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We review recent progress on thin film growth by organic molecular beam deposition
(OMBD). We give a brief overview of growth physics with emphasis on the specific
characteristics of organic materials, such as weak van-der-Waals binding forces and
conformational and orientational degrees of freedom of the molecular building blocks. Two
recent developments in experimental studies of OMBD will be discussed in more detail:
(1) we will give examples for real-time and in-situ growth studies during deposition of the
organic semiconductors pentacene, diindenoperylene, and PTCDA and (2) we will give an
overview of high precision in-situ investigations of the first molecular monolayer, in

particular using the x-ray standing wave technique.



I. Introduction
The strong increase in research activity on organic thin films is to a large extent, although not
exclusively, motivated by the perspectives of and in some cases already realised applications
in various areas including electronics and optoelectronics. Some examples for these are
included also in other reviews in this Special Issue [1]. At the same time, it has also been
recognised that the performance of devices is intimately coupled to the structural
characteristics. The understanding of growth is therefore mandatory to improve and control
devices.
In this review we focus on organic molecular beam deposition (OMBD), i.e. evaporation of
the molecules, usually in ultra-high vacuum (UHV). OMBD is the typical method of thin film
preparation for small molecule organic semiconductors because they often exhibit only low
solubility, while growth from solution (e.g. spin coating, inkjet printing, and spray coating)
enjoys great popularity in particular for polymeric systems. We should note that there is also
the term organic molecular beam epitaxy (OMBE) [2], but we consider OMBD as the more
general term, since it also includes systems without epitaxial relation to the substrate. From a
fundamental perspective, it has been realised that OMBD exhibits its own specifics different
from growth of atomic systems, e.g. changes of molecular conformation during growth [3],
large thermal expansion coefficients [4] or an additional source of disorder due to molecular
tilt domains [5]. The orientational / tilt degrees of freedom of molecules probably are the most
important difference to atomic systems, and imply that the problem is generally anisotropic,
and that not only the positional adsorption state of a molecule, but also its orientation must be
considered [6; 7].
The present review is concerned with some general aspects of OMBD and also a few recent
results. We will discuss

e typical systems

e general principles of growth

e gpecific characteristics of organics

® some examples / brief overview of growth behaviour

We will focus in particular on two recent developments, namely

(1) real-time studies of organic thin film growth, an important development to reveal transient
structures, that can modify the growth behaviour, and

(i1) high-resolution studies of the molecular adsorption geometry, which not only influences

the growth of the subsequent layers, but also has a strong impact on the charge carrier



(electron or hole) injection from metallic contacts into organic semiconductors, which can
easily be seen from the dependence of injection on distance and also from the (possibly
induced) interface dipole upon adsorption (possibly enhanced by molecular bending) [1; 8-
10].

In a review with limited space such as the present one, we of course cannot give an exhaustive
overview for which we refer to earlier reviews [11-17]. Instead, the examples are centred

mostly on our own work, which we will discuss in a broader context.

ll. Some general considerations of growth

Growth of crystalline thin films is an enormously rich subject with many different facets and
theoretical approaches, e.g. equilibrium considerations about crystal phases and shapes,
statistical analysis of correlation lengths and surface roughness, or detailed analysis of
dynamic processes of growth like diffusion and nucleation (see Figure 1). A thorough
treatment of its theoretical aspects can be found in References [18-21]. Here we want to
briefly touch the aspects of the in-plane crystallographic relationship, the out-of-plane
structure / evolution of morphology, as well as dynamic scaling before discussing specific
issues of organic thin film growth.

It is important to realise that a description of these aspects cannot solely rely on
thermodynamic arguments (by which we mean static, equilibrium considerations), but also
kinetic aspects of OMBD and its irreversible atomic scale processes (see Figure 1) must be
taken into account [22-25]. The growth of organic molecular films in particular often leads to
non-equilibrium structures due to the growth kinetics as can be seen from significant post-

growth re-organisation [26-28].
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Figure 1 Schematic of atomistic processes relevant for OMBD.



1. Epitaxy / in-plane crystallographic relationship

We will not discuss in great detail the issues related to epitaxial relations, that is the
crystallographic relation between film and substrate, as some of our examples deal with
relaxed polycrystalline growth on amorphous substrates. For growth on crystalline substrates,
we want to point out that the strain induced by the lattice mismatch at the film substrate
interface is not only important in a crystallographic sense [2], but also influences the growth
beyond the structure of the first monolayer. For example it has been shown that
diindenoperylene (DIP) grown on NaCl single crystals exhibits herringbone type packing, but
when DIP is grown on crystalline perylene thin films an unusual sandwich herringbone type
packing is observed [29]. This suggests, that by careful selection of the (organic) substrate the
crystal structure of epitaxial adlayers can be controlled not only in the first monolayer
adjacent to the substrate, but also in following monolayers. In this respect the first monolayer
is the most important one, determining the crystal structure of an entire multilayer film. For

details on organic epitaxy see the review by Hooks et al. [30].

2. Overall structure (out of plane) / evolution of morphology

In general one can distinguish the three growth scenarios depicted in Figure 2: island
(Volmer-Weber), layer-plus-islands (Stranski-Krastanov), and layer-by-layer growth (Frank-
van-der-Merwe). Typically, the surface energies Ysubstrate s Yfilms aNd Yinerface (s€€ Figure 2) are
related to these growth modes using energetic (equilibrium) arguments.

Note that the modification of the substrate surface energy to change the growth behaviour of
the OMBD film has enjoyed some popularity. The most important strategy is based on the use
of self-assembled monolayers [13; 31]. Early work demonstrated the use of alkanethiol SAMs
on Au(111) to modify PTCDA growth [31-33]. In the context of pentacene growth this
strategy has been very successful [34-37], although it is not always obvious which feature of
the SAM exactly leads to the modification of the growth of the subsequent film. A detailed
discussion of this approach, however, is beyond the scope of this review.

In particular the layer-plus-island growth mode is typical for organic systems, as exemplified
by PTCDA on Ag(111) in this review. The examples of real-time growth studies in Section III
demonstrate that by measuring the out of plane morphology during growth one can readily
distinguish growth modes as well as measure threshold thicknesses where the growth
behaviour changes.

For a more detailed description in a given growth scenario, one must use an additional growth

model to quantify properties such as island size or film roughness and their evolution with



film thickness. For island growth that leads to roughening of the film surface, rate equation
models encompassing microscopic processes like interlayer diffusion (see Figure 1) can be
used [38]. In cases with little knowledge of atomic processes, the roughness evolution can be
more generally expressed in terms of growth exponents as discussed in the next section [39;

40].
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Figure 2 Scenarios for thin film growth: Depending on the material specific surface free energies three
different generic growth modes are generally distinguished: island growth, layer plus island growth, and layer-

by-layer growth

3. Dynamic scaling

An important concept for the theoretical description of growth is based on dynamic scaling
[39-41]. During the last two decades a theoretical framework for relating growth mechanisms
to a set of scaling exponents has been developed, and there have been significant efforts to
theoretically predict and experimentally determine scaling exponents for certain growth
modes.

The film morphology can be described by scaling theory using three parameters for the

typical surface slope a, the correlation length & beyond which the heights at two points



become uncorrelated, and the standard deviation of the film height ¢ (rms roughness) . These
parameters scale with film thickness D according to a ~ D’1, §~ D% o~ D’ , defining the
steepening exponent A, the dynamic exponent z, and the growth exponent £.

For organics, there are only few studies available. Interestingly, both DIP on siliconoxide as
well as phthalocyanines [42] seem to display significant roughening parameters (high ).
Values of the roughening parameter f > 0.5 indicate rapid roughening faster as expected for
random deposition in a ‘hit-and-stick’ model. Rapid roughening has been measured for DIP /
SiO, (f = 0.748 + 0.05), HoPc / glass (8 = 1.02 + 0.08), and plasma polymer (f = 0.7 £ 0.10)

[42], but the effect is also found in inorganic materials [43].

4. Issues specific for growth of organic molecular materials

The general considerations above apply both to organic and inorganic materials, but several

aspects specific to organic materials can lead to distinctively different growth behaviour.

i)  As extended objects, organic molecules have internal degrees of freedom. The
vibrational degrees of freedom can impact the interaction with the substrate and also
the thermalisation upon adsorption on the surface, because the translational energy of
a molecule can also be converted to internal vibrational energy. Conformational
degrees of freedom mean that the building block can change within the film, for
example by bending to accommodate stress. The conformation of the organic
semiconductor rubrene has been found to change during growth [3], which may
influence the film morphology [44]. Orientational degrees of freedom which are not
included in conventional growth models can give rise to tilt domains and thereby an
additional source of disorder, or may even give rise to ‘lying-down’ and ‘standing-up’

structures [6; 35] as discussed later for the example of DIP.

* The parameters are defined using the height difference correlation function (HDCF)

L N2
#(R) _<[h(x’ ) =he )] > of two points laterally separated by X~ Vx4 =y . The
HDCEF displays distinct behaviours for R << ¢ and R >> £, where ¢ denotes a correlation
length. For R << & one expects a power law increase as g(R) ~ a’R**, where a is the static
roughness exponent and the prefactor a is a measure of the typical surface slope. For R >> x
the heights at distance R become uncorrelated. Hence g(R) saturates at the value g(R) =20,

where ¢ = <(h—<h>)2> is the standard deviation of the film height (or ‘rms roughness’).




i1)  The interaction between molecules and between molecules and the substrate is often
dominated by weak van-der-Waals forces. It is important to emphasize that when
integrated over all atoms within a molecule, the weak interaction energies add up and
lead to substantial molecula binding energies in the eV. Nevertheless the weaker
interactions per atom lead to ‘softer’ materials and, for example, strain can be
accommodated more easily. Due to the weaker interactions the thermal expansion
coefficients (typically in the 10* /K range) are large when compared to inorganic
materials, which possibly leads to higher thermally induced strain at film — substrate

interfaces.

iii) The size of the molecules and consequently the size of the unit cell is larger than that
of inorganic materials, and therefore the interaction potential is spread out over a
larger area. This weakens the effective substrate corrugation as experienced by
molecules because the small length scale substrate corrugation is averaged to some
extent over the size of the molecule which in general has inter-atomic bond lengths
different from the substrate. Also more translational and orientational domains for
epitaxy on inorganic substrates are possible due to the difference in unit cell size. This

introduces an additional source of disorder for organics.

lll. Real-time and in-situ growth studies

With this review we build on previous reviews [11-17] and therefore will focus on recent
work on real-time and in-situ growth studies. In-situ techniques for monitoring organic
molecular beam deposition offer great advantages because post-growth sample changes such
as oxidation or de-wetting do not obscure the results, and, given a time resolution matching
the growth processes they also allow one to follow details of growth in real-time during the
deposition process. There exist a number of surface sensitive in-situ techniques with real-time
capability such as low-energy electron microscopy [45], reflection high-energy electron
diffraction (RHEED) [46], or helium scattering [47; 48]. Here we focus on x-ray scattering,
which offers flexibility in sample environment (vacuum / air / liquids / penetration of thin
solids), offers high spatial resolution and can be analyzed in most cases by a simple single

scattering (kinematic) theory.



a) b)

top view

Figure 3 a) Scattering geometry for specular x-ray reflectivity measurements, revealing the sample
structure (roughness, lattice spacing) along the surface normal. b) Scattering geometry for grazing

incidence diffraction, which measures lattice constants parallel to the sample surface.

Two X-ray scattering scattering geometries are depicted in Figure 3 a) and b), which are used
to determine the sample structure along the surface normal and parallel to the sample surface
respectively. In X-ray reflectivity measurements the wavevector changes by ¢, upon reflection
and a layering along the surface normal (in the direction of g;) will lead to a Bragg reflection.
Similarly for grazing incidence diffraction lattice spacings within the plane can be calculated
from the position of Bragg reflections where the wavevector transfer g| is parallel to the
sample plane. These two scattering geometries will be applied in the following to study the

structural evolution during thin film deposition.

1. Pentacene / siliconoxide

Pentacene is attracting considerable attention as its charge transport properties are excellent
[16; 49], and films of pentacene on siliconoxide are commonly used for thin film transistors in
which the silicon oxide serves as gate dielectric.

Its thin film structure on siliconoxide (see e.g. reference [50]) as well as modified silicon
surfaces [36] has been studied extensively, for details we refer to reference [51] and
references therein. Recently the molecular arrangement within the unit cell has been solved
experimentally for siliconoxide [52; 53] as well as octadecyltrichlorosilane-treated
siliconoxide [53]. A dynamic scaling analysis of the island distribution in sub-monolayer
films shows that islands containing three or more molecules are stable [41; 54]. A comparison

of hydrophilic, oxidized silicon substrates with hydrophobic H-atom terminated silicon
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substrates has shown that with increasing hydrophobicity the nucleation density of pentacene
islands decreases by a factor of 100 while the island size increases [36]. Under optimized
conditions the island size in pentacene thin films can be as large as 0.1 mm as demonstrated in
Reference [45]. In addition to varying substrate temperature and deposition rate, the kinetic
energy of pentacene molecules has been varied in supersonic beam deposition [34; 47; 55].
Increasing the kinetic energy of pentacene molecules from 1.5 eV to 6.7 eV the adsorption

probability decreases by a factor of ~ 5, indicative of trapping-mediated adsorption [55].
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Figure 4 a) Schematic of the pentacene molecule. b) Real-time measurements of the X-ray reflectivity in a
wide g-range during pentacene deposition on siliconoxide have been performed at the EDR beamline at
BESSY II (deposition rate 3.5 A/min, substrate temperature 50 °C). Two peaks corresponding to the first
and second order Bragg reflection of the pentacene thin film phase can be seen to grow with increasing
deposition time (from Reference [59] with permission). ¢) Example of a growth oscillation at g = % g, as
a cut through the data-set in (b), as indicated by the arrows. d) Using a diffusive growth model and the
kinematic approximation in X-ray scattering (see text) the interface roughness of the pentacene film and
the coverage of individual layers during growth can be extracted from the data-set in (b). ) From the
evolution of the surface roughness it can be seen that layer-by-layer growth persists for the first four

monolayers before roughening sets in.



Using real-time techniques, the evolution of different pentacene phases during growth [56],
dendritic island shape [45], the coverages of individual layers [57-59], or the Ehrlich-
Schwoebel barrier [58] can be studied. Real-time measurements of the X-ray reflectivity (as
shown in Figure 4 b), allow one to determine the crystal structure(s) from the positions of the
Bragg reflections, and also the evolution of the interface width (roughness) of the film can be
extracted. In Reference [56] it was shown that the nucleation of a second pentacene phase [50;
51; 60] occurs as early as the first pentacene monolayer as determined from following the
Bragg reflections corresponding to the two phases.

From the data in Figure 4 as well as grazing incidence diffraction data [59], it can be seen that
only the so called thin film phase of pentacene with an out-of-plane lattice constant of 15.6 A
is growing for the conditions employed, as opposed to the pentacene bulk phase with a lattice
constant of 14.5 A [51]. Analyzing not only the Bragg reflections, but also the evolution of
the reflectivity between the Bragg reflections, additional information can be learned. Halfway
between the Bragg reflections at the so called anti-Bragg point the interference of X-rays
scattered from neighbouring layers interferes destructively, leading to an oscillating X-ray
reflectivity when subsequent pentacene layers are filled. From these oscillations the number
of pentacene monolayers that have been grown can be directly counted (oscillation period two
monolayers). As can be seen from Figure 4 the X-ray reflectivity shows modulations not only
at the anti-Bragg condition, but also at all g-values other than the Bragg condition. These
growth oscillations at several g-points correspond to several Fourier components of the real-
space structure and therefore it is advantageous to measure the reflectivity in a wide g-space
region (0.25 - 0.8 A" in this case) to get a precise measurement of the real-space structure
and the film roughness [61]. The growth oscillations can be described theoretically by the
following Equation (1), which includes the scattering from the substrate as well as the sum

over the scattering of every individual pentacene layer:

2

Ire_ﬂa'red (q’ t) = Asubstmre (q) ’ eiq)(qun) + f(q) ’ z 0}1 (t) ’ ei'”"l'dF : (1)

Agupsirare(q): Substrate scattering amplitude

f{gq): molecular form factor of pentacene

@(q,dy): phase between substrate and ad-layer scattering

n: layer number;

0,: fractional coverage of the n"- layer (0 - zero coverage, 1 - filled layer);
q: X-ray wavevector transfer upon reflection;

dp: lattice spacing within the crystalline thin film;
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To describe the time evolution of 6,(t) in equation (1) a range of growth models can be used
[19; 62; 63]. A simple model that can describe the experimental growth oscillations is a
diffusive growth model (Equation (2), see reference [62]) where the rate for a jump from layer
n+1 to n is proportional to the uncovered fraction of layer n+/ (i.e. how many molecules in
layer n+1 are not buried and free to move) and the available space in layer n (i.e. uncovered
space on top of layer n-1):

de,

1)

0, fractional coverage of the n"- layer;

= (en—l - en ) + kn (0n+1 - 0n+2 )(gn—l - en ) - kn (en—Z - gn—l )(en - 0n+1 ) (2’)

T: completion time for one monolayer

k,: effective rate for interlayer transport

Using equation (2) to calculate the 6,(¢) and inserting them in equation (1) yields theoretical
growth oscillations which can be made to fit experimental values by adjusting the rate
constants k,. The solutions 8,(t) of equation (2) are S-shaped curves as shown in Figure 4 d).

The 6,(t) contain the complete information about the out-of-plane film structure, and as a
measure of the film roughness the interface width can be derived from them. The film
roughness or interface width is defined as the standard deviation of the interface from the

average film thickness:

interface width :\/(1—6’1)-(0—4_1)2 +(6,-6,)-1-d) +(6,-6,)-3-d)’+..  (3)

interface width: in units of the step height of one monolayer

d :average film thickness units of the step height of one monolayer;

For pentacene, the roughness data shows a clear change in growth mode after four
monolayers. While the growth oscillations in the beginning show that pentacene grows in a
layer-by-layer fashion (with an oscillating surface roughness), after four monolayers the
surface width starts to increase. This change in growth mode from layer-by-layer growth to
roughening has also been observed in References [57; 58], where the interlayer transport of
pentacene molecules could be quantified. While the exact nature of this transition is unknown,
several factors may contribute such as decreased interlayer transport (increasing Schwoebel

barrier), faster nucleation, and decreased diffusivity on top of islands.
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2. DIP / silicon oxide
Diindeno(1,2,3,-c¢d,10,20,30-Im)perylene (C32H16, DIP, a red dye, Figure 5 a) is less popular

than pentacene, but its growth has been studied in considerable detail. DIP has been shown to
exhibit excellent out of plane order [5; 64; 65] and also has been found to have promising
charge carrier mobility [49; 66].

Real-time measurements of the X-ray reflectivity for DIP in a wide g-range show the
appearance of the first and second order Bragg reflections of DIP ( Figure 5 b), evidencing the
growth of a DIP structure in which the individual molecules are ‘standing upright’.
Pronounced side maxima can be seen next to the DIP Bragg reflections (so called Laue
fringes), which originate from interference of reflections from the top and bottom surface of
the DIP film. The pronounced Laue fringes show that the DIP film surface remains smooth
during growth, and consequently growth oscillations are only weakly damped (Figure 5 c).
Modelling these growth oscillations again with the kinematic approximation of X-ray
scattering and a diffusive growth model (Equations (1) and(2)) yields the interface width
(roughness) and the individual layer coverages as in the pentacene case. By comparing Figure
4 b) and Figure 5 b), it is evident that for DIP the growth oscillations and Laue fringes are less
damped and the quantitative analysis in Figure 5 d) shows that DIP layer by layer growth
persists longer than in pentacene (up to ~7-8 monolayers as compared to 4 monolayers). Also
the absolute roughness is significantly lower than that of pentacene. After ~7 monolayers
roughening sets in for DIP as well, and indeed for thicker films the roughness increases faster
than expected for random deposition of molecules. This rapid roughening has been followed
to large film thicknesses of 10000 A in Reference [5] and has also been found in other organic

systems [42].
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Figure 5 a) Schematic of the diindenoperylene (DIP) molecule. b) Real-time measurements of the X-ray
reflectivity in a wide q-range during DIP deposition on siliconoxide have been performed at beamline
ID10B at the ESRF (deposition rate 0.6 A/min, substrate temperature 130 °C). Two peaks corresponding
to the first and second order Bragg reflection of DIP can be seen to grow with increasing deposition time.
¢) Cuts through the data-set in (b) show an oscillating X-ray reflectivity at the anti-Bragg condition and
the % Bragg condition, while at the Bragg condition the reflectivity increases monotonically. Using a
diffusive growth model and the kinematic approximation in X-ray scattering (see text) the growth
oscillations can be fitted (solid line). d) From the fit of the growth oscillations the interface roughness of
the DIP film and the coverage of individual layers during growth can be extracted. It can be seen that

layer-by-layer growth persists for the first ~7 DIP monolayers before roughening sets in.

The reasons for the transition from layer-by-layer growth to roughening are not yet well
understood for complex organic molecular materials. Strained growth in the first monolayers
and strain relaxation may trigger a change in growth mode, but for organic molecules the
molecular tilt angle and the molecular conformation may also change during growth.
Differently tilted molecules will have different bulk- and surface energies. Therefore a change
in molecular orientation may occur when the balance between bulk- and surface energies
changes, such that the bulk contribution surpasses the surface energy contribution at a critical

thickness [67].
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For DIP, it has been found that the in-plane lattice parameter changes during growth of the
first three monolayers. Figure 6 shows the evolution of the in-plane (11) reflection of DIP,
that is the evolution of the lattice parameter parallel to the surface. From Figure 6 it can be
seen that the in-plane lattice parameter of DIP in the first monolayer expands by 2 % upon
absorption of further layers. The structure actually changes in a collective fashion, that is, the
first monolayer exhibits a transient structure. This transient structure would be missed in post-
growth measurements. Stopping growth after one monolayer also could not replace real-time
measurements, because a single DIP monolayer is not stable and partially dewets on a
10 minute timescale. The increase of the lattice constant of the first DIP layers may be

explained by strain, but also by a slight change of molecular tilt angle.

0 ML

21 0.12

q// [,47] ' 1.20

Figure 6 In-plane structure: Real-time GID scans during growth of DIP on silicon oxide (130 °C). The in-
plane (11)-reflection of the DIP film shifts during growth of the second and third monolayer. After growth

of three monolayers the transient structure of the first monolayer has vanished.

Similar to pentacene growth, where a second phase can grow in addition to the thin film phase
for certain growth conditions, DIP also exhibits growth of a second structure for low sample
temperatures. In addition to the upright standing orientation of the DIP molecules prevalent at
130 °C sample temperature, a second DIP structure starts to grow with molecules lying down
at room temperature or lower [6; 68]. This change in molecular orientation does depend on
substrate temperature as well as the type of substrate. For growth on siliconoxide at 35 °C, the
lying down structure starts to grow after a critical thickness of ~170 A, such that the lying

down structure grows on top of the standing upright structure of DIP. In contrast, when
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growing DIP on top of the organic semiconductor rubrene at the same temperature, no lying
down structure nucleates. When using A-plane sapphire as a substrate, the nucleation of the
lying phase occurs without threshold thickness. The substrate dependence of the lying down
structure can be rationalized by regarding the substrate interactions with DIP. Rubrene
substrates have only weak van-der-Waals interactions that favour the standing upright
structure. In contrast, the stronger effective interaction with sapphire due to the stepped
sapphire surface and the slightly higher van-der-Waals interactions lead to molecules adopting

a lying down orientation and therefore the early nucleation of the lying down structure.
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Figure 7 Evolution of the (100)- and (11)-reflections of DIP as a function of time (film thickness), for
growth on rubrene (10 °C), silicon oxide, and stepped sapphire (both at 35 °C). The two reflections are
characteristic for two different molecular orientations, that is a lying down (A) orientation and a standing

upright (o) orientation of the DIP molecules respectively (see inset). From Reference [6] with permission.

3. PTCDA / Ag(111)

PTCDA is among the most thoroughly studied organic semiconductors and was considered an
OMBD model system [12; 13; 15; 69] (see also X-ray standing wave section including the
references therein). One of the characteristic features of PTCDA is that it (almost) always
grows in a lying-down configuration in contrast to pentacene and DIP, which is probably due

to its layered crystal structure and molecular quadrupole moment.
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Figure 8 a) Schematic of the molecule 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA).
b) Simulation of the specular reflectivity of a PTCDA film on an Ag (111) substrate (from Reference [70]).
At the anti-Bragg point of the PTCDA film (¢°,= n/dy), the scattering of subsequent layers interferes
destructively, so that during film growth the reflected intensity at the anti-Bragg point oscillates as a
function of the deposition time. ¢c) Comparison between experimental anti-Bragg oscillations (substrate
temperatures 233, 303, and 358 K) and Monte Carlo simulations (simulations at 200, 225, 250 K).
d) interface roughness as obtained from Monte Carlo simulations at different temperatures. Clearly a
transition from 2d to 3d growth is visible after two monolayers at high temperatures, which for low
temperatures (200 K) occurs as early as after half a monolayer deposition. Figures courtesy of B. Krause

and from Reference [70] with permission.

When grown at low substrate temperatures (T < 50 °C at a growth rate of 1 A/min), PTCDA
films exhibit a smooth morphology albeit with poor crystallinity. As is often observed for
OMBD, higher substrate temperatures gives improved crystallinity, albeit with a rough
morphology with separated crystals on a range of substrates such as PTCDA/InAs(001) [70],
PTCDA/NaCl(001), KCI(001) and KBr(001) [71], Au(111) [72; 73], and Ag(111) (see
references [4; 26; 70; 74-78] and references therein). It turned out that PTCDA exhibits very
well defined Stranski-Krastanov growth on Ag(111) as established in real-time X-ray
experiments.

Figure 8 c) shows X-ray growth oscillations for PTCDA deposition on Ag(111) at different
substrate temperatures clearly demonstrating i) the decay of crystallinity and therefore growth

oscillations at low substrate temperatures, and ii) the damping of oscillations after deposition
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of two monolayers, indicative of a transition from 2d to 3d growth (Stranski-Krastanov
growth with two monolayers wetting). Again fits of the growth oscillations have been
performed within the kinematic (single scattering) approximation of X-ray scattering, but in
this example kinetic Monte Carlo simulations [79] have been used to model the evolution of
the layer coverages 6,(t). While temperatures for the calculations systematically lie below the
real substrate temperature, indicating that the energy barriers in the calculations are slightly
too low, the X-ray growth oscillations are fitted well. This allows a calculation of the film
roughness ¢ from the simulated 6,(¢) as shown in Figure 8 d). At high substrate temperatures
the first two layers grow in a well defined layer-by-layer fashion with a pronounced transition
to island growth after two monolayers. The layer-by-layer growth of the first layers is strongly

temperature dependent and breaks down for lower substrate temperatures.

IV. A Closer Look at the First Monolayer

It has been demonstrated that the first monolayer forms a crucial template for the growth of
further molecular layers [13; 15]. Therefore, the strength of the adsorbate-substrate
interaction, the orientation of the molecules, their bonding distances, dj, to the topmost
substrate layer (cf. Fig. 1) determine to some extent the properties of a multilayer thin film.
Particularly, the alignment of energy levels at the organic interface and the resulting
efficiency of charge injection from metal contacts is affected by the monolayer structure and
the related effects such as molecular distortions and distortion induced molecular dipoles.
Further details on the electronic properties of organic adsorbates can be found in the review

by N. Koch in this issue.

The (average) bonding distance dy of the monolayer is the central quantity in this context and
already emerged in the real-time experiments discussed above where it was determined from
X-ray scans on the specular path [4]. More precise and chemically resolved structural
information, however, can be obtained from X-ray standing wave (XSW) experiments [80-
82]. Following the early experiments on simple adsorption systems, the XSW technique has
recently been used to study larger, conjugated organic molecules adsorbed on metal surfaces

[8;9; 83-87].
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incident diffracted

T

Figure 9 XSW principle. The standing wave field is produced by Bragg reflection of monochromatic X-
rays from a single crystal substrate. The variation of the photoelectron yield when scanning the photon
energy through the Bragg condition depends on the adsorbate position d0. Note, that XSW measurements
with XPS detection determine the initial state geometry of the molecules, since any possible nuclear

relaxation after ionisation is slower than the photoemission process (for details see [88]).

A basically interferometric approach, the XSW technique works as follows: An X-ray
standing wave field with the periodicity of the substrate lattice dj is generated by Bragg
reflection from a single crystal that also serves as substrate for the organic film. By scanning
the photon energy E of the incident wave through the Bragg condition the phase of the
interference field changes by m and, as a consequence, the nodal planes of the standing wave
field shift by half a lattice constant. Since the absorption of X-rays depends on the position of
the atoms within this wave field, photoelectrons (or, for heavier elements, also X-ray
fluorescence) can be used as element-specific signals, which reveal the position of the
adsorbate atoms. The measured photoelectron yield Y,(E) exhibits a characteristic shape that
can be related to the bonding distance dy of a given chemical element. Due to the high spatial
resolution of typically < 0.05 A XSW measurements probe the molecular geometry with high

precision.

Below we shall discuss a number of experimental results that demonstrate adsorption
distances dp deduced from XSW measurements provide significant insight into the complex

substrate-adsorbate interaction .

1. PTCDA / Ag(111), Cu(111), and Au(111)

PTCDA has become the best studied system in this field, see e.g. [4; 26; 74; 89; 90]. There
are precise data on three different substrates, i.e. Ag(111), Cu(111), and Au(111). A strong
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interaction with the substrates (‘chemisorption’) is found for Ag(111) and Cu(111) with a
bonding distance of 2.86+0.01 A [8; 84] and 2.61+0.02 A [8], respectively. Yet, a much
weaker interaction is found for PTCDA on Au(111) with 3.27+0.02 A [91]. The close
correlation of these findings with the electronic properties of PTCDA on the different

substrates is discussed in [10].

3.25
<
< 3.00
T

2.75

TI0000 T07%%7% 977007

Au(111) Ag(111) Cu(111)

Figure 10 Different bonding distances and adsorption geometries of PTCDA on Au(111), Ag(111) and
Cu(111) as measured by XSW [8; 84; 91]. On copper both oxygen species - distinguishable due to a
chemical shift in the photoemission spectra - are located above the carbon plane. On silver, however, the
carboxylic oxygen atoms are bent towards the surface. The position of the oxygen atoms on gold was not

measured with XSW. From Reference [10] with permission.

The XSW results of PTCDA/Ag(111) obtained in the monolayer regime agree with surface
diffraction data obtained from multilayer films of PTCDA [4]. This indicates that the growth
of further layers does not influence the first layer and the XSW measurements of dy discussed
here are indeed relevant beyond the monolayer coverage. Moreover, a substrate dependent
distortion of the C=0 bonds is found: for PTCDA on Ag(111) the carboxylic oxygen atoms
are located below the molecular plane (dy=2.68 10\), but for PTCDA on Cu(111) these atoms
are above the plane (dy,=2.73 A), see Fig. 2. Theoretical efforts based mainly on density
functional theory are being made to explain these findings, but are still hampered by the

necessarily tedious computations.

2. NTDCA / Ag(111)

Recent XSW experiments [83; 86] demonstrate that the adsorption geometry of NTCDA on
Ag(111) is similar to the one found for the larger PTCDA molecule. A slightly weaker
substrate-adsorbate interaction results in a carbon distance of d,=2.997+0.016 A to the

Ag(111) lattice. Therefore, the adsorption of NTCDA might be regarded as relatively strong

19



(chemisorption). A non-planar adsorption geometry is also reported for NTCDA [86]. In
essence, the distortion of the C=0O bonds in NTCDA is similar to the case of PTCDA on
Ag(111) in which the carboxylic oxygen atoms are located below the molecular plane. Since
no XSW data for Cu(111) or Au(111) are presently available, a substrate dependent distortion
of NTCDA - as found for PTCDA - has not yet been established.

3. FisCuPc/Ag (11) and Cu(111)

The XSW results obtained on F;cCuPc show that perfluorinated copper-phthalocyanine
molecules adsorb in a lying down, but significantly distorted configuration on Cu(111) and
Ag(111) surfaces [9]. While on copper (silver) the central carbon rings reside 2.61+0.05 A
(3.25+0.05 A) above the substrate, the outer fluorine atoms are located 0.27 A (0.20 A)
further away from the surface. These results on FisCuPc are in remarkable contrast to those
on PTCDA on Cu(l111) and Ag(111) mentioned above. First, a much larger difference
between the adsorption distances dy on copper and silver is found. Second, the type of
molecular distortion, i.e. an upward bending of the C-F bonds in F;cCuPc, is the same on
copper and silver despite the obviously weaker interaction of F;sCuPc with the Ag(111)
surface. As for PTCDA a thorough explanation for the non-planar adsorption structure of the
molecules is still missing. Yet, in [9] it is suggested that the results can be discussed in terms
of the outer carbon atoms in F;sCuPc undergoing a partial re-hybridization (sp> — sp’) with a

concomitant change of the bonding angles.

4, SnPc/ Ag(111)

The adsorption geometry and orientation of the non-planar phthalocyanine molecule SnPc has
been measured by XSW [85; 87]. Depending on the preparation conditions SnPc monolayers
exhibit different superstructures and molecular conformations on the Ag(111) surface. For
deposition at 300 °C substrate temperature the carbons atoms are bent away from the surface
[87], whereas for a monolayer of SnPc prepared via desorption of a multilayer film the carbon
atoms are bent towards the surface [85]. This finding is reflected by the different (averaged)
carbon distances found for these conformations of SnPc on Ag(111), i.e., 3.61+0.16 A [87]
versus 3.17+0.03 A [85].

To conclude, a rich phenomenology of different adsorption behaviours has been found by
XSW measurements for examples described above: The strength of the substrate-adsorbate

interaction - even for lying-down molecules - varies considerably as is demonstrated by the
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different bonding distances dy. Adsorption induced distortion of the molecules seems to be the
rule rather than the exception. Therefore, further studies are required to fully understand the

bonding of these systems.

Cu(111) Ag(111) Au(111)
PTCDA 2.66+0.02 A 2.860.01 A 3.27+0.02 A
NTCDA 2.997+0.016 A
F16CuPc 2.61+0.05 A 3.250.05 A
SnPc (prepared by desorption) 3.17+0.03 A
SnPc (prepared at 300°C) 3.61+0.16 A

Table 1 Bonding distances dy, on Cu(111) and Ag(111) measured with the XSW technique. The values

correspond to the (average) carbon distance relative to the Bragg planes of the substrate.

V. Conclusions

Organic molecular beam deposition is a complex topic where growth experiments as well as
growth theory are needed for an understanding of the many facets governing the structure
formation of organics. We have not attempted to provide a complete overview of the field or a
comprehensive account of the literature, for which we refer to earlier reviews [12; 13; 15], but
rather we have provided an update on specific issues. In this review we have focused on two
aspects we believe are crucial, namely real-time effects including structure and strain as a
function of time (that is film thickness) and secondly high precision investigations of the first
monolayer (mostly using XSW). Of course many more issues arise in the growth of organic
molecules with their orientational, conformational and vibrational degrees of freedom, and

this is still an open field of research.
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