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Organic semiconducting thin film growth on an organic substrate: 3,4,9,10-perylenetetracarboxylic
dianhydride on a monolayer of decanethiol self-assembled on Au„111…
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We use surface x-ray diffraction to study the structure of organic-organic heterojunctions grown by organic
molecular-beam deposition. In particular, we study films of 3,4,9,10-perylenetetracarboxylic dianhydride
~PTCDA! grown on a decanethiol self-assembled monolayer~SAM! on a Au~111! surface. The deposition of
several ('16) monolayers of PTCDA results in unstrained crystalline films whose~012! lattice planes are

rotated 21.6° with respect to the^112̄& Au azimuthal direction. This alignment, which is different from that of
PTCDA on the bare Au~111! surface, is most likely caused by the corrugation of the SAM surface@with the
c(432) superlattice of theA33A3R30° unit cell#. The SAM structure was found to be unaltered by the
presence of the PTCDA overlayer. In addition, the heterogeneous PTCDA/SAM/Au structure, acting as an
x-ray interferometer with the SAM as a spacer, allows for the precise determination of the SAM thickness.
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I. INTRODUCTION

Thin films of relatively large organic molecules~i.e., with
atomic masses in the range from 200 to 1000 amu! are po-
tentially useful for electronic and optoelectronic applicatio
such as organic light emitting devices, solar cells, field eff
transistors, and sensors.1,2 In particular, the less severe lattic
matching condition between adsorbate and substrate, w
applies to organic film growth, has expanded the choice
materials available for the design of thin films. However
high density of defects leading to a low-carrier mobility h
been a limiting factor in the practical utilization of this typ
of material. The optimum conditions leading to ordered th
film growth have been sought from the study of monolay
on inorganic substrates using traditional ultrahigh vacu
~UHV! characterization techniques. It has been found t
the strength of the interaction with the substrate, the s
strate symmetry, and the growth conditions are key factor
determining film structure and morphology.1
PRB 610163-1829/2000/61~11!/7678~8!/$15.00
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Planar p-stacking organic molecules such a
~oligo!thiophene,3,4 naphthalene, perylene, and the
derivatives,1 have been shown to be excellent model co
pounds for studying the growth and optoelectronic proper
of organic semiconducting thin films on metal and semico
ductor substrates. The interlayer bonding by the relativ
flexible van der Waals~vdW! interaction results in ordered
films over extended distances without a high density
strain-induced defects. One of the archetypal molecules
longing to this group is 3,4,9,10-perylenetetracarboxylic
anhydride~PTCDA! ~see Fig. 1!, which has been grown on
various substrates such as highly oriented pyrolitic grap
~HOPG!, MoS2, Ag~111!, Ag~110!, Ni~111!, Ge~100!,
Cu~100!, Au~111!, GaAs~100!, Se-terminated GaAs, and th
alkali halides~see Refs. 1 and 2 and references therein!.

One of the factors that determine the structure of the fi
monolayer of PTCDA is the strength of the interaction w
the substrate. On Ag~111!, PTCDA monolayers form a com
mensurate base-centered rectangular unit cell~‘‘herringbone
7678 ©2000 The American Physical Society
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structure’’!, which is observed on most inorganic substrate1

whereas on the stronger binding Ag~110!, a commensurate
almost square unit cell~‘‘brick stone structure’’! was
found.2,5 For more weakly binding~‘‘inert’’ ! substrates, e.g.
HOPG and MoS2, the substrate has only a weak influence
the PTCDA overlayer, and long-range order is achieved
to the dominance of intermolecular forces between PTC
molecules. In this case, the substrate only serves as a
dimensional~2D! base for the organic layer. The conditio
for incommensurate yet ordered growth on such substr
was suggested to be due to a large intralayer stiffness c
pared with a small interlayer shear stress.6

Depending on the growth conditions, the structure form
in the first and second layers can be maintained or rela
towards the bulk in thicker films. When the organic thin fil
is grown under nonequilibrium conditions, i.e., high depo
tion rates and low substrate temperatures,1,7 the organic thin-
film structure may be significantly distorted from the bu
On Au~111!, PTCDA forms a highly strained, incommens
rate structure with mesa-like morphology in this regime w
no apparent strain relief as the thickness of the film
increased.7 By comparison, equilibrium growth~i.e., low
deposition rates and high surface temperatures! results in a
relaxed three-dimensional island morphology after the fi
few monolayers. On HOPG, which has a weaker interac
with PTCDA than Au~111!, PTCDA was observed to form
long-range and orientationally ordered incommensur
structure under non-equilibrium conditions.8–11

While most studies have focused on the growth of orga
films on inorganic substrates, little is known about thin fi
growth of organic molecules on an organic substrate. Thi
largely due to the difficulties in producing well-characteriz
and reproducible organic surfaces. In a four-layer alterna
structure of 20-Å PTCDA and 20-Å 3,4,7,8
naphthalenetetracarboxylic dianhydride~NTCDA!, each
layer was found to be crystalline with its own well-define
surface unit cell.12 Other studies have centered on PTCD
on copper phthalocyanine~CuPc!, where it was found tha
PTCDA did not have crystalline order within the layers wh
grown on 20-Å CuPc on HOPG,12 whereas PTCDA depos
ited on 2 monolayers~ML ! of CuPc/Cu~100! indicated the
presence of crystallinity with a structural change of PTCD
from a base centered to a rectangular unit cell after sev
monolayers.13 Even though these studies, based on reflec
high-energy and low-energy electron diffraction~RHEED
and LEED, respectively!, have indicated that it is possible t

FIG. 1. Left: A schematic of the PTCDA/decanethiol/Au~111!
double layer structure. In the figure,d102 denotes the distance be
tween~102! PTCDA planes,NPTCDA the number of~102! planes,
anddSAM1D the vertical distance between the lowest lying~102!
PTCDA plane and the outermost Au~111! lattice plane~see Sec.
III A !. Right: The molecular structure of PTCDA with the dime
sions calculated from the van der Waals radii of the constituen
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grow crystalline organic films on organic substrates, to o
knowledge no detailed study of the structural properties
organic-organic heterointerfaces has been performed to d
Nevertheless, many fully organic heterostructure devi
such as light-emitting devices are currently being exploi
for commercial applications, making their full structural u
derstanding imperative to future rapid advancements in
technology. Furthermore, the substrate surface can deter
the properties of the deposited organic thin film via the
troduction of an interfacial organic buffer layer of variab
structure and electronic properties. Understanding the la
structure represents a first step in our ability to control
properties~both electronic and optical! of such interfaces.14

This understanding has been slow to develop due to the
ficulty in structurally characterizing organic monolayer sy
tems. However, due to their stability and relative ease
preparation, a few systems have been thoroughly stud
among which are monolayers of then-alkanethiols
@CH3(CH2)n21SH or CnSH# self-assembled on Au~111!. At
present, these self-assembled molecules~SAM’s! can be
grown on Au~111! with reproducible coverage an
structure,15,16 and therefore offer a good choice for a we
characterized organic substrate.

Here we use grazing incidence x-ray diffraction~GIXD!
to study ultrahigh vacuum deposited PTCDA on theorganic
surface of a decanethiol SAM~see Fig. 1!. We find that it is
possible to grow highly oriented and unstrained thin films
stacked organic molecules on these surfaces without alte
the SAM ordering.

II. EXPERIMENT

The samples were grownin situ by molecular-beam depo
sition in a UHV chamber17 operated at a base pressure
;1029 Torr. The chamber, equipped with a beryllium win
dow for grazing incidence x-ray diffraction, mounts direct
onto a Huber four-circle diffractometer situated at beam l
X10B at the National Synchrotron Light Source
Brookhaven National Laboratory. The instrumental reso
tion was set by the variable aperture of the slits in front
the detector. We define the momentum transfer asQ5kf
2ki with Q5(4p/l)sin(2u/2), wherekf andki are the scat-
tered and incident wave vectors of the x-rays at a wavelen
of l51.130 Å, and 2u is the scattering angle. The mome
tum transfer (Q) is resolved into its components parall
(Qi) and perpendicular (Qz) to the surface. For the zeroth
order rod ~wide-angle specular reflectivity! measurements
the resolution wasDQz50.007 Å21, whereas for the in-
plane measurements, DQi50.025 Å21 and DQz
50.037 Å21.

A rectangular coordinate system (a,b) is chosen on the
Au~111! substrate surface witha along the next nearest
neighbor direction,̂ 112̄&, andb along the nearest-neighbo
direction,^11̄0&, with the lengths of the lattice vectors equ
to 4.997 and 8.66 Å, respectively.17–19 The ~1,1! and the
~0.5,2! diffraction peaks refer to the (A33A3)R30° hexago-
nal ordering of the hydrocarbon chains of the SAM and
c(4A332A3)R30° superstructure, respectively. The latter
typically denotedc(432). For the PTCDA film, we adop
the notation previously obtained for the bulk structure.20,21

.
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Prior to deposition, the Au~111! single-crystal substrate
was cleaned by repeated sputtering/annealing cycles unti
(233A3) surface reconstruction of Au~111! ~Ref. 22! re-
mained stable for more than 30 min.

A full-coverage SAM was deposited on the gold crys
by back filling the UHV chamber to a pressure of;3
31025 Torr with decanethiol (C10SH) vapor from a leak
valve source attached to the chamber. The coverage
monitored during growth by taking azimuthal scans of t
~1,1! decanethiol diffraction peak, the integrated intensity
which is proportional to the coverage.16,23 The approximate
domain size of the SAM was determined from the azimut
full-width-at-half-maximum of the~1,1! hexagonal diffrac-
tion peak. To further increase the domain size,18 the SAM
was annealed at;80°C for several minutes, which shoul
eliminate any vacancy islands.24

Commercially available PTCDA was purified in thre
consecutive cycles by gradient sublimation12 before loading
it into the effusion cell positioned 200 mm from the su
strate. The source was thoroughly degassed at elevated
peratures (;300 °C) before deposition to avoid impuritie
and moisture that lead to the generation of defects du
growth.12 The rate of thin-film deposition was controlled b
the temperature of the resistively heated Knudsen cell.
growth conditions were chosen to correspond to the n
equilibrium regime for PTCDA on Au~111! ~Ref. 7! with a
growth rate of;8 ML/min and a substrate temperature
21 °C.

After the growth of the PTCDA layer, both the~1,1! and
the ~0.5,2! SAM peaks showed no apparent changes in sh
and intensity indicating that the SAM domain size remain
constant@see Figs. 2~a! and 2~b!#. Furthermore, Fig. 2~c!
shows the~1,1! Bragg rod, which gives information on th
tilt angle and direction of the hydrocarbon chains with
spect to the substrate. It is evident that the~1,1! rod was not
altered by the PTCDA deposition, from which we infer th
the structure of the SAM is unaffected by the PTCDA ov
layer.

III. RESULTS

A. Out-of-plane structure

Figure 3 shows three wide scan x-ray diffraction patte
of the peak intensity along the ridge of the zeroth-order
obtained for the clean Au~111! surface ~triangles!, after
deposition of the SAM~circles!, and after deposition o
;16 ML ~see below Table I! of PTCDA ~diamonds!. The
background has been subtracted from the data. In Fig. 3~a!,
the Au~111! lattice planes separated byd111

Au 52.355 Å give
rise to the diffraction peak atQ52.668 Å21 on the crystal
truncation rod. It is evident from Fig. 3~b! that deposition of
the decanethiol SAM layer gives rise to slight additional
terference~Kiessig! fringes with a series of local minima
appearing at Q50.7960.03, 1.2060.01, and 1.58
60.02 Å21 with an average separation between minima
dQ50.3960.02 Å21. Thus, the thickness of the SAM
(dSAM) can be roughly estimated asdSAM52p/dQ'16 Å.

Deposition of PTCDA gives rise to diffraction feature
centered aroundQ10251.92760.002 Å21 @see Fig. 3~c!#,
which are assigned to the~102! reflection.7,25,26 Figure 4
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shows the rocking curve of the~102! peak centered atu0
52u/2, indicating thatQ102 is parallel to the surface norma
Hence, the PTCDA film grows preferentially with the~102!
planes parallel to the Au substrate, consistent with previ
observations for the growth of PTCDA on most inorgan
substrates.1

Apart from the PTCDA-related peaks, fringes can
clearly discerned atQ less than 1.8 Å21 in Fig. 3~c!. The
positions of the corresponding minima,Q50.9060.02,
1.3260.01, and 1.7360.02 Å21, are linearly displaced
from the fringe minima in the SAM/Au~111! pattern as indi-
cated by the vertical lines and arrows, but have about
same spacingdQ. Even though fringes~Laue oscillations!
relating to the total thickness of the PTCDA layer (DQ
50.12 Å21) should be discernible with the instrument
resolution, none are observed in Fig. 3~c! likely because of
the film roughness.

At the ~204! PTCDA peak (Q52Q10253.85 Å21) de-
structive interference between the beams reflected from
PTCDA layers and the SAM is observed~see Fig. 5!. In
effect, the SAM acts similarly to the spacer in an optic

FIG. 2. Diffraction from the SAM ordering before~open circle!
and after~filled triangle! PTCDA deposition, providing evidence
for an unaltered SAM. Each set of scans are in the same arbit
units.~a!: The ~1,1! ‘‘hexagonal’’ peak,~b!: The ~0.5,2! superlattice
peak, and~c!: The ~1,1! rod ~raw data, i.e., not corrected for exper
mental resolution!.
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etalon. The ‘‘dip’’ due to the destructive interference at t
~204! PTCDA peak is highly sensitive to the thickness of t
SAM and can therefore be used as a precise tool for
determination.

We have used a simple phenomenological approach t
the x-ray diffraction patterns to obtain structural informati
from the zeroth-order rods. While our approach contains
essential contributions, some subtleties have not been
cluded in the present treatment, which may limit its absol

FIG. 3. The zeroth order rod measured for~a!: Au~111!, ~b!:
SAM/Au~111!, and~c!: 16 ML PTCDA/decanethiol SAM/Au~111!.
The solid lines mark model fits as described in the text and
dashed line the region where the corrections to the model are d
cult to assess due to the experimental conditions used. The erro
are on the size of the points and are omitted for clarity.

TABLE I. Characterization parameters obtained from the int
ference model of the PTCDA/SAM/Au~111! heterostructure for the
model fits shown in Figs. 3 and 5. In the tableb (s rms) denotes the
Au roughness parameter,dSAM the SAM thickness,D the difference
between the gold-PTCDA gap and the SAM thickness,d102 the
interplanar distance of the PTCDA layers,NPTCDA the number of
PTCDA layers, andsP8 and sP9 the roughnesses associated w
the PTCDA layers.

Parameter

b(s rms) 0.4660.02(3.060.2 Å)
dSAM1D 16.960.2 Å
D 4.960.2 Å
d102 3.2460.03 Å
NPTCDA 1663
sP8 762 Å
sP9 0.3660.03 Å
ts

fit

e
in-
e

accuracy.27 For simplicity, we neglect possible relaxation e
fects of the topmost Au layers. Whereas this has some
pact on the overall shape of the rod, it does not significan
affect the pronounced interference effects, which are the
cus of our analysis. The diffraction amplitude obtained
the bare Au substrate@Fig. 3~a!# is modeled as a crysta
truncation rod~CTR! with amplitude:28

AAu~Q!5 f Au

12b

12exp~ iQd111
Au !2bexp~2 iQd111

Au !1b
,

~1!

where the roughness parameterb ~with 0,b,1) is the
fractional occupancy of the outermost Au surface. The fo
factor for a layer of Au atoms, i.e., the electron density p
area of a Au layer (10.96 e/Å2) times the normalized form
factor for Au,29 is included in f Au since all layers have the
same atomic density.30 The scattered x-ray intensity isI
;ccorruAAuu2, where the factorccorra1/Q2 due to the Lorentz
factor and active area corrections. Since in our experim
we intended to make use of the full incident photon flux, t
entrance slits were not very tight. Therefore, at low ang
(Q,1.6 Å21), where the sample does not intersect t
whole incident x-ray beam,ccorra1/Q. However, Fig. 3~a!
shows this correction only partially accounts for the loss

e
fi-
ars

-

FIG. 4. Rocking curve of the~102! PTCDA peak showing that
the ~102! planes stack along the Au substrate normal. The spec
condition is fulfilled whenu5u0, whereu052u/2 and 2u is the
scattering angle.

FIG. 5. The destructive interference at the~204! PTCDA Bragg
peak. The solid line is the model described in the text with para
eters listed in Table I.
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intensity at lowQ. Consequently, we have disregarded t
region ~dashed line! in the fitting of the rod.

The value ofb is related to the root-mean-square~rms!
roughness by

s rms5
b1/2

12b
d111

Au . ~2!

For the Au CTR shown in Fig. 3~a!, the best least-square
fit gives b50.2160.03 ~corresponding to s rms51.4
60.2 Å). We note, thats rms is much smaller than one
would obtain in the small-angle reflectivity regime. In th
wide-angle geometry with the resolution~coherence! used in
the present experiment, we are mainly probing the roughn
of the terraces, which is lower than the roughness from
race to terrace.

The effect of the SAM on the zeroth-order rod is treat
as the scattering obtained from a layer with homogene
thickness and electron density. In the kinematical appro
mation, assuming sharp interfaces between the layers,
scattering amplitude can be calculated from31

ASAM~Q!; i f SAMsin~QdSAM/2!e2 iQdSAM/2/Q, ~3!

where the form factor for the SAM layer,f SAM , has been
approximated as a constant electron density per area of a
coverage decanethiol monolayer (0.89 e/Å2) multiplied by
the normalized form factor for a carbon atom.29 By coher-
ently adding the two contributions, i.e.,I;ccorruASAM
1AAuu2,32 using b50.4460.02 (s rms52.860.2 Å) and
dSAM516.060.3 Å, a reasonable fit to the data was o
tained @solid line, Fig. 3~b!#. In the fitting we have used
ccorra1/Q in order to obtain a value for the SAM thicknes
dSAM . However, this approach may yield a slightly increas
b2 value. Given the simplicity of the model~i.e., having a
constant electron density for the SAM and having neglec
possible relaxation effects of the Au surface!, the value for
the thickness is in reasonable agreement the estimate ma
by the vertical lines in Fig. 3~b!. The effective roughness o
the Au surface appears to have increased after the depos
of the SAM, which is due to the presence of the sulfur atom
smearing out the electron density profile.

The PTCDA slab is treated using aN-slit interference
function

APTCDA~Q!5 f PTCDA

12exp~ iQd102NPTCDA!

12exp~ iQd102!
, ~4!

whereNPTCDA andd102 denotes the number of lattice plan
and the interplanar stacking distance of the PTCDA fil
respectively. Also,f PTCDA contains the form factor of a
PTCDA layer, i.e., the normalized form factor of a PTCD
molecule multiplied by the electron density per ar
(1.680 e/Å2) assuming a base centered unit cell of dime
sions 12.1 Å319.9 Å ~see Sec. III B!.

From a comparison of the Kiessig fringes in the SAM/A
and the PTCDA/SAM/Au structures it is evident that t
relative phase of the different scattering contributions infl
ences the form of the rod, and therefore must be include
the model. Robinsonet al. have previously analyzed th
structure of the interface between a thin film of NiSi2 and a
Si~111! substrate,30 which is conceptually analogous to th
ss
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PTCDA/SAM/Au~111! double layer assuming that the SAM
has a vanishingly small electron density. The interface se
ration between the NiSi2 layer and the Si~111! substrate was
included as a phase factor in the calculation of the scatte
amplitude, since the separation leads to a phase shift betw
waves diffracted from above and below this interface. Ev
though qualitative information could be obtained by mod
ing the SAM as a zero-density spacer on the PTCDA/SA
Au~111! structure, this simple model, while fitting th
PTCDA Bragg peak positions, does not provide an equa
good fit elsewhere~i.e., atQ,1.5 Å21). This is primarily
due to the neglect of the nonzero SAM electron density. T
~bulk! electron density of the SAM (rSAM50.29 e/Å3) is
negligible with respect to the gold substrate (rAu
54.65 e/Å3), but is comparable to the PTCDA electro
density (rPTCDA50.51 e/Å3). Therefore, the SAM has to b
taken into account in a more complete model for the to
scattering intensity of the PTCDA/SAM/Au~111! structure,
similar to buried layers in thin films.33,34 Consequently, we
introduce a model,27 where each layer is fully included in th
scattering amplitude with an appropriate phase factor. F
ures 3~c! and 5 ~solid line! show the fit obtained using th
more extended model, following:

Atot~Q!5APTCDA~Q,d102,NPTCDA!e2(Q2Gh0(2h))
2s

P8
2

2Q2s
P9
2

1ASAM~Q,dSAM!eiQ[d102NPTCDA1(dSAM1D)/2]

1AAu~Q,b,d111
Au !eiQ[d102NPTCDA1(dSAM1D)] , ~5!

whereASAM(Q,dSAM)5 i f SAM@sin(QdSAM/2)/Q# is used for
the SAM amplitude. To allow for structural inhomogeneiti
of the PTCDA layer, two roughness parameters have b
included. The first rms roughness parameter (sP8) modifies
the intensity of the side maxima of theN-slit interference
function centered atQ5Gh0(2h) ,33 h51,2, and accounts fo
fluctuations of the PTCDA layers on the order of a latti
constant, whereas the second factor (sP9) modifies the in-
tensity of the PTCDA Bragg peaks arising from larger stru
tural inhomogeneities such as steps on the PTCDA surf
Note that the model also includes a correction (D) to distin-
guish between the thicknesses obtained from the Kie
fringes and the destructive interference at the~204! peak,
respectively. The physical reason for this parameter is tha
diffraction, where the thickness determination relies prim
rily on the position of the destructive interference at t
~204! PTCDA peak, the thickness obtained is related to
vertical distance between the outermost Au layer and
lowest lying PTCDA layer, whereas the thickness inferr
from the Kiessig fringes is the difference in vertical distan
between the zeropoint of the derivative of the roughness p
files of the Au/SAM and the SAM/PTCDA interfaces. Ther
fore, the Kiessig fringes give an apparently smaller SA
thickness,dSAM , than the gold-PTCDA thickness,dSAM
1D, obtained by diffraction.

Finally, the intensity has been multiplied by 1/Q2, and has
been convoluted with a Gaussian distribution with a stand
deviation ofs res50.003 Å21 to take into account the finite
instrumental resolution. Similar to the Au rod,ccorra1/Q has
been used nearQ,1.6 Å21. As seen in Figs. 3~c! and 5, the
model adequately reproduces the features of the zeroth o
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rod. Indeed, the intensity in the proximity of the second
der Bragg reflection~Fig. 5! is reproduced well.

Table I provides a summary of the characterization
rameters obtained by this fitting of the PTCDA/SAM
Au~111! structure. The measured gold-PTCDA thickne
(dSAM1D516.960.2 Å) is consistent with the calculate
value of;16.8 Å, which is in turn based on adSAM value
of 14.0 Å ~calculated from the full coverage structure
obtained by GIXD and x-ray standing wave methods35 using
standard bond angles and lengths36! with the addition of the
finite width of the lattice planes which can be roughly es
mated as (d1021dAu)/252.8 Å. The value found is also
close to the ellipsometry estimate of 14.460.65 Å,37 which
with the finite width of the lattice planes amounts to 17.2
The best fit for the Kiessig fringes was obtained forD54.9
60.2 Å resulting in a valuedSAM that deviates somewha
from the thickness obtained directly from the Kiessig fring
Nevertheless, thisD value is plausible considering that th
sulfur layer of the SAM effectively acts on the density pr
file as a large surface roughness, which shifts the zerop
of the differentiated density profile away from the outerm
Au lattice plane.

Under the present experimental resolution conditions
relatively low effective roughness parameters~see Table I!
refer to a small lateral length scale, i.e., essentially to
terraces themselves. Furthermore, for all sets of parame
the PTCDA~102! lattice parameter is slightly increased fro
the nominal value of1 d10253.21 to 3.2460.03 Å. Note,
that this apparent change in lattice parameter may be in
enced by the interference between x-rays from the SAM
PTCDA layer at the PTCDA~102! peaks, the positions o
which is slightly shifted.

B. In-plane structure

Figure 6 shows a wide azimuthal scan atQi
50.813 Å21 in close proximity to the~012! peak positions
expected for an unstrained PTCDA lattice.20,21 The narrow
components of the peaks (Df'0.9°) show that PTCDA

FIG. 6. Wide angle azimuthal scan through the~012! PTCDA
Bragg peaks. The peaks are assigned assuming a base-centere

tangular unit cell. The inset shows a radial scan of the (012)̄ peak at
f520.1°. The symmetry equivalent peaks will appear slightly o
set due to coupled motions of the four-circle spectrometer.
arrows mark the centers of the broader underlying peaks, whe
the tilted line indicates the cut off of a narrow spurious peak.
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grows in a preferred azimuthal orientation with respect to
underlying SAM. For the set of peaks shown, the optimiz
momentum transfer parallel to the surface is on aver
Qi

0125(0.81460.001) Å21 with a resolution-limited radial
width of DQi5(0.02560.001) Å21. An intrinsic domain
size (LD) can be estimated from the azimuthal peak wid
using LD'2p/(Qi

012Df) from which we obtain LD

;500 Å. For a 17 ML-thick PTCDA film deposited on
Au~111! under identical conditions, the~012! reflections had
azimuthal peak widths on the order ofDf'2°, which arose
primarily from angular broadening and not the doma
size.25 In our case on the SAM, the angular broadening m
contribute to the observed azimuthal width, makingLD a
lower bound for the domain size. More importantly, by com
paring the azimuthal peak widths, the PTCDA domains
the SAM are more azimuthally ordered than is found
Au~111!. This behavior may be attributed to the weak
binding to the SAM substrate, where intermolecular forc
between PTCDA molecules dominates. This results in a
distorted unit cell, allowing PTCDA molecules to more ea
ily grow in an unstrained bulk structure.

Under the assumption that in the 2D planes PTCD
forms a base-centered rectangular unit cell~‘‘herringbone
structure’’! typical of its crystal habit on weakly interactin
substrates, the unit cell aspect ratio is related to the azimu
separation of the~012! and the (012̄) Bragg peaks. Denoting
the 2D PTCDA lattice parameters asaP and bP , the peak
separation is given by7

Df5f0122f012̄52arctan~2aP /bP!. ~6!

The unit mesh in the~102! plane of the unstrained
PTCDA lattice in the a-polymorph has the dimension
(aP ,bP)5(11.96 Å,19.91 Å),20,21 which gives a separa
tion of Df5100.5° at an in-plane momentum transferQi
50.821 Å21. When the sixfold symmetry of the SAM is
taken into account, the (012)̄ peaks are separated from th
~012! peak by 19.5° and 40.5°. Hence, we are able to ass
the peaks atf5221.6° andf539.1° to the~012! reflec-
tions, andf5240.9° andf520.1° to the (012̄) reflections,
the reflections in each set being symmetry equivalent. N
that the b-polymorph gives corresponding values20,21 of
15.6° and 44.4° inconsistent with the peak separation.
suming these assignments, PTCDA forms an unstrained r
angular surface structure with dimensions 12.160.1 Å
319.960.2 Å, consistent with bulk values for thea
polymorph.1

IV. DISCUSSION AND CONCLUSION

Thin films of PTCDA approximately 16 ML thick were
found to form an incommensurate ordered structure on
organicsurface of a decanethiol SAM on Au~111!. The ‘‘in-
plane’’ domain size was typically larger than 500 Å. Prev
ous studies of this type of organic-organic interface ha
only been performed using techniques with limited reso
tion such as RHEED and LEED, eluding a full structur
characterization.12,13Here, by employing GIXD, both the in
plane and out-of-plane structures of PTCDA and the SA
were precisely measured. It was found that the SAM str
ture was unaffected by deposition of an overlayer
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PTCDA. As observed on many inorganic substrates, PTC
was found to have the~102! stacking direction along the
surface normal.1,38 The interfaces of this sandwich structu
are sufficiently well defined to give rise to interference
fects, most notably resulting in the destructive interferenc
the ~204! PTCDA Bragg peak. From these data, we ac
rately determined the thickness of the SAM.

An important finding is the high lateral order observed
the PTCDA films deposited on the SAM. The~012! and
(012̄) peaks were found to have a narrower azimuthal wi
(Df50.9°) than for PTCDA deposited on Au~111! (Df
52°). In addition, the only evidence for the presence
inequivalent domains of PTCDA, previously observed
PTCDA on Au~111!,7,25,39 was a broad underlying compo
nent shifted approximately 0.8° from the~012! and (012̄)
peak positions~indicated by arrows, Fig. 6!. In contrast to
what happens on the SAM, the Au~111! surface interacts
strongly with the PTCDA molecules creating a high
strained lattice that is maintained up to a thickness of at le
70 ML.7 The incommensurate PTCDA packing locks in
the Au~111! lattice, creating inequivalent domains due
several minima in the interface energy between the adsor
and the substrate.6,39

In our case, the hydrocarbon chains exert only a mi
influence on the lateral packing of the PTCDA molecu
through weak van der Waals interactions between the
canethiol -CH3 endgroups and PTCDA. In this case, t
PTCDA ordering is therefore likely to adopt the unstrain
bulk structure. Nevertheless, the SAM structure still det
mines the orientation of the PTCDA overlayer as seen fr
the 21.6° rotation of the lattice with respect to the^112̄& Au
azimuthal direction. A similar effect has been observed
‘‘end-capped’’ quinquethiophene~EC5T! on Ag~111!, where
the interaction with the substrate did not force a commen
rate structure, but nevertheless determined the relative o
tation of the overlayer and substrate.3 A potential candidate
leading to the PTCDA orientation is the corrugation of t
hydrocarbon chains from the SAM structure which has b
observed forn-alkanethiols on Au~111! with both low-
energy atom diffraction40 and scanning tunneling
microscopy.41 The vertical displacement between hydroc
bon ends can be estimated to be;0.5 Å based on recen
structural findings by x-ray standing waves.35 This results in
lateral corrugation of the surface potential serving to ori
the PTCDA even though the two lattices are incommen
rate. The type of growth where film orientation is observ
between weakly bonded, incommensurate layers has p
ously been termed ‘‘quasi epitaxy.’’6,42

Figure 7 shows schematically the PTCDA surface net
Au~111! ~left! and on the decanethiol SAM~right!. PTCDA
has previously been observed39,43 to align along high-
symmetry directions on some substrates.9 Even though the
surface net of PTCDA on the SAM seems to be appro
mately ~although not precisely! oriented along a high-
a
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symmetry direction~line A8-A), it is not yet possible to un-
ambiguously determine the position of the unit mesh
PTCDA relative to the SAM.

Finally, the modeling of the zeroth-order rod clear
shows that it is possible to describe the layering of organ
on-organic thin films with relatively simple models, desp
the fact that organic thin films can have more complex str
tures than their inorganic counterparts.

In this study we have shown that it is possible to gro
ordered layers of the large planar molecule PTCDA on
surface of an organic substrate of decanethiol. The s
assembled monolayers are found to be of sufficient qualit
be used as substrate interface templates which initiate
dered growth of the PTCDA overlayer. The large variety
SAM end-groups offers unprecedented possibilities for
design of surface properties tailored to result in the growth
high quality organic thin films with a wide range of prope
ties useful in modern optoelectronic devices.
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FIG. 7. A comparison of the unit cells found for PTCDA
Au~111! ~Refs. 25 and 7! and PTCDA/SAM/Au~111!. On the SAM
the unit cell is rotated approximately 21.6° with respect to the o
found on Au~111!. The two types of cross-hatched circles deno
thiol molecules that are distinct within thec(432) ~shown in the
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