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Abstract

An X-ray study of a crystalline organic-organic heterostructure, consisting of a film of PTCDA (3,4,9,10-perylenete-
tracarboxylic dianhydride) grown on a self-assembled monolayer (SAM) of decanethiol on Au(l11), is presented. The
sandwich structure acts as a “molecular interferometer”, where the interference between the Laue function of the PTCDA
film and the crystal truncation rod (CTR) of the substrate is governed by the SAM spacer thickness, d,. A pronounced
destructive interference feature is observed, which allows the determination of d, with great sensitivity. © 2000 Elsevier

Science B.V. All rights reserved.
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1. Introduction

Thin films and multilayers of organic molecules are
receiving considerable attention due to their exciting
optical, optoelectronic, and electronic properties and
their potential tunability. Several applications like organic
light-emitting devices, solar cells, sensors, transistors, etc.
have already been demonstrated [1]. However, com-
pared to inorganic thin films, relatively little is known
about the fundamental mechanisms governing the
growth and structural phases of these materials and their
relationship to electronic and optical characteristics. The
different interactions (e.g., the greater importance of
van-der-Waals forces for organic molecules) cause differ-
ences in the response to strain, in the epitaxy, and the
thermal behavior, which makes a fundamental under-
standing of these issues mandatory for future progress.
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As with inorganic systems, deposition in ultra-high
vacuum (UHV) offers the chance to combine a clean
environment and control of the growth on the sub-
monolayer level with in situ analysis by a variety of
surface science techniques. For these systems, questions
related to growth and structure in the monolayer regime
have been investigated to some extent, but less is known
about the evolution of thicker films.

The understanding of crystalline organic-organic het-
erostructures is very limited due to the difficult prepara-
tion and applicability of only a restricted number of
characterization techniques. Important questions in the
context of these structures are, under which conditions
a (single-) crystalline overlayer can be grown at all, if the
structure can be described by an epitaxial relation, if
the organic underlayer remains stable upon deposition of
the organic adsorbate, and how stable the interface is
against heating (thermal expansion, melting, interdiffu-
sion, etc.).

In this paper, the structure and interface properties
of an organic-organic heterostructure consisting of
PTCDA (3,4,9,10-perylenetetracarboxylic dianhydride),
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Fig. 1. (a) Schematic of the layered structure (PTCDA/SAM/
Au(11 1) substrate). (b) Scan along the specular rod (data correc-
ted for active area and Lorentz factor). Note the destructive
interference feature (arrow) around the second-order Bragg peak
of PTCDA (Q =39 A~ 1). Since the SAM spacer introduces an
additional phase shift between the PTCDA and the substrate
rod, their interference can be destructive, as seen from the fact
that the signal of the entire sandwich structure on the substrate
is below that of the interpolated substrate alone (see Fig. 2 for
details).

a model compound for organic molecular beam epitaxy
(OMBE) [1-5], grown on a self-assembled monolayer
(SAM) of decanethiol on Au(l111) [6] (see Fig. la for
a schematic representation), are investigated by surface
X-ray scattering techniques [7,8]. For such a complex
structure as this PTCDA/SAM/Au(11 1) sandwich, not
all issues can be discussed in one short paper. Here we
focus on the interference effects between the different
layers and the substrate and the understanding of the
essential parameters. A more complete discussion of the
structure including the (in-plane) epitaxy and strain can
be found in Ref. [9].

2. Experiment

The experiments were performed at beamline X10B of
the National Synchrotron Light Source at Brookhaven
using a wavelength of 2 = 1.13 A. A small UHV chamber
containing the single-crystal Au(l11) substrate was
mounted to a four-circle diffractometer. The chamber
was equipped with a Be window, a sputter gun for in situ

cleaning, a leak-valve for dosing the decanethiol vapor,
and a resistively heated custom-built Knudsen cell for
deposition of PTCDA.

The Au(l11) surface was prepared by repeated Ar

sputter and anneal cycles until the 23 x \/3 reconstruc-
tion [ 10] characteristic of the clean Au(1 1 1) surface was
seen and remained stable for at least 30 min. During
growth, the substrate was kept at ambient temperature.
The growth of decanethiol SAMs on Au(111) from the
vapor phase had previously been studied in detail
[11,12]. In the present study, the goal was simply to
grow a SAM with full coverage (i.e., a complete
monolayer with a ¢(4 x 2) superlattice of the hexagonal
(/3 x/3)R30° structure [13,14]). After completion of
the SAM, PTCDA (typically about 20 monolayers) was
evaporated from a Knudsen cell, similar as in a recent
study of PTCDA on the bare Au(11 1) surface [3].

3. Results and discussion
3.1. In-plane structure

The structure of decanethiol SAMs had been studied
by several groups [13,14]. For a full coverage SAM,

a c(4 x2) superlattice of a hexagonal (\/gxﬁ)R30°
structure is found. The hydrocarbon chains are tilted
away from the surface normal by about 30°. Upon
PTCDA deposition, the SAM structure remains un-
changed, as evidenced by surface X-ray diffraction [9].

The PTCDA (102) peak (in bulk notation [5], corre-
sponding to the stacking of flat-lying molecules) is alig-
ned with the surface normal (see below). Also in-plane,
well-defined peaks of PTCDA are found (azimuthally
and radially) implying a well-defined crystallographic
relationship between PTCDA and the methyl-terminated
SAM surface, as opposed to powder rings due to azi-
muthally random orientation [9].

3.2. Out-of-plane structure

Scans along the specular rod show the rich interference
features of this sandwich structure (Fig. 1). The overall
shape is essentially determined by the CTR of the
Au(111) substrate emanating from the bulk (1 1 1) Bragg
peak at Q = 2m/a, = 2.668 AL Superimposed on this
are the interference fringes in the low-Q regime with
a relative spacing of 6Q ~ 0.39 A"ol, corresponding to

a SAM spacer thickness do ~ 16 A, due to scattering
frorn the top and bottom SAM interface. Furthermore, at
Q =2n/a; =195 At , the (102) Bragg peak of PTCDA
is found, indicating the expected planar stacking of the
molecules along the surface normal [3]. Depending on
the roughness, some Laue satellites of this peak can be
observed.
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The most striking feature is found at the second-order
PTCDA Bragg peak, i.e., around Q =2x 1.95 A~ . The
total scattering intensity of the entire structure is signifi-
cantly lower than that of the bare substrate (see Fig. 1b
(arrow) and discussion below). This destructive interfer-
ence of the PTCDA Bragg peak and the substrate rod is
caused by the SAM, which acts as a spacer and introduc-
es an additional phase shift ( ~ e'2*) between the two
scattering contributions [15,16].1

A complete model for all interference features of this
heterostructure would obviously include a relatively
large number of parameters and require a thorough dis-
cussion, which will be published elsewhere [17]. Here we
want to limit ourselves to the destructive interference and
show that this effect can be used for a very sensitive
determination of the spacer thickness and possible cha-
nges of that. The total reflectivity on the specular rod is
calculated from

IRioat> = |Rs + Rsam + Rprcpal®
= [Rs|* + |Rsam|® + [Rercpal®
+ 2Re(RsRéam) + 2 Re(RsRfrcpa)
+ 2 Re(Rsam Réfrcpa), (1

where Rg, Rgam, and Rprepa are the reflectivity coeffi-
cients of the Au substrate, the SAM, and the PTCDA
film, respectively. Briefly, the contribution from the
PTCDA film is essentially a Laue function and can be
written as

—iQ? -

Rprcpa =———cyaF1(Q)
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where N is the number of PTCDA out-of-plane lattice
planes and a; their spacing. The SAM is approximated
as a slab of constant electron density, which leads to

—i0z. .
cho Fo(Q)
The contribution from the Au substrate (CTR) with lat-
tice spacing a; is

—iQ? - 1
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RSAM =

RS:

In these expressions, Q. is the momentum transfer at the
total reflection of the substrate. The ¢’s are the electron
densities normalized to the substrate, the F(Q)s are
the normalized form factors, and the g(Q)’s comprise

! Similar phase shift effects (but with a spacer of zero electron
density) were discussed in Refs. [15,16].
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Fig. 2. Comparison of experimental data and simulations of the
interference in the region of the second-order Bragg peak for
different values of the spacer d,,. The sensitivity to small changes
in d, is demonstrated by the fact that already small changes in
dy lead to strong disagreement with the experimental data. Note
that the total scattering of the heterostructure is below that of
the substrate (broken line) around Q ~ 3.9 A~ 1.

attenuation terms due to roughness and Debye-Waller
effect [17].

In the region of the second-order PTCDA Bragg peak,
i.e. the destructive interference, the dominating contribu-
tions are from the substrate and the PTCDA film. The
SAM introduces an additional relative phase shift
~ ¢! between Rg and Rprcpa, Which causes the scat-
tering of these terms to be out of phase. As indicated in
Fig. 2, the total scattering of the heterostructure is below
that of the substrate (broken line) around Q ~ 3.9 A~ 1. It
is clear that the diffraction pattern responds sensitively to
changes in d,. In fact, as shown in Fig. 2, changing the
spacer distance by only 0.25 A in the simulations leads to
an unacceptable fit, implying that changes on this scale
can be readily detected.

We would like to point out that here at the second-
order PTCDA Bragg peak, d, refers to the distance
between the lattice planes of PTCDA and the Au substra-
te. This includes the SAM thickness plus some contribu-
tion from the finite width of the substrate lattice planes
and the PTCDA lattice planes, which can be roughly
estimated as a;/2 + a,/2. For the purpose of using the
destructive interference as a sensitive detector for small
changes, however, this distinction between the SAM
thickness itself and the distance between the lattice
planes is irrelevant.

Furthermore, we note that for the observation of de-
structive interference it is favorable if the contributions
Rs and Rprepa are of similar magnitude. This implies
that for too thin or also too thick PTCDA films, it can
become more difficult to observe the effect. Correspond-
ing contraints apply to other factors that govern the
magnitude of the respective scattering contributions,
such as the roughness.
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In conclusion, the observation of the above interfer-
ence effects demonstrates that this organic-organic het-
erostructure (PTCDA/SAM/Au(1 1 1)) can be grown with
well-defined interfaces. Furthermore, due to the sensi-
tivity to the parameters discussed, particularly the de-
structive interference can be used as a very sensitive
indicator of small structural changes, which can be ex-
ploited, e.g., in temperature-dependent measurements

[15].
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