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Photoelectron spectroscopy on metal-polymer
interfaces: Ag/polybutene (Ag/PB-1) and
epitaxial Sn/polybutene (Sn/PB-1)
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The interaction of metals with polymer surfaces is studied by photoelectron spectroscopy for
the case of Ag/polybutene (Ag/PB-1) and Sn/polybutene (Sn/PB-1). While Ag/PB-1 shows
the normal behaviour as observed for small particles, e.g., Ag/graphite; Sn/polybutene
(Sn/PB-1), which grows epitaxially, shows, in addition, a component at very low coverage,
which can be attributed to a Sn—0-C bond at the Sn/PB-1 interface.

1. Introduction
The transfer of crystallographic informations across
an interface as one material crystallizes onto another
can result in preferred orientation relationships be-
tween the atoms or molecules of both substances
(epitaxy). This phenomena has been observed for a
long time for various kinds of materials, but it was
only shown recently, that the evaporation of some
metals onto surfaces of uniaxially oriented thermo-
plastic semicrystalline polymers result in an oriented
overgrowth of the metals [1, 2]. It was demonstrated
that the classical criteria for epitaxial growth [3, 4] do
not fit to the polymer-metal interfaces. The interest in
these interfaces has increased recently due to elec-
tronic micro-packaging problems, in which poly-
imides in contact to some metals play important roles.
Surface sensitive methods (XPS) indicate that metallo-
organic compounds can form at these interfaces [5].
It is the purpose of this paper to compare the
electronic states of metal islands (Sn, Ag) on surfaces
of uniaxially oriented polybutene-1, on which one of
the metals (Sn) forms an epitaxial orientation relation-
ship with the polymer and the other does not.

2. Experimental procedure

The polymer used as a substrate was polybutene-1,
PB-1 (Vestolen BT, Chemische Werke Hiils, Marl,
FRG@G). Ultra thin films were prepared according to the
method of Petermann and Gohil [6]: an 0.4% solu-
tion of the polymer in o-xylene was poured on a
heated glass plate (7' = 150°C) where the solvent
evaporated. The remaining thin polymer film was
picked up with a motor driven take-up roll with a
velocity of 10cms™!. The resulting stretched film
exhibits a needle crystalline morphology and a fibre
texture (Fig. 1). The single film has a thickness of
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approximately 50 nm, and was used without further
preparation for transmission electron microscopy
(TEM) investigations. The TEM used was a Philips
400 T operated at 100 kV.

The photoemission experiments were performed in
two different XPS spectrometers: (i) an HP 5900
ESCA and (ii)) a VG ESCALAB MKIIL For the ex-
periments, dense PB-1 films were prepared in the
usual way [6] on Cu-plate substrates with a film
thickness of about 50-100 nm. The HP 5900 ESCA
spectrometer, equipped with monochromatic AlK,
radiation and a charge neutralizer (flood gun) was
mainly used to study the pure PB-1 films. No radi-
ation damage of the films could be detected by photo-
emission in agreement with other XPS experiments
[7]1 on pure hydrocarbon bonds. The only changes
which have been detected were, a smail change in the
position of the C-1s line with slightly enhanced
sample temperature up to 150°C which were com-
pletely reversible with temperature cycling. This is
interpreted as arising from a change in static charging
of the sample after photoemission due to a change in
the electrical conductivity. A detailed discussion of
these results is presented elsewhere [8].

Ag and Sn films on PB-1 were investigated
with MgK_ radiation (not monochromatic) in the
ESCALAB MKII, which allows high count rates to
collect recasonable statistical accuracy of the spectra
especially at low metal coverage. The vacuum in the
spectrometer during the measurements stayed below
5 x 1078 Pa. The XPS spectra of the pure PB-1 films
showed no significant contamination of the surfaces
by oxygen. The metal overlayers were in situ evapor-
ated from a directly heated W filament in the pre-
paration chamber of the instrument. During evapor-
ation the vacuum increased up to about 107° Pa. The
sample was then introduced into the analytical cham-
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Figure 1 TEM micrograph of a PB-1 substrate film. Inserted are an
electron diffraction pattern and a schematic sketch of the morpho-
logy, the arrow indicates the molecular direction.

ber of the instrument without braking the vacuum.
The metal coverage of the films, later given in average
monolayer equivalents of the metal, was determined
by (i) the decrease of the C-1s signal of the PB-1
substrate and (ii) the increase of the metal signal.

3. Results and discussion

3.1. TEM Microscopy

In Fig. 2a and b electron diffraction patterns of Sn on
an amorphous carbon substrate and on a PB-1 film
are shown, respectively. While on the carbon substrate
the diffraction of the Sn crystals results in Debye—
Scherrer rings, a very well pronounced, preferred ori-
entation is seen on the PB-1 substrate. The orienta-
tion relationship is that the polymer chain axes ([001]
direction) in the pseudo-hexagonal unit cell of the
PB-1 is parallel to the [100] lattice direction of the
tetragonal Sn unit cell, but contact planes of the Sn
deposit can be all (h k0) planes (fibre texture). On the
other hand, the electron diffraction patterns of Ag on
the carbon and polymer substrate do not differ and
exhibit Debye—Scherrer rings. Fig. 3 presents a TEM
micrograph of the Sn islands on the PB-1 film. The Sn

Figure 3 TEM micrograph of Sn clusters on a PB-1 substrate, the
arrow indicates the molecular direction of the substrate.

forms islands, which coalesce to a continuous film
with increasing particle size. The same morphology is
true for Ag on the PB-1 films.

3.2. Photoemission

Before we discuss our XPS results for Ag and Sn on
PB-1, a few general remarks about photoemission of
small metal particles and islands on poorly conduct-
ing substrates are necessary. These experiments, espe-
cially metal particles on carbon, have been discussed
extensively in the past [9-11] to detect the influence of
the particle size on the electronic structure of the metal
particles.

Two effects, especially, can contribute to core level
binding energy shifts as function of the particle size,
namely (i) initial state effects, due to changes in chem-
ical bonding within the metal clusters or due to inter-
actions with the substrates and (ii) final state effects,
which arise from the interaction of the photohole,
created in the photoemission process, with the elec-
trons of the surroundings. For noble metals and sp
band metals like Sn the latter effect was shown to be
dominant [12, 13], and as will be shown later in the

Figure 2 (a) Electron diffraction pattern of Sn crystals, evaporated on an amorphous carbon film, (b) electron diffraction pattern of Sn on a

PB-1 substrate.
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discussion, also dominates the results of Ag on PB-1
and Sn on PB-1. This contribution leads to core level
binding energy shifts of all metal lines of the order of
1 eV, including the position of the Fermi-edge, to
higher binding energies with decreasing particle size.
The explanation of this behaviour is as follows: For
substrates with a poorly conducting contact (weak
interface interactions) to the metal cluster, the positive
charge created during photoemission (one electron
hole state) in the cluster cannot be screened quickly
enough by electrons from the substrate (the time scale
of photoemission is of the order of 107'°s). The
electrostatic self-energy of this charge leads to positive
binding energy shifts of about /2R, where g ~ ¢ is
the positive charge remaining in the metal cluster and
R the cluster radius [13]. On the other hand when the
screening time is even longer than the time between
two succeeding photoemission events we get an addi-
tional positive shift by a quasi static charging of the
sample. This latter shift can be discriminated against
the first by two observations: (i) The charging shift
increases with increasing photon flux. Since the sam-
pling depth in photoemission is only of the order of a
few nanometres the core level lines in the substrate
surfaces (in our case the C-1s line of PB-1) are shifted
by the same amount and therefore the shifts of the
metal cluster core level lines can be corrected against
this static charging by using the substrate core level
line as an energy reference (in our case it is Ey (Cy,)
= 285.0 eV). (ii) A further distinction can be obtained
if Auger lines from the metal cluster are measured in
the same experimental set-up. In an Auger process the
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{a) Binding energy (eV)

static sample charging shifts the Auger lines by the
same value to lower kinetic energies as the core level
lines to higher binding energies. So again this shift is
removed from the data, when a substrate line is used
as an internal binding energy reference. In the Auger
process the initial state is a one hole state, ¢.g., excited
as in our case by photoemission, while the final state is
a two hole state with g ~ 2e. Therefore the Auger
shifts should be about a factor 3 larger than the core
level binding energy shifts, measured on the same
particles, where the exact value of this factor depends,
of course, on the detail of the screening response of the
surrounding electrons. This has been observed for Ag
and Sn on carbon [14, 15].

To discriminate between these final state effects and
to observe possible differences between the interaction
at the interface of Sn clusters on PB-1 and Ag clusters
on PB-1 we compare their XPS and X-ray excited
Auger spectra.

As mentioned earlier, in the following the C-lIs
signal of the substrate with a value of Egz(C,y)
= 285.0 eV is used as an internal energy calibration.
Fig. 4a shows the Ag-3d core level spectra of Ag
clusters on PB-1 for different cluster sizes as given by
their average coverage in terms of metal monolayers.
The binding energy increases with decreasing cluster
size, that is, with decreasing coverage and saturates at
very small coverage at a shift of 0.6-0.7 eV (see also
Fig. 5) At the same time the line broadens signific-
antly. A similar shift is observed for the position of the
Fermi edge of the Ag-clusters. The Ag Auger M, 5 VV
lines for different coverages are shown in Fig. 6, given
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Figure 4 (a) Ag-3d and Sn—3d core level spectra of Ag clusters on PB-1 for different average Ag coverage (given in monolayers of the metal),

(b) line shape analysis of the Sn-3dy,, line of Sn clusters on PB-1.
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on an apparent binding energy scale (the Auger kinetic
energy scale in the usual way is Eg;, = 1253.6 — Ey).
The shifts to higher energies are now considerably
larger. The details of these shifts and structural
changes in the Ag-4d valence bond levels, which are
involved in these Auger transitions are discussed else-
where [15]. As seen in Fig. 5 this shift saturates at a
value of 7 €V at low coverage, which is about a factor
of 3 larger than the corresponding core level shifts.
These findings, as summarized in Fig. 5, leads us to
conclude, that Ag clusters on PB-1 show similar
photoemission spectra as Ag on carbon [10]. The
intrinsic line shifts can be solely explained as arising
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from the dynamic self energy shift g?/2R as discussed
above. There is no indication of an additional interface
interaction between the Ag cluster and the PB-1
substrate.

The corresponding photoemission and Auger spec-
tra for Sn on PB-1 are shown in Figs 4 and 6. Again
we observe a shift to higher binding energies at low
coverage but now the shifts at lower coverage are
much larger than in the case of Ag/PB-1 (indicated by
the broken line). A closer inspection of the Sn—3d line
shape shows (Fig.4c) that the Sn-3d spectra at a
coverage below one monolayer are very well repro-
duced by a superposition of two lines where the
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Figure 6 Ag-M, ; VV and Sn-M, ;NN Auger lines of Ag clusters
on PB-~1 for different coverage.

relative contribution of the line at the higher binding
energy, which we attribute, as will be discussed
shortly, to a Sn oxide like phase at the Sn/PB-1
interface, shows a nearly coverage independent posi-
tion at 486.7 eV (Fig. 5). It disappears at about one
monolayer. The metallic like component at the lower
binding energy shows a shift from 485.0 eV at high
coverage to 485.6 eV at low coverage, very similar to
the behaviour of Ag/PB-1. The large shift of 1.8 eV of
the high energy component against the bulk value is
typical for Sn oxides [16]. Due to the very low count
rates, the shift of the Sn cluster Fermi edge could not
be followed to a coverage below one monolayer but
down to this point (Fig. 5) the shift is again around
0.6eV as expected from the Ag/PB-1 data. The
Sn-MNN-Auger lines are also shown in Fig. 6. Again
we see the larger shifts as compared to Ag at low
coverage. From this large difference we again con-
clude that at very low coverage a non-metallic like
component appears at the Sn/PB-1 interface. In addi-
tion there appears at low coverage a signal at 855 ¢V,
This is interpreted as an excitation of the O-1s level by
parasitic CulL, radiation from the X-ray anode mater-
ial. Its energy is 323.9 eV smalier than the main MgK,,
energy at 1253.6 eV. Additional experiments around
531 eV (the normal position of the O-1s line for
excitation with MgK,, radiation) confirmed this inter-
pretation. Such an O-1s signal could not be detected
at the uncovered clean PB-1 film. Its intensity strong-
ly correlated to the high energy Sn—3d component at
low coverage and disappears again at higher coverage.
A similar oxide like Sn feature has been observed for

Sn clusters on graphite [15] at low coverage but it was
completely absent for Sn films on Ni prepared under
similar experimental conditions. These findings as
summarized in Fig. 5 lead to the following conclusions
for the interface formation of the Sn/PB-1 interface.
At average coverages above one monolayer the photo-
emission features are very similar as for Ag/PB-1 with
binding energy shifts which can be explained by the
electrostatic self-energy contribution of small charged
clusters, produced by the excitation process. At lower
coverage there is a strong tendency towards the for-
mation of Sn oxide like structures. From similar ob-
servations for Sn on graphite but not on Ni we
conclude that during the interface formation of Sn on
carbon containing substrates there is a strong tend-
ency for the formation of Sn—O-C bonds, a not un-
reasonable result, since Sn is known to build easily
metallo—organic compounds. From pure Sn it is well
known that at low O, partial pressure the oxidation of
Sn proceeds very slowly [17]. Therefore the presence
of the C-containing surface seems to stimulate this
oxidation, or the sticking coefficient of SnO-like spe-
cies on these polymer surfaces is much stronger than
for SnO on pure Sn. Whether this special interface
with metallo-organic like bonding are the reason that
islands with preferred orientation are observed for
Sn/PB-1 and similar metals Te, Bi [2] which are
known to build metallo—organic compounds, has to
be clarified by further investigations.
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