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Structure and growth morphology of an archetypal system for organic epitaxy: PTCDA on Ag111)
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The planar organic molecule 3,4,9,10-perylenetetracarboxylic dianhy@iBEDA) deposited on AGL11)
has been used as a model system for organic molecular-beam ef@MBE). The crystal structure and
morphology of thin films in the range of 50-200 A 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 of
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.
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[. INTRODUCTION grown on weakly interacting substrates such as KClI, highly
oriented pyrolytic graphite, and organic surfaces of self-
Over the last few years, organic semiconductors have exassembled monolayet$;**~*3on strongly interacting sub-
perienced a tremendous increase in research activity, arglrates such as Si and Ki®and on substrates with interac-
their attractive electronic and optical properties have becomtons between these extreme cases, such atRefl 7) and
evident! While several device structures have been success-
fully demonstrated, it has also become clear that, similar to
inorganic semiconductors, the exploitation of the full poten- a)
tial of these materials requires a thorough characterization o
their structuré. Due to the complexity of the organic mate-
rials, which is related to their usually low-symmetry crystal
structures and their polymorphism, the mechanisms of the
structure formation and the resulting morphologies are far
from being well understood.
Due to the large number of interesting organic com—b)
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pounds, it is necessary to concentrate the scientific effort or
specific model systems, with the aim of developing a com-
plete understanding of the underlying fundamental physics.
Of special interest are planar molecules including perylene
and pentacene derivatives, phthalocyanines, and other arc
matic hydrocarbons such as coronéneThe comparatively
low molecular weight of these molecules in addition to their
stability against polymerization and thermal decomposition
up to several hundred degrees Celsius allows the controllet
deposition of crystalline thin films by organic molecular-
beam epitaxy(OMBE).! For this class of organic molecules
the perylene derivative PTCDA (3,4,9,10-perylene-
tetracarboxylic dianhydride, £HgOg, schematically shown
in Fig. 1) serves as a model systént. Moreover, PTCDA
has interesting electronic and optical properties with strong
anisotropies associated with the crystal structife.

The growth of PTCDA multilayers is of particular impor-

tance, since many interesting optical, optoelectronic, and kG, 1. (a) Structure of the planar PTCDA molecule (9.2 A
electronic properties can only be exploited using high-qualityx 14.2 A) consisting of the perylene cofthe five central carbon
thin films for the design of devices such as organic light-rings and two anhydride end groupgb) Schematic of the
emitting devices, transistors, or waveguides. Several studigSTCDA(102) plane. The stacking of the rectangular unit mésk
of PTCDA multilayers on a variety of substrates have showrtice vectorsb; andb,) distinguishese and 8 (broken lines: posi-
the complex and manifold structures of PTCDA thin films tion of the second laygr
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Ag_8,9,16

The present study is devoted to the structure and growth @)
morphology of PTCDA102) deposited on a Ad11) single
crystal as a function of the growth temperatufg,q,, the
deposition ratef, and the average film thicknegs, In par-
ticular, we address the question of how the thin-film structure
is related to the monolayer structi¥&’ We report results of
the growth temperature-dependent crystal structure as stud-
ied by grazing incidence x-ray diffractiofGIXD) and the (©)
growth temperature-dependent morphology as studied by
atomic force microscopyfAFM), optical microscopy, and
specular x-ray diffraction. These results are compared with
theoretical models for molecular-beam epitaxiMBE)
growth processes. It is shown that, despite the obvious dif-
ferences between organic-inorganic and metal-on-metal epi-
taxies, the structure formation exhibits remarkable similari-  (e)
ties on the microscopic and mesoscopic scales.

This paper is organized as follows. In Sec. Il the experi-
mental procedure is described. The results for the depen-
dence of the morphology and crystal structure on the growth
parameters are presented in Sec. Ill. In Sec. IV, the results
are analyzed in detail, and Sec. V contains the conclusions.

(b)

319K

(d)

343K

®)

353 K 373K

FIG. 2. Morphology of a 50A PTCDA fim(area 2.5
Il. EXPERIMENTAL DETAILS X 2.5 um?) as a function of the growth temperatusee main tejt

A. Sample preparation spectroscopy, and a UHV AFM are available. To avoid tip-
Bulk PTCDA crystallizes in stacked molecular sheets,induced effects on the samples, AFM was done in the non-

each plane containing interlocking PTCDA molecules in acontact mode.

herringbone structuréig. 1). Two monoclinic polymorphs ~ For the x-ray scattering experiments, a portable,
have been observedp (a=3.74A, b=11.96 A, ¢ diffractometer-based OMBE chamber has been used, which

=17.34 A, p=98.8°) (Refs. 18 and 19 and g (a IS described in detail elsewhefelt is afull—feature_d system
=3.87 A, b=19.30 A, ¢=10.77 A, 3=83.6°)%2° which  for OMBE, but small enough to be mounted directly on a
differ in the relative stacking of the molecular sheégge Standard diffractometer table. It includes a sputter gun,
Fig. 1 and Ref. 16 evaporation sources, a QCM, and installations for sample
The PTCDA films studied here have been deposited by0oling and heating. A 360° beryllium window permits
OMBE on Ag(111). For all experiments, the same substrateSitU, real-tlme x-ray—dlffractlon_ measurements to be carried
has been used, an A1) single crystal with 0.23° miscut ©0ut during growth. Pressures in the #9mbar range can be
and 0.15° out-of-plane mosaicfty.Prior to deposition, the ~achieved with a top-mounted turbomolecular pump and a
Ag substrate has been cleaned by repeated cycles of sputtéfde-mounted battery-powered ion pump, which maintains
ing (30 min at room temperature, Arenergy 500—600 eV, the vacuum during transport to a synchrotron-radiation
Ar pressure ~6x10 5 mbar) and annealing at-700 Peamline. _ _
—900 K for =15 min. The thoroughly outgassed PTCDA _ 'he GIXD experiments were performed at beamline
(previously purified by gradient sublimatiphas been ther- ID10B of the European Synchrqtron Radlathn Facility at a
mally evaporated from a Knudsen cell. The desired filmwavelength ofA=0.932 A. Additional experiments were
thicknessd has been monitored by a quartz-crystal microbal-done atA=1.237 A. The synchrotron experiments were
ance(QCM). In addition, the growth process itself has beenSupplemented by measurements at a rotating anode with Mo
monitored in real time by x-ray scattering in a portable MBE K« radiation.
chamber?

Ill. RESULTS

B. X-ray and AFM experiments A. AFM experiments

The AFM experiments have been performed in a station- In order to study the morphology of PTCDA on &d.1),
ary OMICRON MBE system. The base pressure of the depoa number of films has been grown in the stationary MBE
sition and analysis chamber is in the #® mbar range. The system. They have been deposited at low deposition rates
growth chamber is equipped with a quadrupole mass spe¢4.3=0.5 A/min) and at substrate temperatures between 135
trometer, a QCM, and several evaporation cells for organi& and 474 K. The average thickness of the film was
materials and metals. For tle situ analysis of the samples, =50 A for all samples.
low-energy electron diffraction(LEED), Auger electron Figure 2 shows examples for the different large-scale

235404-2



STRUCTURE AND GROWTH MORPHOLOGY OF AN.. .. PHYSICAL REVIEW B6, 235404 (2002

morphologies as a function dfy,own- All AFM images are 02 ————
representative, as ensured by measuring several spots of ev- 2
ery sample separated by up to several millimeters. For better 0'0"52:: """""" 3 "AgI0A ]
comparison, the images presented here have identical size of 021" o |
2.5x 2.5 um?. At least four separate morphological regions @
exist: (1) a low-temperature morphology observed at 135 K -0.4 - \@9 -
showing a mesalike structuf€ig. 2(@)], (Il) a region char- o
acterized by a relatively smooth surface at room temperature -0.6- c® Ag[117]]
[Fig. 2(b)], (1) a transition region at 3385 K exhibiting < 0.8 (a)
facets[Fig. 2(c)], and(IV) a region characterized by crystal- < R ? 3
lites for Ty, owi™343 K [Figs. 2d)-2(f)]. In the following, pl 11 N RN —
these regions will be described in detail. 2 o
Region | is characterized by small islands which are ar- 0.24 ¢
ranged along the silver substrate steps. This can be con- 0.4 \\‘v’ )
cluded from the characteristic undulation of the island chains S LN
which reflects the typical step distribution of the substrate. 06 @@ e
Perpendicular to the substrate steps the islands are slightly (b) &
elongated to 100—200 nm. Parallel to the steps the typical 0.8 02—
width is 50—100 nm. The islands are separated by 0.5—1 nm 0.0 0.2 04 06 0.8 1.0
deep valleys in all directions. They do not appear to be lim- h[A'1]

ited by specific facets, but have a smooth, slightly curved

surface. Region Il reflects the buried silver steps by the pres- FIG. 3. (a) Position of the measured in-plane intensity distribu-
ence of lateral waves on a micrometer scale. The single stepigsn of a sample with d=50 A, Tg.,,n=448 K, and F
change smoothly into one another and cannot be separated0.9 A/min. The crystal orientation of the Ag substrate is indi-
The smooth ripples show a height differencesc® nm, and cated to show the epitaxial relation of film and substrate. The re-
sometimes they show a tendency to form more facetlikdlections have been categorized according to the related bulk poly-
structures. In the faceted transition regidih) the main facet morph and the reflection type; (012)s represented by large open
axis is preferentially aligned parallel to the silver steps. Thecircles, (012§ by small black circles, (011)by large black circles,
length of the facets is in the micrometer range. The facets ar€?11)’ by gray circles, and (002)by small open circlessee text
100-200 nm wide, and their surfaces are only slightly (1°(P) Expected positions of th€012), (011), and (002 reflections
—5°) inclined to the large-scale substrate surface. Most ofParameters of the unit cell: see texir, is represented by large
the islands characterizing region IV are limited on the side'¢d circles, a, by small filled circles,8, by large open circles,

by three relatively clear facets and one not-well-defined sur‘—eInOI B2 by small open circles.
face, and on the top by the PTCDK2) plane.

While for Tgrowin>343 K only one island size with a to the crystal orientation of the substrate. All positions have
certain distribution has been found, fafyo.n=343 K  been determined at the respective growth temperature.
small clusters between the crystallites have been observed. Table | comprises the averagevalues of equivalent re-
The AFM pictures show clearly that the island si@ea flections in comparison with the calculated bulk values. The
covered by the islandsincreases with temperature from nomenclature of the measured pefikig. 3(@)] follows from
~0_1Mm2 at 343 K to~5 ,umz at 413 K, while the island the bulk reflections with the least positional deviations. Since
density decreases from~12um 2 at 343 K to no measurable difference in tigevalues of(012) and (012
~0.001m 2 at 413 K. The combined analysis of images has been observed for these films, these reflections are
taken with the optical microscope and the AFM imagestreated as equivalent.
makes it possible to measure the temperature-dependent The azimuthal intensity distribution of th@12) reflec-
changes with statistical significan¢gee Sec. V. tions is shown in Fig. @) for two differentq,. While the

azimuthal intensity distribution is relatively broad, the radial
_ in-plane measurements show narrow peaks with an in-plane
B. X-ray experiments coherence length of 550100 A for all reflections. As an

In order to establish the PTCDA in-plane structure, a largeexample for the out-of-plane peak width, the raw data of the
number of Bragg reflections has been measured at a givd]}ﬁaks associated with thelike phases around the azimuthal
Tgrowth- Hyperscripts denote reflections of tae or g-type ~ angle =0 is shown in Fig. 5. The out-of-plane coherence

structure, but for consistency the Miller indices are alwaysfor all measured peaks is 4Z@®0 A, i.e., higher thani con-
given in thea nomenclatur&:® sistent with the island morphology seen in Figé&d)22(f).

A thicker, but otherwise similar sample has been grown
with d=200 A, Tg,oin=453 K, andF=3.4 A/min. In par-
ticular, both samples have a similar azimuthal intensity dis-

Figure 3a) shows the average in-plane diffraction inten- tribution, shown for the012 reflections in Fig. 4, and no
sity distribution of the high-temperature sample with difference between thg values of the reflections from both
=50 A, Tgronn=448 K, andF=0.9 A/min and its relation ~samples could be resolved. Compared to the thin sample, the

1. High-temperature GIXD experiments
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TABLE |. Averageq values of the reflections of the high-temperature sample. The reflections have been
attributed to the related bulk reflections @fand 8 structure. In parentheses: calculated bulk values from the
unit-cell dimensions of Ref. 6.

Reflection gAY q (A7 q(A™h
(012)* 0.363 (0.373 0.911 (0.822 0.888 (0.902
(0120 0.309 (0.339 0.818 (0.829 0.875 (0.889
(011) 0.181 (0.111 0.605 (0.6149 0.631 (0.641)
(0110 0.298 (0.300 0.596 (0.601 0.667 (0.671)
(002)* 0.364 (0.373 0.624 (0.631) 0.723 (0.733
(002)8 (0.000 (0.651) (0.651)

in-plane intensity distribution of the thick sample is more  With the assignment of the reflections, and with the model
concentrated on specific positions. Measurements of thef the rotated domains, the in-plane unit mesh of the prefer-
200A sample at room temperature show no significanential « and8 domains has been calculated assuming a rect-
changes in the azimuthal intensity distribution. angular unit mesh, similar to thel02 plane of the bulk
The observed intensity distribution has been attributed tgolymorphs. For thea structure,b;=20.11+0.05 A, b,
the @ and theg structures, respectively, both with two in- =12.16+0.05 A, and the angle/=90.0+0.2° betweerb,
equivalent orientationgsubscripts 1 and)2® In the upper andb, have been found. The unit mesh of tBetructure has
part of Fig. 4, a schematic of the azimuthal distribution of thethe dimensionsb;=19.44+0.05 A, b,=12.53+0.05 A,
peaks and their attribution to the different domains is shownand y=90+0.2°. With these values, th@11), (012, and
Table Il summarizes the number of domains, the azimuthal002 reflections have been calculated as presented in Fig.
separatiom\ ¢ of the (012) and the (012 reflections, and the 3(b). All measured reflections, i.e., also the (011)the
epitaxial orientation of the different structures. All in-plane (011)%, and the (002) reflections, can be explained consis-
reflections exhibit a characteristic azimuthal asymmefig.  tently which supports the assumption of negligible deviations
4) which can be attributed to a rotation of the entire in-planefrom a rectangular unit celfor the thicknesses under inves-
unit mesh(Sec. IV B. Mirror domains show the same dis- tigation). We note that the lattice parameters correspond to
tortion, but in the opposite rotational directidh. the preferential orientation, but a certain distribution of lat-
tice parameters cannot be excluded.

2 (012) (012) (012) _
g 2. Low-temperature GIXD experiments
) eaule o oeo o emB
g o m == m o8B, Similar data have been taken for a film with=50 A,
= _a) ' ' ' " 1 d=50 A] Tgrowth=318 K, andF=_O.9 A/min. Figure §a) shows the
o | l ] measured (012) reflections inga range of 30°. Thg011)
i i ] reflections have been found @;=0.18 A1, the (012 re-
L I flections atg,=0.36 A~1. No g, splitting of the(012) inten-
o ot f \fl 1 sity distribution could be observed. A scan of the azimuthal
S Y Ws L] intensity dIS'[I_’IbUtlon of th€012-type reflections is shown in
a — : i : . Fig. 7(a). While all (012 peaks are well separated, tf@11)
S :b) d=200 A:
> 1 ] 0.39
s | ]
- ] 0.38
i * P Cousaal ok ]
—— : : : —] 0.37
30 20 10 0 10 20 30 —
¢ [deg] < o036
FIG. 4. Azimuthal intensity distribution of thé12) reflections c
(the angle¢ denotes the azimuthal separation to[ 224]). Atop 0.35
(a): schematic of the preferential azimuthal positions and their at-
tribution to four structures. The intensity distributions are attributed 0.34
to (012) and(012) reflections. Filled circles denote thelike struc- -0.10 -0.05 0.00 . 0.05 0.10
ture with higherg,, open circles thg-like structure with lowen, . A qX[A ]

(a) Azimuthal intensity distribution of the 50 A sampléo) Inten- .
sity distribution of the 200 A sample. The open circles represent the FIG. 5. PSD measurement of the (012)eflections near
B-like structure, the filled circles the-like structure. Ag[224].
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TABLE II. Number oiazimuthal domains, azimuthal separation (015) (012) (015)
of the (012 and the (012 reflections, and orientation to the sub- o
strate for the PTCDA monolayé€Refs. 9 and 17and the structures [ o] e oe
observed in this work fol g;un=448 K (i.€., highT o) o#B _
0.5 a) d=50 A~
Structure Domains Agp() Alignment 0.4
— ‘@ 0.3
ML 6 13.9 (012)|Ag(224) E o]
(012)|Ag(572) B g’
ay 12 19.15:0.3  (012)|Ag(224) Bios
a, 12 19.15-0.3 (012)|Ag(572) > 0:6-
B1 12 13.9:0.3 (012)|Ag(224) %
Ba 12 13.9+0.3 (012)|Ag(572) £ 041
0.2
reflections consist of two sharp reflections, between which a 0

broad intensity distribution is found. For all reflections, an 30 20 10 0 10 20 30
in-plane coherence length of 65000 A and an out-of- dldeg]
plane coherence length of && A have been determined. 9
A thicker (d=200 A), but otherwise similar, film has  FiG, 7. Azimuthal intensity distribution of th@12)-type reflec-
been grown aff y;owih=336 K andF=3.5 A/min. Qualita-  tions. Atop (@) : schematic of the preferential azimuthal positions
tively, this film shows the same features as the 50 A film, asind their attribution to two structures. The intensity distributions are
can be seen in Fig.(@). attributed to (012 and (012) reflections.(a) Azimuthal intensity
The measured012-type reflections can be divided into gjstribution of the 50 A sample(b) Intensity distribution of the
two groups, according to the intensity and peak width, i.e.200 A sample.
sharp and broad reflections. The sharp peaks have been at-
tributed to apB-like structure, the broad peaks toazlike and b,=12.79-0.05 A have been determined. Figuréh

structure. The number of domains, the azimuthal separanoghOWS the simulated reflections, based ontthandb, val-

of the (012 and the (012 reflections, and the orientation of ;65 calculated from théd12) reflections. All measured re-
the domains to the substrate are summarized in Table lll. fiactions can be explained with the alignedand the rotated

Assuming a rectangular unit mesh for both structees g jike domain sets, yet the positions of tt@11) reflections
observed for thg102 plane of the bulk polymorpfisthe ¢ the g.like structure deviate slightly from the measured

IiltticeAparametSrs ok havz been calculated 5 = 19'2 value. This may be an indication that either the unit mesh is
+0.1 A andb,;=12.20.1 A. For 8, b;=19.25-0.05 actually not exactly rectangular for th@structure(which is
known to be the case for the monolay)esr theq, values of

02— the (011)- or (012)-type reflections ofr and g differ slightly.
0-0‘355:""““““§“Ag;'[0'ﬁ]‘ . i
0.2 T 1 3. Additional GIXD experiments
04 ! | Several samples have been grown at temperatures be-
tween 388 K and 473 K, and at various deposition rates and
__ 084 N ? agz film thicknesses. In all cases a broad intensity distribution
< -0.81 N has been observed. As an example, Fig. 8 showgah?2
= 0.0 5 reflections of a 32 A sample grown at 473 K. For all samples,
Tl 2a a q, splitting of the (012)-type reflections has been found,
029 % e E i.e., evidence for the coexistence of theand theg struc-
04y Tl
06] _08."*-;.% - TABLE Il Ngmber of domains, azimuthal separation of the
' (b) (012 and the (012 reflections, and orientation to the substrate for
-0.8 e = i
0.0 0.2 04 06 0.8 1.0 Tgrowin=318 K (i-e., oW Tgrown).
-1
h[A ] Structure  Domains  A¢(°) Alignment
FIG. 6. (a) Positions of the measured in-plane intensity distribu- o 12 18.1-0.5 (015) rotated by 2.2-0.5°

tion of the sample grown with the parametets 50 A, Tgrowth — —
=318 K, andF=3.5 A/min. The open symbols denote tf@11) from Ag(572) to A_9(224)
peaks, the filled symbols th@12) peaks.(b) Calculated positions B 12 13.9:0.3 (012)|Ag(224)
of the (011) and(012) reflections of thex (open circley and theg (012)||Ag(572)
(filled circles structuregfor unit-cell dimensions, see text

235404-5



B. KRAUSE et al. PHYSICAL REVIEW B 66, 235404 (2002

012) (012) (012) 12 —
0.05 s
@ 0.04 | 2
£ "> M )
2 !
8 003 1 T 647
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> 0.024 41
3 ,
2 0.014 |
= 0
0.00 Lt SN W, W | 250 300 350 400 450 500
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Tgrowth [K]
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FIG. 8. In-plane intensity distribution of th@®12-type reflec-
tions of a sample with the growth parameters 32 A, Tyrowth
=473 K, andF=6.3 A/min.

FIG. 9. Growth temperature dependence of the out-of-plane co-
herence length of two sets of samples witk-50 A, one grown
with F=0.8—2.0 A/min (filled circles, and the other withF =12
— 14 A/min (open circles The coherence length has been normal-

. . s . ized tod. The open diamonds represent AFM height measurements
tures. The intensity distribution arourfi=0 has been attrib- . imilar samples grown with =0.9 A/min. The inset shows a

uted to the(012), the one aroundp==17° to the (013  typical x-ray scan through the out-of-plane PTCQ82) reflection
reflection. While the (01Rintensity shows a steep increase (Tgrowtn=373 K). The asymmetry of thel02) reflection is related
at ¢=+19° and¢=+14°, and a constant intensity distri- to the distanced,, between the topmost A1) lattice plane and
bution in between, thé012 intensity distribution is more the first PTCDA layer of about 2.9 A.

irregularly distributed in the range @f= *=5° and consists

of two tips and two shoulders. Most likely, the asymmetric 5. Out-of-plane measurements

intensity distribution between the peak at=17° and¢=

—17° is due to the substrate miscut. The steep decrease of In order t.o determine the film structure glong the surface
— . L . __ normal, radial scans through tti£02) reflection have been
the (012 intensity is found at positions related to the high-

temperature structure. while the intensity distribution in b performed. Several samples with=50 A/min and withF

emperature structure, while the intensity distributio €°—~0.8-2 A/min (low F) and F=12—14 A (high F), re-

tween is related to the low-temperature structure. These fea- """ . . .
ectively, grown at variou$g,,nn, have been studied.

tures, and also the irregular shape of the central peak, can bE
g b P The temperature dependence of the coherence léngth

explained by a superposition of both structufese Sec.
IVFI)S). 4 perp A determined from simulations of the measured intensity dis-

tribution and normalized to the average film thicknesss
shown in Fig. 9. FoiTgowin<323 K, L is constant for the
low F samples and equald=50 A. The films are only
The intensity distribution of the in-plane Bragg reflections gjightly corrugated at these temperatures. We conclude that
can be used to determine the ratio of daeand theB-like  the PTCDA crystallites grow coherently from the substrate
structures. Table.IV summarizes the growth conditions andface to the film surface. Fyowin>323 K, the coher-
the estimated ratio of the and theﬂ structures for several ence |ength increases Strong|y’ Saturating at e|ght times the
samples. For all samples both structures have been observegerage film thickness<400 A). In this temperature range,
For all Samples except one, tbzestl‘ucture, which is also the the morpho'ogy Changes to Separate is|ands1 and a Compari_
preferred bulk structure, dominates. With one exception thgon with the AFM data shows that the coherence length cor-
a contribution seems to increase Wity outn. IN Many  responds to the average island heigffig. 9. This extends
cases, the domains aligned to[Ag2], i.e., @, and3,, are  the height measurements to temperatures where the separa-
preferred. tion between islands is of the order of several micrometers

4. Coexistence of ther and the 8 polymorphs

TABLE IV. Estimated ratio of ther and theg structures. The estimates are made on the basis of the peak
intensities of all measured domains. Note, however, that the ratiotof 8 is most likely determined by a
very delicate balance of various factors including the morphology and miscut of the substrate.

Tgrowtn (K) d(A) F(A/min) a (%) ay/a; B (%) B1lB2
318 50 0.9 75 25
336 200 3.5 90 10
388 180 7 90 10
448 50 0.9 920 0.5-1 10 1
453 200 3.5 45 0.5 55 0.5
473 32 6.3 95 5
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and therefore too large for statistically significant height ( F )P
~ , 4.0

measurements with our AFM. D
The temperature dependencelofor the high deposition eff

rate samples is qualitatively similar to the one observed fowith p=i/(i+2.5), the critical cluster sizg the deposition

the low deposition rate samples. Fy,.n=343+20 K, L rateF, and the effective surface diffusion constant

increases up to several times the average film thickdgss

while for lower temperatures it equals the film thickness. The

increase in deposition rate shifts the transition fromd to Doyi= vex;< B )

L>d to higher temperatures. (4.2

kBTgrowth

v is the attempt frequenckg the Boltzmann constant, and
Ecst=Ep+E;/i, whereEp is the surface diffusion constant
and E; the nucleation energy of a critical clust&s; ap-
proximatesky, for largei. If v is independent of g, owth,

IV. DISCUSSION

A. Morphology
1. Temperature-induced morphology change

As shown abovdsee, e.g., Fig.)2 we have observed a pE
change from a relatively smooth surface at low temperatures In(p) ~constt _Peff
via a facet morphology in an intermediate-temperature range KeTgrowtn
to separate crys';alhtes at h|gf_1 temperatures. I_:or the facets The rate equations used here describe the island densities
and the smooth film, the diffusion seems to be limited by the . : - .

. without referring to any specific property of the islands.
substrate steps since the substrate morphology shows a cl hin thi del th ) v d ined island d
imprint of the Ag step structure. At higher temperatures the .'t In this mode the experlment_a y eter_mme ISland den-
i sity can be directly analyzed. Since the island density and

crystallites extend over the substrate steps. We conclude thgllze are related, these data can be used to test the consistency

there exists a barrier at the Ag step edges which hinders thef the above-discussed model. The island density is defined
diffusion at lower temperatures, but may be crossed ag '

Tgrowtn=343 K. This is in agreement with scanning-

tunneling microscopy(STM) measurements of monolayer

coverages where a preferential attachment of PTCDA mol- N Nd

ecules at step edges has been obsetved. p=—=—".
The separate islands at higher temperatures are related to A Vit

Stransky-Krastanov growth, i.e., layer-by-layer growth in the .

initial monolayers followed by island growth. Details of the With the number of the islandd and the total area of the

layer-by-layer growth of the first monolayers will be dis- Sample. The total volum¥,,=Ad of deposited material is

cussed elsewerd. The islands show the regular shape ofidentical for all samples. If a number of wetting layerge,

small crystallites and are of similar size. We assume that thgfor PTCDA nye~2) with the lattice spacing,o, (i.e.,

measured islands represent the island distribution before thejtransky-Krastanov growthis taken into account, the effec-

eventually coalesce upon further deposition, since the island&/e Vvolume contributing to the islands i8/* =V,

are restricted to a size characteristic for the given growth NweAai02- V¥ =NV, whereV is the average volume of an

temperature. Only fof ;o= 343 K have two island types island, and therefore

(large regular and small irregular islandseen observed.

This indicates nucleation at different times, and most likely

4.3

4.9

this sample, grown near the transition temperature to smooth 11 4
films, does not show the island density before coalescence. P=v E (4.9
2. Island distribution The average volume of an island is defined by three indepen-

In the islanding regime, the island density and size for adent vectors with the lengthis;, L,, andL 3. The island size
constant amount of deposited material vary Vilitfioy,. An -~ varies monotonously witfTg,owen, but with a well-defined
inverse relation between the island dengitand the island average shape and aspect ratio, i.e., the ratio,ofL,, and
size has been observed. A similar change of island size arlcs is temperature independent. Therefore, the average island
density with temperature as observed here has been obserwe@ume is proportional td-* whereL is the length of an
for metal clusters and semiconductor quantum &6t In  arbitrary vector defining the island size.
the following, a simple rate-equation model developed in this Assuming Eq(4.5), the coherence length of the high and
context will be briefly explained and applied to the PTCDA low F data can be analyzed in the same way as the island
data. density determined by AFM. Since® is inversely propor-

Nucleation processes increase the number of stable clugonal to p, the slope of In(~3) plotted against the inverse
ters, while the number is decreased by the coalescence. Famperature Ty, €qualspEe¢/kg. The same analysis,
three-dimensional clusters, it has been found that the maxapplied to the island areiqanq~L2 can be used when

mum cluster density can be described by plotting In(Ai;,i/,fd) against the inverse growth temperature.
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T K] nificance between island height and island area. The island
growth N i X N
height has been determined by x-ray scattering which aver-
500 400 350 300 250 . .

: ages over large substrate areas, while the microscopy data
are restricted to small areas. They can be strongly influenced
by the local structure of the substrate. Moreover, it is more
difficult to determine the island area than the island density.
Therefore, the value estimated from the island density and
the island height is more reliable than the value calculated
from the island area.

Since PTCDA grows in the Stransky-Krastanov mode, the
observed energy barrier, which refers to the later stages of
I R—— the growth (i.e., d~6...50 A) asopposed to the first

In(A®?)

In(
N

-12]

14 monolayers, is an effective energy barrier for surface diffu-
& sion of PTCDA on PTCDA. This barrier depends also on the
f-:'/ -16 1 critical cluster size of PTCDA and is a first step for the
— 18 . understanding of the nucleation processes involved in the

20 25 30 35 40 growth of organic thin films. It is important to note that the

1000/T K] diffusion between the islands takes place on the strained wet-
growth ting layer of PTCDA covering the substrate. A slightly dif-

FIG. 10. Inp), In(L™3), and In@~23), plotted against the inverse ferent pEey; for the growth of PTCDA is expected to be

growth temperature, using the island density and area determinJ&’und on a relaxed PTCDA layer with bulk properties.

by microscopic methods, and the island height determined by x-ray Ve e€mphasize that the energy barriers presented here
diffraction. The gray area indicates growth regime IV. Open sym-Should be considered only as estimates. Nevertheless, the

bols refer to a low deposition rate, filled symbols to a high deposiirue value forEp will probably “? in the range ObFain?q
tion rate. here. For a more detailed analysis several of the simplifica-
tions made here would have to be given up and also a

The above model has been applied to the experimenta|%}wickness-depe_ndent strain profile could be taken into_ac-
determined PTCDA island density, coherence length, and i€ount. In addition, for the molecules under study, the aniso-
land height(Fig. 10. All plots show a linear behavior for tropy of the interactions would have to be considered at a
growth temperatures larger than the transition temperature~ertain level of refinement.

(=350 K) to smooth films. For the island dens{gxcluding

the data point at 343 X and also for the two coherence B. Epitaxy and strain

length data sets, an effective energy barreE,;;=0.6 In this section the ordering of the PTCDA films on the
+0.2 eV has been determined. The slope for both coherend®olecular scale is analyzed, i.e., the crystalline structure of
length data sets is the same in the island growth temperatuBe films and the epitaxial relation to the substrate as derived
range, only the offset varies because of the change in dep&om the x-ray experiments. Two different types of epitaxi-
sition rate. The energy barrier determined from the islanddlly grown PTCDA films have been observed, one for high
area ispEq=1.1+0.3 eV. and one for lowTg,yh- In Table V, the in-plane lattice

The basic assumption for the translation of the island denparameters and the angle between the neighb¢@ihg and
sity into the island size is that the islands grown at different(012) reflections of the bulk structures, the monolayer
Tgrowth have the same average shape. Since the real shapeRTCDA/Ag(111), and the measured high- and low-
the islands can vary to some extent, this assumption is naemperature structures are summarized. In addition, the ratio
generally fulfilled. Thus, particularly the results from the £=b, /b, is shown which is a measure for the distortion of
geometrical considerations should only be considered as ahe in-plane unit cell. We now discuss the observed struc-
estimate. Another point is the difference in the statistical sigtures in detail.

TABLE V. In-plane unit mesh of the bulk structure, the monolayer structure, and the experimentally
determined values for the different structures observed for low andTjgh -

Structure b, (A) b, (A) | 6(012)— $(012)|(°) &=b,/b,

Bulk o° 19.91 12.6 19.5 1.665
Bulk B® 19.3 12.45 15.8 1.550
Monolayer(Ref. 9 19.0 12.6 13.9 1.508
ay, a; (high Tgowm) 20.11+0.05 12.16:0.05 19.15-0.3 1.65-0.01
B1. Bo 19.44+0.05 12.530.05 15.6:0.3 1.55-0.01
a (Iow Tyrowtn) 19.8:0.1 12.2¢0.1 18.10.5 1.62£0.02
B 19.25+0.05 12.79:0.05 13.9-0.3 1.50:0.01

235404-8



STRUCTURE AND GROWTH MORPHOLOGY OF AN.. .. PHYSICAL REVIEW B6, 235404 (2002

1. High-temperature growth 1.1
The in-plane unit mesh of all high-temperature structures _ 10 Yo 1
is rectangular within the error bar, comparable to the bulk % 0.9 1
structures. FurthermoretS*® deviates only by 0.50.6% 2 0.8] 1
from the bulk ratio, andtz*” corresponds to the bulk ratio & 071
within 0+0.6%. We conclude that both structures corre- = 061 U’ ]
spond to a relaxed, but thermally expanded, bulk structure. 5 05 U ?‘T U, ]
The high-temperature structure consists of ke and 041 — 1
two B-like structures. All structures are incommensurate 0'31'0 e % 5

with the substrate, thg; and thea; structures are preferen-

tially aligned to Ag(224, and theB, and thea, structures

to a low-symmetry direction of the substrate. We note that, F|G. 11. Azimuthal potential, calculated for tf@12) intensity

integrated over the film thickness;;, a,, 81, and B, as distribution betweena; and a, for the sample grown with the

given in Table V are the dominating structures. parametersi=50 A and T, o,tn=448 K. U; and U, are the po-
tential minima,U* a local maximum, antl , the absolute potential
maximum.

¢ relative to Ag(22-4) [deq]

2. Low-temperature growth

For low-temperature growth, the unit mesh of thdike 4. Model for the epitaxy

structure is rectangular, as observed for the bulk unit mesh, Based on STM and LEED data it was reported that the
while the unit cell of theg structure most likely deviates monolayer PTCDA is commensurate to the substrate and
from this. A deviation from the rectangular unit cell has alsoaligned to A§224] and Ad572] with the [012] and the

been observed for the commensurate monolayer structure ing12] directions, respectivefy.Due to the stronger binding
vestigated in detail in Ref. 9¢5™" deviates by at most  of the monolayer to the substrate, compared to the relatively
—0.25+0.6% from & observed for the monolayer, but by weak binding between subsequent layers, we do not expect
3.0+0.6% from the value of the bul structure.£&*Pisin  that the commensurate monolayer structure is lifted during
between thex and thep bulk values, but is more similar to further growth. Both reported multilayer structures, the low-
the « bulk value with a deviation of 251.2%. We con- temperature and the high-temperature ones, show character-
clude that both structures are incommensurate and distortegic orientations related to the monolayer structure.

relative to the respective bulk structures. T8uike structure We propose the following model for the epitaxial growth

is similar to the monolayer structure of PTCDA/G1).  ©f a thicker film(at high or lowTg o) ON an initial layer
The -like structure corresponds to a distortecdulk struc-  With @ monolayer structure. For the low-temperature struc-
ture. ture, a strained epitaxial film grows on top of the monolayer

The a-like structure is oriented parallel to the monolayer Structure without changing the orientation of the unit cell, as

structure, and th@-like structure is aligned to Ag(2_2)4and _shown in Fig. 1%a). The directiong010), etc., in Fig. 1%a),

the low-symmetry substrate direction, as observed for thindicate the in-plane projections of the respective film direc-

monolayer structure. Again we note that, integrated over th jon. The (010 {and(QOZ) planes of monolgyer ki are
film thickness, these are the dominating structures parallel. The orientation of the- and theB-like structures is
' ' similar. For the high-temperature structure, a relaxed epitax-

ial film grows on top of the monolayer structure in two ori-
3. Azimuthal potential entations for each polymorph, which are both different from
For the high-temperature structure, the intensity distribufh® monolayer orientation, as shown in Fig.(l)2 For one
tion in between the preferred orientationsf and a,, re-  Orientation, theg 012] directions of the monolayer structure
spectively,8; and 3,, indicates a rotational distribution of and the film structure are parallel, for the other it is[(B&2]
the respectiver-like and B-like domains between the pref- directions.

erential orientations. The azimuthal intensitat every ori- Interestingly, a similar orientational relationship has been
entation corresponds to the number of domains oriented inb_served for the growth of fCﬂ:ll)(bcdllO) in metal
this direction and can be related to a potentiflg) via |  epitaxy?®?’ The bcc surface structure is rectanguas is the

~exd —U(¢)/kgT]. In Fig. 11, the azimuthal potential, cal- PTCDA in-plane unit mesh and the fcc surface structure
culated for the (01 intensity distribution betweer, and hexagonal, but is can also be described by a rectangular unit
a, for the sample grown with the parameters 50 A and ~ Mesh with the .I‘a'[.IO\/§21 between the long and the short
Tgrowtn=448 K, is shown. The two potential minin# and s!des. In the lehlyama—Wgsserma(NNV) orientation, the

U, at the preferred orientations are nearly equivalentgAt sides of the rectangular unit cells of fcc and bcc are parallel,
~14° and ¢~19°, a steep potential increase is found. Ini.e., fcc(110)|bcc(001), similar to the observed low-
between these orientations, the potential changes onfkgmperature structure of PTCDA/KRHLD. In the
slightly and assumes a local maximwhi at ~17°.U* is  Kurdjumov-Sachs(KS) orientation, the rectangular unit
located at the position of the-like structure of the low- meshes are aligned along one of the diagonals, i.e., either
temperature structure. fcc(110|bcc(111) or bec(11), similar to the high-
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PTCDA reason for the temperature dependence of the transition
might be that the strain between monolayer and subsequent
a) Low temperature b) High temperature layers varies due to the different thermal expansion of the
PTCDA[010] PTCDA[012] PTCDA[012] substrate and the film. Another aspect is that the films are
(Monolayer) (Monolayer) (Monolayer) grown under nonequilibrium conditions. This results in a

competition between nonequilibrium and equilibrium struc-
tures as a function of oy n-
It appears that the total energy of the film is minimized by

f&g{iﬁ[‘g] several mechanismsi) the structural transition away from
A 7 the strained monolayer structur@, the evolution of ener-
getically favored facets and separate islands, @ing the
fce(111) on bee(110) increase of the volume ratio of the preferred bulk polymorph
d) Nishiyama-Wassermann ¢) Kurdjumov-Sachs ato tlh.e less favore@ polymorph. We note that thg in-plane
bee[110] bee[1T1] boe[1TT] transition betweenr and B, and also the transition from
i, {~\ Ad monolayer to bulk structure, correspond only to a slight
X translational and rotational rearrangement of the molecules.
‘\\‘ ’,,//’ \ /l
> bec[00T] V. SUMMARY

We have reported the results of x-ray-diffraction and AFM
studies of the structure and growth morphology of thin

film grown at low Ty.owin (dashed ling relative to the PTCDA P_TCD_A films deposited on AG11). Our results_ provide |n_-
monolayer. The010 and (002 planes of the monolayer and the sight into the complex structure of PTCDA films resulting
film are parallel.(b) Two possible orientations of the PTCDA film from the competition between the m_QnO|ayer and the bU”_(
grown at highTg;oun (dashed and straight thin lineEither the  Structures, but also from the competition between the equi-
(012) or the (012 planes of the monolayer and the film are parallel. librium structure and the nonequilibrium growth conditions.
(¢) Nishiyama-Wassermann orientation, observed for the growth of The structure formation of thin PTCDA films has been
fce(111)/bed(110) with fee(110)] bea00). (d) Kurdjumov-Sachs — Studied in a range of length scales covering several orders of
orientation, observed for the growth of f@d1)/bco110), with magnitude, from the molecular scale, i.e., the unit-cell di-
fcc(110][bec(113 or bee(11L). mensions, up to the micrometer scale of the crystallites.
From the data, we derived the characteristic temperatures for

temperature orientation of PTCDA/AbLY). In this context, the morphology changes and the diffusion over substrate step
the calculated azimuthal potential corresponds to the energ§dges, an estimate of the effective energy barrier for surface
of the NW- (U™) and KS-type orientationdf; andU,) and  self-diffusion of PTCDA, and the potential for the orienta-
their transition region. tion of the crystalline structure on top of the monolayer
For our data, a temperature-dependent transition betweestructure.
a NW- and a KS-type structure can be concluded. For most We could show that many aspects of the organic/inorganic
fce(111)/bca110 systems, only one of the orientations, ei- system PTCDA/A¢L11) are similar to the behavior of inor-
ther KS or NW, has been found since the strain between thganic molecular-beam epitaxy, despite obvious differences of
unit meshes depends on their size, and therefore also on thige systems, such as the lower symmetry of the organic mol-
ratio of the atomic radii of the substrate and the film. Inter-ecule PTCDA compared to metal atoms, the different bind-
estingly, for Pd111/Cr(110), a transition from NW to KS  jng mechanisms in the two systems, and also the size differ-
via a region where both structures coexist has been observefice petween PTCDA and the Ag atoms. The similarities
as a function off ;o .*° The coexistence of NW and KS i jnclude the concept of the NW and KS orientations, the
similar to the superposition of the low- and the high- stransky-Krastanov growth, and the temperature-dependent
temperature structures of PTCDA/fig]), observed for a  jsjand density distribution, which has been analyzed using a

variation of growth parameters. Similar to the theoreticalsimple model developed in the context of inorganic quantum
predictions for Pd/Cr, the comparison of the strain betweengts.

[010], [002], and[012] of the relaxed bulk structure of both
polymorphs and the commensurate monolayer implies that
the KS-type high-temperature structure should be favored in
this system. As observed for Pd/Cr, the azimuthal orienta-
tions of @, and B, are shifted by 5°, so a large azimuthal ~ We wish to acknowledge useful discussions with N. Karl
shift is not surprising. and H. Port. We are grateful to N. Karl for providing the
The commensurate PTCDA monolayer is strained relativgpurified material. Partial support from the DF&chwer-
to the bulk polymorphs, which plays an important role for punktprogramm “Organische Feldeffekt-Transistorgnis
the structural and the morphological transitions. A possiblegratefully acknowledged.

FIG. 12. Orientation of the thin-film unit mesh relative to the
template structuréshaded in gray (a) Orientation of the PTCDA
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