYSICAL REVIEW B66, 235404 ~2002!
and therefore too large for statistically significant heig
measurements with our AFM.

The temperature dependence ofL for the high deposition
rate samples is qualitatively similar to the one observed
the low deposition rate samples. ForTgrowth>343620 K, L
increases up to several times the average film thicknesd,
while for lower temperatures it equals the film thickness. T
increase in deposition rate shifts the transition fromL5d to
L.d to higher temperatures.

IV. DISCUSSION

A. Morphology

1. Temperature-induced morphology change

As shown above~see, e.g., Fig. 2!, we have observed a
change from a relatively smooth surface at low temperatu
via a facet morphology in an intermediate-temperature ra
to separate crystallites at high temperatures. For the fa
and the smooth film, the diffusion seems to be limited by
substrate steps since the substrate morphology shows a
imprint of the Ag step structure. At higher temperatures
crystallites extend over the substrate steps. We conclude
there exists a barrier at the Ag step edges which hinders
diffusion at lower temperatures, but may be crossed
Tgrowth*343 K. This is in agreement with scanning
tunneling microscopy~STM! measurements of monolaye
coverages where a preferential attachment of PTCDA m
ecules at step edges has been observed.9

The separate islands at higher temperatures are relat
Stransky-Krastanov growth, i.e., layer-by-layer growth in t
initial monolayers followed by island growth. Details of th
layer-by-layer growth of the first monolayers will be di
cussed elsewere.21 The islands show the regular shape
small crystallites and are of similar size. We assume that
measured islands represent the island distribution before
eventually coalesce upon further deposition, since the isla
are restricted to a size characteristic for the given gro
temperature. Only forTgrowth5343 K have two island types
~large regular and small irregular islands! been observed
This indicates nucleation at different times, and most lik
this sample, grown near the transition temperature to smo
films, does not show the island density before coalescen

2. Island distribution

In the islanding regime, the island density and size fo
constant amount of deposited material vary withTgrowth . An
inverse relation between the island densityr and the island
size has been observed. A similar change of island size
density with temperature as observed here has been obs
for metal clusters and semiconductor quantum dots.23–25 In
the following, a simple rate-equation model developed in t
context will be briefly explained and applied to the PTCD
data.

Nucleation processes increase the number of stable c
ters, while the number is decreased by the coalescence
three-dimensional clusters, it has been found that the m
mum cluster densityr can be described by
23540
t

r

e

s
e
ts

e
ear
e
at

he
at

l-

to

f
e
ey
ds
h

y
th
.

a

nd
ved

s

s-
or
i-

r;S F

De f f
D p

, ~4.1!

with p5 i /( i 12.5), the critical cluster sizei, the deposition
rateF, and the effective surface diffusion constant

De f f5n expS 2
Ee f f

kBTgrowth
D . ~4.2!

n is the attempt frequency,kB the Boltzmann constant, an
Ee f f5ED1Ei / i , whereED is the surface diffusion constan
and Ei the nucleation energy of a critical cluster.Ee f f ap-
proximatesED for large i. If n is independent ofTgrowth ,

ln~r!;const1
pEe f f

kBTgrowth
. ~4.3!

The rate equations used here describe the island dens
without referring to any specific property of the island
Within this model the experimentally determined island de
sity can be directly analyzed. Since the island density a
size are related, these data can be used to test the consis
of the above-discussed model. The island density is defi
as

r5
N

A
5

Nd

Vtot
. ~4.4!

with the number of the islandsN and the total areaA of the
sample. The total volumeVtot5Ad of deposited material is
identical for all samples. If a number of wetting layersnwet
~for PTCDA nwet'2) with the lattice spacinga102 ~i.e.,
Stransky-Krastanov growth! is taken into account, the effec
tive volume contributing to the islands isV* 5Vtot
2nwetAa102. V* 5NV, whereV is the average volume of a
island, and therefore

r5
1

V
;

1

L3
. ~4.5!

The average volume of an island is defined by three indep
dent vectors with the lengthsL1 , L2, andL3. The island size
varies monotonously withTgrowth , but with a well-defined
average shape and aspect ratio, i.e., the ratio ofL1 , L2, and
L3 is temperature independent. Therefore, the average is
volume is proportional toL3 where L is the length of an
arbitrary vector defining the island size.

Assuming Eq.~4.5!, the coherence length of the high an
low F data can be analyzed in the same way as the isl
density determined by AFM. SinceL3 is inversely propor-
tional to r, the slope of ln(L23) plotted against the invers
temperature 1/Tgrowth equalspEe f f /kB . The same analysis
applied to the island areaAisland;L2, can be used when
plotting ln(Aisland

23/2 ) against the inverse growth temperature
4-7
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The above model has been applied to the experimen
determined PTCDA island density, coherence length, and
land height~Fig. 10!. All plots show a linear behavior fo
growth temperatures larger than the transition temperat
('350 K) to smooth films. For the island density~excluding
the data point at 343 K!, and also for the two coherenc
length data sets, an effective energy barrierpEe f f50.6
60.2 eV has been determined. The slope for both cohere
length data sets is the same in the island growth tempera
range, only the offset varies because of the change in d
sition rate. The energy barrier determined from the isla
area ispEe f f51.160.3 eV.

The basic assumption for the translation of the island d
sity into the island size is that the islands grown at differ
Tgrowth have the same average shape. Since the real sha
the islands can vary to some extent, this assumption is
generally fulfilled. Thus, particularly the results from th
geometrical considerations should only be considered a
estimate. Another point is the difference in the statistical s

FIG. 10. ln(r), ln(L23), and ln(A22/3), plotted against the invers
growth temperature, using the island density and area determ
by microscopic methods, and the island height determined by x
diffraction. The gray area indicates growth regime IV. Open sy
bols refer to a low deposition rate, filled symbols to a high depo
tion rate.
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nificance between island height and island area. The isl
height has been determined by x-ray scattering which a
ages over large substrate areas, while the microscopy
are restricted to small areas. They can be strongly influen
by the local structure of the substrate. Moreover, it is m
difficult to determine the island area than the island dens
Therefore, the value estimated from the island density
the island height is more reliable than the value calcula
from the island area.

Since PTCDA grows in the Stransky-Krastanov mode,
observed energy barrier, which refers to the later stage
the growth ~i.e., d'6 . . . 50 Å) as opposed to the first
monolayers, is an effective energy barrier for surface dif
sion of PTCDA on PTCDA. This barrier depends also on t
critical cluster size of PTCDA and is a first step for th
understanding of the nucleation processes involved in
growth of organic thin films. It is important to note that th
diffusion between the islands takes place on the strained
ting layer of PTCDA covering the substrate. A slightly di
ferent pEe f f for the growth of PTCDA is expected to b
found on a relaxed PTCDA layer with bulk properties.

We emphasize that the energy barriers presented
should be considered only as estimates. Nevertheless
true value forED will probably lie in the range obtained
here. For a more detailed analysis several of the simplifi
tions made here would have to be given up and als
thickness-dependent strain profile could be taken into
count. In addition, for the molecules under study, the ani
tropy of the interactions would have to be considered a
certain level of refinement.

B. Epitaxy and strain
In this section the ordering of the PTCDA films on th

molecular scale is analyzed, i.e., the crystalline structure
the films and the epitaxial relation to the substrate as deri
from the x-ray experiments. Two different types of epitax
ally grown PTCDA films have been observed, one for hi
and one for lowTgrowth . In Table V, the in-plane lattice
parameters and the angle between the neighboring~012! and
(012̄) reflections of the bulk structures, the monolay
PTCDA/Ag~111!, and the measured high- and low
temperature structures are summarized. In addition, the r
j5b1 /b2 is shown which is a measure for the distortion
the in-plane unit cell. We now discuss the observed str
tures in detail.

ed
y
-
i-
ntally
TABLE V. In-plane unit mesh of the bulk structure, the monolayer structure, and the experime
determined values for the different structures observed for low and highTgrowth .

Structure b1 (Å) b2 (Å) uf(012)2f(012̄)u(°) j5b1/b2

Bulk a6 19.91 12.6 19.5 1.665
Bulk b6 19.3 12.45 15.8 1.550
Monolayer~Ref. 9! 19.0 12.6 13.9 1.508

a1 , a2 (high Tgrowth) 20.1160.05 12.1660.05 19.1560.3 1.6560.01
b1 , b2 19.4460.05 12.5360.05 15.660.3 1.5560.01
a (low Tgrowth) 19.860.1 12.260.1 18.160.5 1.6260.02
b 19.2560.05 12.7960.05 13.960.3 1.5060.01
4-8
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1. High-temperature growth

The in-plane unit mesh of all high-temperature structu
is rectangular within the error bar, comparable to the b
structures. Furthermore,ja

exp deviates only by 0.560.6%
from the bulk ratio, andjb

exp corresponds to the bulk rati
within 060.6%. We conclude that both structures cor
spond to a relaxed, but thermally expanded, bulk structu

The high-temperature structure consists of twoa-like and
two b-like structures. All structures are incommensura
with the substrate, theb1 and thea1 structures are preferen

tially aligned to Ag(224̄), and theb2 and thea2 structures
to a low-symmetry direction of the substrate. We note th
integrated over the film thickness,a1 , a2 , b1, and b2 as
given in Table V are the dominating structures.

2. Low-temperature growth

For low-temperature growth, the unit mesh of thea-like
structure is rectangular, as observed for the bulk unit me
while the unit cell of theb structure most likely deviate
from this. A deviation from the rectangular unit cell has al
been observed for the commensurate monolayer structur
vestigated in detail in Ref. 9.jb

exp deviates by at most
20.2560.6% from j observed for the monolayer, but b
3.060.6% from the value of the bulkb structure.ja

exp is in
between thea and theb bulk values, but is more similar to
the a bulk value with a deviation of 2.561.2%. We con-
clude that both structures are incommensurate and disto
relative to the respective bulk structures. Theb-like structure
is similar to the monolayer structure of PTCDA/Ag~111!.
Thea-like structure corresponds to a distorteda bulk struc-
ture.

The a-like structure is oriented parallel to the monolay
structure, and theb-like structure is aligned to Ag(224)̄ and
the low-symmetry substrate direction, as observed for
monolayer structure. Again we note that, integrated over
film thickness, these are the dominating structures.

3. Azimuthal potential

For the high-temperature structure, the intensity distri
tion in between the preferred orientations ofa1 anda2, re-
spectively,b1 and b2, indicates a rotational distribution o
the respectivea-like and b-like domains between the pre
erential orientations. The azimuthal intensityI at every ori-
entation corresponds to the number of domains oriente
this direction and can be related to a potentialU(f) via I
;exp@2U(f)/kBT#. In Fig. 11, the azimuthal potential, ca
culated for the (012̄) intensity distribution betweena1 and
a2 for the sample grown with the parametersd550 Å and
Tgrowth5448 K, is shown. The two potential minimaU1 and
U2 at the preferred orientations are nearly equivalent. Af
'14° andf'19°, a steep potential increase is found.
between these orientations, the potential changes
slightly and assumes a local maximumU1 at f'17°. U1 is
located at the position of thea-like structure of the low-
temperature structure.
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4. Model for the epitaxy

Based on STM and LEED data it was reported that
monolayer PTCDA is commensurate to the substrate
aligned to Ag@224̄# and Ag@57̄2# with the @012# and the

@012̄# directions, respectively.9 Due to the stronger binding
of the monolayer to the substrate, compared to the relativ
weak binding between subsequent layers, we do not ex
that the commensurate monolayer structure is lifted dur
further growth. Both reported multilayer structures, the lo
temperature and the high-temperature ones, show chara
istic orientations related to the monolayer structure.

We propose the following model for the epitaxial grow
of a thicker film ~at high or lowTgrowth) on an initial layer
with a monolayer structure. For the low-temperature str
ture, a strained epitaxial film grows on top of the monolay
structure without changing the orientation of the unit cell,
shown in Fig. 12~a!. The directions@010#, etc., in Fig. 12~a!,
indicate the in-plane projections of the respective film dire
tion. The ~010! and ~002! planes of monolayer and film ar
parallel. The orientation of thea- and theb-like structures is
similar. For the high-temperature structure, a relaxed epi
ial film grows on top of the monolayer structure in two or
entations for each polymorph, which are both different fro
the monolayer orientation, as shown in Fig. 12~b!. For one
orientation, the@012# directions of the monolayer structur
and the film structure are parallel, for the other it is the@012̄#
directions.

Interestingly, a similar orientational relationship has be
observed for the growth of fcc~111!/bcc~110! in metal
epitaxy.26,27The bcc surface structure is rectangular~as is the
PTCDA in-plane unit mesh!, and the fcc surface structur
hexagonal, but is can also be described by a rectangular
mesh with the ratioA3:1 between the long and the sho
sides. In the Nishiyama-Wassermann~NW! orientation, the
sides of the rectangular unit cells of fcc and bcc are para
i.e., fcc(11̄0)ibcc(001), similar to the observed low
temperature structure of PTCDA/Ag~111!. In the
Kurdjumov-Sachs~KS! orientation, the rectangular un
meshes are aligned along one of the diagonals, i.e., e
fcc(110̄)ibcc(11̄1) or bcc(11̄1̄), similar to the high-

FIG. 11. Azimuthal potential, calculated for the~012̄) intensity
distribution betweena1 and a2 for the sample grown with the
parametersd550 Å andTgrowth5448 K. U1 and U2 are the po-
tential minima,U1 a local maximum, andU0 the absolute potentia
maximum.
4-9
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temperature orientation of PTCDA/Ag~111!. In this context,
the calculated azimuthal potential corresponds to the en
of the NW- (U1) and KS-type orientations (U1 andU2) and
their transition region.

For our data, a temperature-dependent transition betw
a NW- and a KS-type structure can be concluded. For m
fcc~111!/bcc~110! systems, only one of the orientations, e
ther KS or NW, has been found since the strain between
unit meshes depends on their size, and therefore also on
ratio of the atomic radii of the substrate and the film. Int
estingly, for Pd~111!/Cr~110!, a transition from NW to KS
via a region where both structures coexist has been obse
as a function ofTgrowth .26 The coexistence of NW and KS i
similar to the superposition of the low- and the hig
temperature structures of PTCDA/Ag~111!, observed for a
variation of growth parameters. Similar to the theoreti
predictions for Pd/Cr, the comparison of the strain betwe
@010#, @002#, and@012# of the relaxed bulk structure of bot
polymorphs and the commensurate monolayer implies
the KS-type high-temperature structure should be favore
this system. As observed for Pd/Cr, the azimuthal orien
tions of a1 and b1 are shifted by 5°, so a large azimuth
shift is not surprising.

The commensurate PTCDA monolayer is strained rela
to the bulk polymorphs, which plays an important role f
the structural and the morphological transitions. A possi

FIG. 12. Orientation of the thin-film unit mesh relative to th
template structure~shaded in gray!. ~a! Orientation of the PTCDA
film grown at low Tgrowth ~dashed line! relative to the PTCDA
monolayer. The~010! and ~002! planes of the monolayer and th
film are parallel.~b! Two possible orientations of the PTCDA film
grown at highTgrowth ~dashed and straight thin lines!. Either the

~012! or the (012̄) planes of the monolayer and the film are parall
~c! Nishiyama-Wassermann orientation, observed for the growt

fcc~111!/bcc~110! with fcc(11̄0)i bcc~001!. ~d! Kurdjumov-Sachs
orientation, observed for the growth of fcc~111!/bcc~110!, with

fcc(110̄)ibcc(111̄) or bcc(11̄1̄).
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reason for the temperature dependence of the trans
might be that the strain between monolayer and subseq
layers varies due to the different thermal expansion of
substrate and the film. Another aspect is that the films
grown under nonequilibrium conditions. This results in
competition between nonequilibrium and equilibrium stru
tures as a function ofTgrowth .

It appears that the total energy of the film is minimized
several mechanisms:~i! the structural transition away from
the strained monolayer structure,~ii ! the evolution of ener-
getically favored facets and separate islands, and~iii ! the
increase of the volume ratio of the preferred bulk polymor
a to the less favoredb polymorph. We note that the in-plan
transition betweena and b, and also the transition from
monolayer to bulk structure, correspond only to a slig
translational and rotational rearrangement of the molecu

V. SUMMARY

We have reported the results of x-ray-diffraction and AF
studies of the structure and growth morphology of th
PTCDA films deposited on Ag~111!. Our results provide in-
sight into the complex structure of PTCDA films resultin
from the competition between the monolayer and the b
structures, but also from the competition between the eq
librium structure and the nonequilibrium growth condition

The structure formation of thin PTCDA films has bee
studied in a range of length scales covering several order
magnitude, from the molecular scale, i.e., the unit-cell
mensions, up to the micrometer scale of the crystallit
From the data, we derived the characteristic temperatures
the morphology changes and the diffusion over substrate
edges, an estimate of the effective energy barrier for surf
self-diffusion of PTCDA, and the potential for the orient
tion of the crystalline structure on top of the monolay
structure.

We could show that many aspects of the organic/inorga
system PTCDA/Ag~111! are similar to the behavior of inor
ganic molecular-beam epitaxy, despite obvious difference
the systems, such as the lower symmetry of the organic m
ecule PTCDA compared to metal atoms, the different bin
ing mechanisms in the two systems, and also the size di
ence between PTCDA and the Ag atoms. The similarit
include the concept of the NW and KS orientations, t
Stransky-Krastanov growth, and the temperature-depen
island density distribution, which has been analyzed usin
simple model developed in the context of inorganic quant
dots.
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6M. Möbus, N. Karl, and T. Kobayashi, J. Cryst. Growth116, 495

~1992!.
7P. Fenter, F. Schreiber, L. Zhou, P. Eisenberger, and S.R. For

Phys. Rev. B56, 3046~1997!.
8C. Seidel, J. Poppensieker, and H. Fuchs, Surf. Sci.408, 223

~1998!.
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