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Abstract

Thermal desorption spectroscopy (TDS) and X-ray photoelectron spectroscopy (XPS) have been applied to investigate the
kinetics of adsorption, layer growth and desorption of p-quaterphenyl (P4P) on polycrystalline gold surfaces. Two different
desorption peaks resulting from a monolayer (wetting layer) and a multilayer can be observed. The multilayer predominantly
grows in form of a continuous film at 93 K, whereas at room temperature needle-like island growth is observed. A rearrangement
(island formation) of the continuous multilayer takes place during heating prior to desorption. The influence of carbon on the
adsorption/desorption kinetics of the monolayer has been studied in detail. On the clean surface some amount of adsorbed
P4P dissociates and hydrogen is released at about 650 and 820 K, respectively. No dissociation of P4P takes place on the carbon-
covered surface. The intact P4P molecules of the monolayer desorb in form of two broad peaks around 420 and 600 K,
the multilayer desorbs with zero order above 350 K. Quantitative measurements with a quartz microbalance yield a mean
thickness of 0.27 nm for the monolayer, suggesting that the P4P molecules are lying flat on the surface, for both the clean and the

carbon-covered surface.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Thin organic films have attracted considerable inte-
rest in the recent past due to their promising features
in optical, electro-optical and electronic devices. In
particular, oligo-phenylenes have been studied exten-
sively because they can be used to realize blue light
emitting devices and thin film transistors [1-3]. Most
frequently, thin organic films comprising ‘‘small”
organic molecules (oligomeres) are produced by
physical vapor deposition [4] or hot-wall epitaxy [5].
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It is well known that the preparation parameters, like
surface temperature, substrate conditions or deposi-
tion rate, determine the morphology and structure, and
hence the electronic and optical properties of the
grown layer [6-8]. In particular, the interface between
the active organic material and the metal electrodes
plays an important role [9]. There is some literature
available concerning the structure of oligo-phenylenes
(using X-ray diffraction [10-12] and low energy
electron diffraction (LEED) [13]), the morphology
(atomic force microscopy (AFM) and scanning tunnel-
ing microscopy (STM) [5,14,15], secondary electron
microscopy [11] and fluorescence microscopy [13])
and the electronic structure [16—18]. However, there is
still a lack of knowledge concerning the kinetics of
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layer formation of oligo-phenylenes on metal surfaces,
in particular in the monolayer and beginning multilayer
regime. For other large organic molecules comparable
investigations on the kinetics of adsorption, ordered
layer growth and desorption on surfaces are available
(e.g. PTCDA [19,20], NTCDA [21], NDCA [22],
ECnT [23], acenes [24], sexithienyl [25]).

In this work, we focus on the adsorption, initial
growth and desorption of p-quaterphenyl (P4P) on/
from clean and carbon-covered polycrystalline gold
surfaces. Polycrystalline gold was chosen for these
investigations because it has some relevance for appli-
cation as contacting electrodes in organic based opto-
electronic devices. We will demonstrate that significant
dissociation of P4P in the monolayer regime occurs on
such surfaces during sample heating, which influences
further adsorption and the growth kinetics. Thermal
desorption spectroscopy (TDS) and X-ray photoelec-
tron spectroscopy (XPS) were the main techniques
used for the kinetics experiments.

2. Experimental

The experiments were carried outin a UHV chamber
with a base pressure of ~10~'° mbar. The apparatus
was equipped with an Auger electron spectrometer
(AES), an X-ray photoelectron spectrometer and an
in-line quadrupole mass spectrometer (QMS). Eva-
poration of p-quaterphenyl was accomplished by a
Knudsen cell made of quartz glass. The support for
the Knudsen cell was water cooled, in particular during

baking of the UHV system, to avoid uncontrolled
evaporation. A quartz microbalance was permanently
positioned about 30° off-axis relative to the Knudsen
source-sample direction. This allows the continuous
control of the evaporation flux. For calibration of the
impingement rate on the sample, the sample was
temporarily replaced by a second quartz microbalance.
For the calculation of the mean thickness of P4P
evaporated on the surface we have used the bulk
density p = 1.25 g/cm’® [26].

Fig. 1 shows the unit cell of the crystalline form of
P4P at room temperature [27,28]. In the gas phase, the
collinear phenyl rings are tilted with respect to each
other by an angle of 30-40° due to repulsion between
the ortho-hydrogen atoms. In the crystalline phase the
arrangement of the phenyl rings is nearly planar on
average [18]. The crystal structure of P4P at 300 K is
monoclinic and the crystal unit cell contains two mole-
cules. The bulk lattice constants are a = 0.811 nm,
b =0.561 nm, ¢ = 1.791 nm, the monoclinic angle
p = 95.80°, and the symmetry is P2,/a [26].

The sample, a high purity (99.99%) polycrystalline
gold foil (10mm x 10mm x 0.1 mm), was spot-
welded onto two Ta-wires, which were clamped into
Cu-electrodes. This allowed ohmic heating of the
sample up to 1000 K and cooling to 93 K, via a
LN, cold finger. The temperature was measured with
a NiCr—Ni thermocouple spot-welded to the Au-foil.

For the investigation of the adsorption and desorp-
tion kinetics mainly thermal desorption spectroscopy
was applied. Typical heating rates of 1 K/s were used
and the spectra were taken with an in-line quadrupole

Fig. 1. Crystallographic structure of P4P in the condensed phase at room temperature.
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mass spectrometer (0-512 amu). The molecular mass
306.4 amu of the intact PAP was mainly measured, but
in some cases the mass 153 amu was taken as being
representative of P4P, using a mass spectrometer
0-200 amu. This was done when the 512 amu mass
spectrometer was not yet available. We have carefully
checked that this signal is also representative of the
P4P molecule by comparing the desorption spectra for
different cracking products (153, 138 and 77 amu)
with the spectra of the intact molecule. The shape of
all spectra was the same, indicating that they were the
cracking products of one desorbing species.

One important point in this context is the chemical
composition of the polycrystalline gold surface as
used for the experiments. Cleaning of the gold surface
is in principle rather easy: Short sputtering with Ar™
ions (10 min, p =5 x 1073 mbar) and annealing at
900 K is sufficient to obtain a clean Au surface, as
verified by Auger electron spectroscopy. However,
adsorption of quaterphenyl on a clean surface and
subsequent desorption leads to some dissociation and
consequently to a contamination with carbon. This
carbon uptake is very fast but levels off at a carbon
coverage of about 6 x 10'* C-atoms/cm? (as described
below in more detail). This is probably due to dis-

sociation of P4P at defect sites on the polycrystalline
surface and/or on high index surface planes of the
individual crystallites. In fact, on the low indexed
Au(1 1 1) surface no significant dissociation of P4P
can be seen [29]. In addition to that, intentionally
extensive irradiation (few hours) of a thick P4P film
(10 nm) by X-rays also leads to dissociation of P4P.
By this method a carbon saturation layer of about
1.2 x 10'5 C-atoms/cm? (one monolayer) can be pre-
pared. The increase of the X-ray induced carbon on the
surface, however, is very slow compared with that
caused by dissociation. During XPS experiments no
significant X-ray induced C contamination could be
observed.

3. Results and discussion
3.1. TDS measurements

Thermal desorption spectroscopy has been applied
to reveal the desorption kinetics of P4P from poly-
crystalline gold surfaces (heating rate = 1K/s). It
turned out that some amount of the adsorbed quater-
phenyl dissociates during sample heating. In Fig. 2 we
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Fig. 2. Thermal desorption spectra for P4P from the clean polycrystalline gold surface. Adsorption temperature: 93 K. The parameter is the
initially adsorbed amount of P4P, indicated in form of the mean thickness: (a) 0.05 nm, (b) 0.07 nm, (c) 0.1 nm, (d) 0.15 nm, (e) 0.2 nm, (f)
0.25 nm, (g) 0.3 nm, (h) 0.5 nm, (i) 2 nm. The insert shows the relation between desorbed and adsorbed amount of P4P, indicating the

dissociation of a P4P quantity of about 0.1 nm.
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present TD spectra for PAP where the surface was
always cleaned by sputtering and annealing prior to
exposure (adsorption temperature T,4s = 93 K). One
can see that after evaporation of up to 0.07 nm P4P on
the surface (curves a and b) no desorption of intact P4P
appears. Only after higher doses of P4P desorption of
the intact molecules commences. From a plot of the
desorbed amount of P4P as obtained from TDS versus
the adsorbed amount as obtained by the quartz micro-
balance (see insert Fig. 2) one finds that a quantity of
about 0.1 nm P4P is always missing in desorption. We
can attribute a carbon coverage of 6 x 10'* atoms/cm?
to this quantity of dissociated P4P. This corresponds to
half a monolayer of carbon, if we assume a mean
density of atoms on the polycrystalline gold surface of
1.2 x 10" atoms/cm?.

The desorption peak which appears for small cover-
age at about 630 K (adsorption of 0.1 nm P4P) will be
referred to as B;-peak. With increasing coverage this
peak shifts strongly to lower temperature. A second
peak (B,) arises at a desorption temperature of about
430 K. Both broad and overlapping peaks saturate at
about 0.27 nm mean thickness before a sharp peak
arises in the temperature range of 330-400 K, which
does not saturate. We associate the broad (double)
peak up to a mean thickness of 0.27 nm with adsorp-
tion into the monolayer. The large temperature shift of
each of the two monolayer peaks might be partially
due to the manifold of different adsorption configura-
tions possible on a polycrystalline surface, but it is
most probably due to strong repulsive forces acting in
the monolayer. This is corroborated by the fact that
P4P on a Au(1 1 1) single crystal surface also exhibits
two similar desorption peaks for the monolayer [29]. It
is therefore tempting to correlate the two desorption
peaks with two distinct adsorption sites of P4P in the
monolayer.

Determination of the desorption energy from the
desorption spectra is complicated in the case of over-
lapping and strongly shifting peaks. The evaluation of
the whole set of spectra by the complete method of
King [30] or by some other refined evaluation methods
[31], which are all based on a single Polanyi—Wigner
equation, is not meaningful. In such a case often a
rough guess of the desorption energy Eq is made just
from the peak maxima of single spectra (7}), accord-
ing to the formula by Redhead [32] for first-order
desorption (Eq = kT,(In(vT,/ff — 3.64))). This yields a

desorption energy of 1.8 and 1.2eV for the high
(630 K) and low (425 K) temperature peaks, respec-
tively. A frequency factor (v) of 1 x 10" s~! has been
assumed in this case. However, one should have in
mind that frequency factors for desorption of large
organic molecules can deviate from this value by
orders of magnitude [33,34].

A sharp desorption peak (o) arises around 360 K
after saturation of the monolayer and increases con-
tinuously with increasing P4P exposure. From this fact
and from the peak shape (see also Fig. 5) we can
attribute this peak to desorption from the multilayer
(zero-order desorption). In this case, the desorption
energy can be easily calculated from the slope of
the plot In(rate) versus 1/7 [31]. A desorption energy
of 1.61eV and a pre-exponential factor of 3.7x
10 cm 25! has been obtained for the multilayer.
This is in good agreement with the literature value of
1.62 eV for the sublimation enthalpy of P4P [35].

In order to investigate the dissociation of P4P at low
coverage in more detail we have searched for possible
cracking products by multiplexed TDS. The only
desorption product we have observed, in addition to
P4P, was hydrogen. Fig. 3 shows the spectra for the
masses 306 and 2 after adsorption of 0.2 nm P4P on
the clean gold surface. Two distinct hydrogen deso-
rption peaks are observed, at 650 and 820 K, respec-
tively, which are already saturated in this case.
Beginning with very low P4P coverage, first the high
temperature peak (B) appears and increases propor-
tional to the amount of adsorbed P4P between 0 and
0.07 nm mean thickness. In this coverage regime no
P4P desorption is observed. The amount of carbon left
behind on the surface, corresponding to the saturation
of the B peak, is 4 x 10'* atoms/cm?. With an increas-
ing amount of adsorbed P4P, intact PAP molecules
start to desorb, but simultaneously a second, low
temperature hydrogen peak (A) arises, just above
the desorption temperature of P4P. The intensity of
this peak increases proportional to the amount of
P4P desorbing as B;. A further increase of the P4P
coverage into the full monolayer (B; + B,) and into
the multilayer regime has no more influence on the
hydrogen desorption features. From a comparison
of the peak areas for the A and B peaks we obtain
a total carbon coverage of 6 x 10'* atoms/cm?, left
behind on the surface due to dissociation of P4P. The
chemical nature of this carbon was checked by XPS.
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Fig. 3. Multiplexed TDS for hydrogen and P4P, after adsorption of 0.2 nm of P4P on the clean Au surface at room temperature.

A binding energy of the C 1s signal of 284.4 eV (see
below) is an indication of a graphitic like carbon [36].

From the results described above and the observed
TDS spectra for P4P and H, we can draw the following
conclusions for the monolayer adsorption. P4P
adsorbs on a clean polycrystalline gold surface at least
in form of three different states. For a coverage of up to
0.07 nm P4P is so strongly bound to the surface that no
desorption of the intact molecule takes place. It rather
dissociates at about 820 K completely and pure hydro-
gen is released (peak B). PAP molecules adsorbed in a
coverage range between 0.07 and 0.15 nm desorb in
the temperature range of 500-650 K (B;). However, a
fraction of the molecules in this adsorption state again
dissociates completely and hydrogen is released in the
temperature range of 600-700 K (peak A). The resi-
dual carbon of about 1/2 monolayer is of graphitic
type. P4P molecules adsorbed between 0.15 and
0.27 nm mean thickness desorb intact in a temperature
range of 350-500 K as 3, monolayer peak. For higher
coverage, desorption from the multilayer takes place.

Due to the dissociation of P4P in the sub-monolayer
region at elevated temperature, for practical purposes
one will probably often deal with carbon contaminated
polycrystalline gold surfaces. We have therefore also
studied the adsorption/desorption kinetics of P4P
on the carbon-covered gold surface. Fig. 4 shows
desorption spectra for P4P from a gold surface, which

was always covered with a stable carbon layer of
6 x 10" atoms/cm® prior to adsorption. In Fig. 4,
one can again distinguish between two different des-
orption features in the monolayer regime. However,
the high temperature peak for the monolayer (B;) is
now strongly suppressed and there is only one pro-
nounced, but still rather broad peak in the 400 K range.
In addition to that, no dissociation of P4P takes place
on the carbon-covered surface (no hydrogen release).
There is now a strict proportionality between the
desorbed amount as obtained from integration of
the TD spectra and the adsorbed amount as obtained
from the quartz microbalance (see also Fig. 6). How-
ever, for the clean and the carbon-covered gold surface
the monolayer (the wetting layer) saturates at the same
mean nominal thickness of about 0.27-0.3 nm. This is
about half of the b-axis of the monoclinic P4P crystal,
which is an indication that the P4P molecules are lying
rather flat on the surface in the monolayer regime.
For the carbon-covered gold surface we have inves-
tigated the multilayer desorption up to a mean thick-
ness of 12nm (Fig. 5). The desorption peaks
appearing in this case exhibit clearly zero-order des-
orption characteristics: A common leading edge, peak
maxima shifting to higher temperature with increasing
coverage, and a sharp cut-off at high temperature. The
calculation of the desorption energy as described
above yields a value of 1.64 eV. Apparently, the
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Fig. 4. Thermal desorption spectra for P4P from the polycrystalline gold surface, covered with 6 x 10' C-atoms/cm?. Adsorption
temperature: 300 K. The parameter is the initially adsorbed amount of PAP, given by the mean thickness. (a) 0.1 nm, (b) 0.2 nm, (c) 0.3 nm, (d)

0.4 nm, (e) 2 nm.

desorption from the multilayer is not significantly is smaller than that for the multilayer, although it
influenced by the initial condition of the gold surface appears at higher temperature in TDS. This shows
(clean or carbon covered). There is, however, the the weakness of the method after Redhead, where a
puzzling result that the desorption energy for the [, particular frequency factor has to be assumed for
monolayer state calculated according to Redhead [32] evaluation of the desorption energy.
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Fig. 5. Thermal desorption spectra for high coverage of P4P from the polycrystalline gold surface (multilayer desorption). Adsorption
temperature: 300 K. The parameter is the initially adsorbed amount of P4P, given by the mean thickness.
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Fig. 6. Integrated desorption spectra versus the amount of impinged P4P molecules on the carbon-covered gold surface, as determined in situ

by a quartz microbalance.

From thermal desorption data, we have also deter-
mined the sticking coefficient for P4AP adsorption at
room temperature and at 93 K, as a function of cover-
age in the mono- and multilayer regime. In Fig. 6, the
adsorbed amount, as measured by thermal desorption
spectroscopy, is plotted versus the impinged amount, as
measured during evaporation by the calibrated quartz
microbalance held at room temperature. A similar
result is obtained for a sample temperature of 93 K.
These experiments have been performed on the carbon
pre-covered gold surface where no dissociation of P4P
takes place. For both adsorption temperatures, we
observe a close to linear relationship between offered
and adsorbed amount of P4P over a broad coverage
range. The observation that the sticking coefficient is
independent of coverage and temperature suggests that
the sticking coefficient is unity in all cases.

3.2. XPS experiments

The next issue concerns the adsorption and layer
formation of P4P during adsorption. Layer-by-layer,
island or Stranski—Krastanov (SK) growth are the most
frequently observed growth modes. In TDS, we
observe a clearly separated monolayer and multilayer
desorption peak. But no statements can be made as to
the multilayer formation during adsorption. To shed

light on this issue we have measured the change of the
C Is signal and the Au 4f;,, signal in XPS during P4P
adsorption on the carbon-covered gold surface, as
shown in Fig. 7. The binding energy of the C 1s signal
for this carbon species is 284.4 eV. This corresponds to
the binding energy of carbon in graphitic form. The
binding energy of the C 1s signal does not change
significantly upon adsorption of P4P on the surface,
even in the very low P4P coverage range where a
transition from the monolayer to the multilayer takes
place. The 284.4 eV are in accordance with the C 1s
signal in a number of XPS studies on aromatic and
conjugated hydrocarbons [9,37,38].

Fig. 8 shows the change of the C 1s and Au 4f XPS
signal intensities as a function of the mean thickness of
the P4P layer, as measured by the calibrated quartz
microbalance, for a sample temperature of 93 K. One
observes an increase of the C s signal and an expo-
nential decrease of the underlying substrate signal Au
4f. This is a clear evidence for a continuous layer-like
growth of P4P at this temperature. From the slope of
the straight line in the plot In(Au 4f-signal) versus
thickness we calculate a mean free path of the Au
4f7, electrons (Eyj, = 1170 eV) in P4P of A =2.4+
0.3 nm. The important observation in Fig. 8 is, that
already at a mean thickness of about 17 nm the signal
of the underlying substrate is completely suppressed.
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Fig. 7. XPS spectra C 1s and Au 4f as a function of evaporated P4P on the carbon-covered gold surface at 93 K. The mean thickness of P4P

for the individual spectra can be deduced from Fig. 8.

A quite different behavior is obtained when the same
experiment is carried out on a sample at room tem-
perature (Fig. 9). After a relatively fast initial decrease
at low coverage, caused by the formation of the mono-
layer (wetting layer), the Au 4f signal levels off and
decreases rather slowly after that point. Even at a mean
thickness of 67 nm, about 40% of the Au 4f signal is still

retained. This suggests that the subsequent multilayers
grow in form of high islands, exposing large areas of the
gold surface (only covered by the monolayer) even at a
rather large mean thickness of P4P. Therefore, at room
temperature the growth mode is clearly of the Stranski—
Krastanov type. In Fig. 10, an optical micrograph shows
the islands on the polycrystalline gold surface after

4000

3500 =

P4P - Gold

3000

XPS - Signal [a. u.]

T =93K
ads

Mean thickness [nm]

Fig. 8. Change of the C Is and Au 4f;, XPS signal during evaporation of P4P on the initially carbon-covered gold surface at 93 K.



192 S. Miillegger et al. /Applied Surface Science 221 (2004) 184—196

4000
3500 P4P - Gold
3000 T, =300K
5 2500 -
S, ]
© -
S 2000
2 1
9 1500 -
0 )
a
%< 1000 4
500 4 . j
O —
0 10 20 30 40 50 60

Mean thickness [nm]

Fig. 9. Change of the C Is and Au 4f;, XPS signal during evaporation of P4P on the initially carbon-covered gold surface at 300 K.

evaporation of 30 nm P4P at room temperature. Highly 3.3. Combined XPS and TDS experiments

oriented, needle-like islands are created on the indivi-

dual crystallites of the polycrystalline gold substrate. In the previous part, we have described that the
The self-assembling of oligo-penylenes to form needle- growth mode of the multilayer depends strongly on the
like structures is an inherent property of these materials substrate temperature. While at 93 K a continuous
and has been frequently observed on various single- layer-like growth is observed (probably amorphous),
crystalline substrates [5,13,39]. at room temperature the thin film clearly grows in

Fig. 10. Optical micrograph of the recrystallized gold surface covered with P4AP of 30 nm mean thickness. Film grown at 300 K.



S. Miillegger et al./Applied Surface Science 221 (2004) 184—-196 193

T ¥ T T I’l_'_

';:‘ 1,0 [T T T T T T T T T T e 1,0

S 0sf @ P4P/Au+C ™" Jos

© 06f 10,6

% 0,4 T_,=300K 10.4

» 02T =03 T 192

& oooLr—r4——————— 70,0
100 150 200 250 300 350 400 640 650

L] CT v T T T T T T T T lll_'__

= - ]

s P @ \ 3

% : —T_=93K :

% F——T,,,7300K ]

24 C T T T T T T T T T T T T T v I’l_'_-

E 100 150 200 250 300 350 400 640 650

Temperature [K]

Fig. 11. Desorption of P4P after adsorption on the initially carbon-covered Au surface. Change of the QMS signal (a) and the Au 4f;, XPS
signal (b) during heating, for two different adsorption temperatures: 93 and 300 K. In the latter case the sample was cooled after layer
preparation at 300 K and the experiment was started at low temperature. Initial mean layer thickness in both cases: 7 nm.

form of (crystalline) islands [13]. The shape and the
peak maxima of the thermal desorption spectra, how-
ever, are only slightly influenced by the adsorption
temperature at equivalent coverage. This suggests
that—prior to desorption—a rearrangement of the
layer commences, which leads to nearly equivalent
structural conditions when desorption takes place,
independent of the initial structure. In order to study
this rearrangement in detail, we have performed
simultaneous desorption and XPS measurements, both
on the clean and on the carbon-covered gold surface.
In Fig. 11a, desorption spectra are shown after adsorp-
tion of thin P4P films of about 7 nm mean thickness on
a carbon-covered surface at room temperature and at
93 K, respectively. Within the achievable reproduci-
bility of the film thickness, both spectra are nearly
identical (although a small but reproducible difference
in the peak maxima can be observed for room tem-
perature and low temperature adsorption). In Fig. 11b,
the Au 4f;,, XPS signals are plotted as a function of
the surface temperature for the same P4P layers grown
at different temperatures (heating rate 1 K/s). For the
layer prepared at room temperature a significant gold
signal can still be observed due to the island formation
described above. In this particular case the sample
was cooled down to 93 K after layer preparation at
room temperature. Sample heating was started at low

temperature for both cases. No change in the Au 4f
signal was found in the whole temperature range until
at about 340 K desorption of P4P starts. This results in
an increase of the XPS signal until all molecules in the
multilayer are desorbed (at 400 K). Finally, the XPS
Au 4f signal increases slightly during desorption of the
monolayer until the signal of the clean gold surface is
reached (at 650 K).

A different evolution of the gold XPS signal is
observed if the same experiment is performed after
layer formation at 93 K. Evaporation of the same
amount (7 nm) of P4P leads to a nearly complete
suppression of the gold signal. However, the gold signal
starts to reappear during heating of the sample already
ata temperature of about 270 K, although no significant
desorption can be observed in this temperature range.
Apparently, this is due to a recrystallisation of the P4P
multilayer, from an originally continuous to an island
shaped film. Above a temperature of about 330 K the
increase of the XPS signal levels off, although in this
temperature range desorption already starts. Only at the
very end of the multilayer desorption (at about 390 K),
the XPS signal once more increases rapidly and reaches
the value characteristic of the gold surface, covered
with the remaining monolayer. A slight further increase
of the Au 4f signal finally appears during desorption of
the monolayer at higher temperature.
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Fig. 12. Desorption of P4P after adsorption on the initially clean gold surface. Change of the QMS signal (a) and the Au 4f;,, XPS signal (b)
during heating, for two different adsorption temperatures: 93 and 300 K. Again, in the latter case the sample was cooled after adsorption at

300 K. Initial mean layer thickness in both cases: 7 nm.

There are two features in these data which need a
more detailed discussion. First, why does the XPS
signal not change very much when desorption already
takes place (between 340 and 380 K)? At this stage the
layer consists of rather high islands which cover just
about 25% of the total surface area (estimated from
the Au 4f signals before and after desorption). As the
mean layer thickness is 7 nm, the average height of the
islands can be estimated to be about 28 nm. Desorption
apparently proceeds mainly from the tops of the islands
leaving the covered substrate surface more or less
unchanged. Since the mean free path of the Au 4f
electrons is about 2.4 nm, as mentioned above, the
detected Au 4f signal increases significantly only when
the last 10% of P4P in the island shaped multilayer
desorb. The second surprising feature of the evolution
of the Au 4f signal during heating of the layer produced
at 93 K is the increase of the signal even beyond that for
the layer produced at 300 K, occurring above room
temperature. Apparently, upon heating of the contin-
uous film the layer rearranges to islands, which are
considerably higher than those directly obtained at
300 K adsorption temperature. This suggests that the
film grown at 300 K is metastable, with islands of lower
height and therefore with larger surface areas covered
by P4P. We have shown, that an adsorption temperature

of 330 K is needed in this case to get the thermodyna-
mically stable island formation, which amounts to
about 75% of the surface free from P4P islands.

The same experiment performed on the initially
clean gold surface yields some significant differences
in the layer growth (Fig. 12). For both adsorption
temperatures (93, and 300 K), the XPS signal after
P4P adsorption is larger compared to the previously
discussed case. In particular, for adsorption at 300 K
the XPS signal indicates already the formation of the
thermodynamically stable islands. This indicates that
the mobility of the PAP molecules is much higher on
the initially clean gold surface. Even at a surface
temperature of 93 K some island formation takes place
already during P4P deposition, as can be deduced from
the observation that for the 7 nm thick layer still about
20% of the original Au 4f signal can be detected.

4. Summary

Adsorption of p-quaterphenyl on a polycrystalline
gold surface proceeds in form of a monolayer (wetting
layer) and a multilayer. The monolayer is strongly
influenced by the surface cleanliness. On the clean
gold surface, partial dissociation of P4P takes place
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during sample heating. Up to 0.07 nm mean thickness
all P4P dissociates, leading to desorption of hydrogen
at 800 K and carbon in graphitic form remaining on
the surface. For P4P in the coverage range between
0.07 and 0.15 nm, a branching into intact desorption
of P4P and dissociation can be seen. The latter leads
to hydrogen desorption around 650 K and graphitic
carbon on the surface. Adsorbed P4P between 0.15
and 0.27 nm desorbs intact from the surface. On the
carbon-covered gold surface no dissociation of P4P
takes place. The monolayer mean thickness is about
0.27 nm, for both the clean and carbon-covered sur-
face, indicating the presence of flat lying molecules in
the first layer. After saturation of the monolayer a
multilayer is formed which desorbs around 360 K with
zero-order reaction. The desorption energy for multi-
layer desorption is 1.64 eV.

The morphology of the multilayer depends on the
adsorption temperature and on the carbon contamina-
tion. At and above room temperature island growth of
P4P is observed, whereas at 93 K the multilayer grows
in form of a continuous film. This continuous layer
transforms into an island shaped layer during heating
of the sample, long before desorption starts. This
implies that care has to be taken when trying to
investigate the morphology of organic thin films
grown at low temperature, e.g. by AFM or STM at
room temperature. The mobility and therefore the
probability of island formation is larger on the initially
clean gold surface than on the carbon-covered surface.
These findings are important for the tailoring of the
actual thin film morphology of quaterphenyl on gold
surfaces.
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