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The textured oriented overgrowth (epitaxy) of certain metals evaporated on to substrates
consisting of highly oriented ultra-thin thermoplastic polymer films has been known for

a few years. However, the origin of the observed epitaxy was not clear: the formation of
a chemical interface layer, classic epitaxy or graphoepitaxy (artificial epitaxy) all seemed to
be possible explanations for the observed orientations. We have used the complementary
methods of transmission electron microscopy (TEM) and scanning force microscopy (SFM)
to investigate aspects of the polymer—metal epitaxy. Our investigations show that the bulk
morphologies of polymer substrates determine their surface topographic properties. Highly
oriented surface steps serve as suitable locations for an oriented growth of the evaporated
metals. The results of the investigations suggest artificial epitaxy (graphoepitaxy) as an
effective orientation mechanism for the oriented metallic growth on polymer substrates.

1. Introduction

Controlled crystal-growth processes hold one of to-
day’s key positions in technological applications and
basic research. Specifically, epitaxial growth phe-
nomena such as homoepitaxy (A on A) [1] and hetero-
epitaxy (A on B) [2], are subjected to significant sci-
entific and commercial interest, for example in the
field of nanotechnologies.

In the area of heteroepitaxy, the crystallographic
oriented overgrowth of certain metals, such as tin,
indium, bismuth, and tellurium on to uniaxially
oriented semi-crystalline ultra-thin polymer films such
as polyethylene (PE), polypropylene (PP), polybutene-
1 (PB-1), and syndiotactic polystyrene (sPS) has been
known for nearly a decade [3,4]. Applications of these
composites are in the field of optical storage media [5]
or anisotropic electric conductive films [6], because
the polymer—metal epitaxy offers an economical and
effective way to produce highly oriented metal layers
with the desired physical properties for these applica-
tions.

However, the character of the polymer—metal epi-
taxy needs to be investigated in more detail, because
the mechanism of the orientation is unclear. First,
those experiments will focus on the various interac-
tions between the metallic adsorbate and the polymer
substrate surface. So far, graphoepitaxy [7], i.e. adsor-
bate orientation induced by nucleation on to oriented
topographic features of the substrate, the formation of
a chemical layer, for example consisting of

metal-methyl groups building up the polymer—metal
interface [8], or classic epitaxy, i.e. lattice matching
[9], have been proposed as orientation mechanisms
for the polymer—metal epitaxy.

For the investigation of a feasible graphoepitaxial
influence on the ordered growth of metals on polymer
substrates, it is necessary to study both the surface
topography of the polymeric substrates before and
after metal evaporation, and to characterize the speci-
fic growth behaviour of the metallic adsorbates. This
task may be fulfilled with the transmission clectron
microscope (TEM) and the scanning force microscope
(SFM) because both provide high-resolution images in
real space. Here, we present the results of the micro-
scopic investigations and discuss in how far the poten-
tial orientation models mentioned above fit the experi-
mental reality.

2. Experimental procedure

The oriented semi-crystalline polymer substrates were
prepared according to the method of Petermann and
Gohil [10]: the polymer granulate (PE, PP, PB-1 or
sPS) was*dissolved in xylene ( ~ wt/wt0.4 %). Some
droplets of this solution were then deposited on
a smooth surface of a glass slide where the solution
was dispersed uniformly. By heating the glass slide to
a temperature well above the crystallization temper-
ature of the polymer in use, the solvent evaporated.
From the resulting polymer melt a highly oriented
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ultra-thin film (thickness ~ 0.1 um) was drawn by
a motor-driven cylinder (vx ~ 7 cms ™).

The samples then were prepared in two different
ways. For TEM investigations, the films were cut into
3 mm x 3 mm pieces and mounted on copper grids.
The films were fixed on highly oriented pyrolytic
graphite (HOPG) or mica for scanning force micro-
scopic (SFM) investigations.

The metals were evaporated on the ultra-thin poly-
mer films in a Balzers™ BAE 080 evaporation cham-
ber at a pressure of ~ 5x 1073 Pa. Deposition on to
substrates was made at a temperature ranging be-
tween 293 K and 403 K. Metallic films were deposited
to a thickness ranging from 0.5-25 nm at a deposition
rate from 0.01-0.5 nms ™!, monitored with a quartz
crystal oscillating microbalance.

The polymer films were shadowed with platinum or
platinum—iridinm for the TEM investigations of the
surface topographic features. The measurement of
shadow length of surface topographic features of the
substrates as a function of shadowing angle allows the
measurement of surface step heights of about 1 nm or
more. TEM investigations were performed on a Phi-
lips 400 T operated at 100 keV and a Jeol 2000-FX
operated at 200 keV.

The SFM investigations of the pure samples surfa-
ces were performed with a Nanoscope 111 from Digital
Instruments. The images were recorded by mapping
the vertical displacement of the nanoprobe as a func-
tion of its horizontal position. The function relating
vertical displacement to intensity (the look up table) in
these experiments is a linear grey-scale. Hence the
contrast represents the relative height of the surface
(white represents peaks, dark represents valleys).

The cantilevers used were supplied by the micro-
scope manufacturer, and had a nominal force constant
of 0.06 Nm™*. The forces applied with the SFM tip
were < 107° N. The imaging force was adjusted to
just above the pull-off point of the cantilever as soon
as possible after the first contact in order to reduce the
applied force to the minimum possible for stable imag-
ing. From time to time it was checked that the set
point was stable and still at the same location of the
force curve. No filtering was applied to the feedback
signal or the images. All structures shown in the SFM
images were reproducible independent of scanning
frequency, scanning direction and x—y range.

3. Results and discussion
3.1. Surface morphology of the polymer
substrates

Transmission electron microscopic investigations
indicate that the bulk of the polymer substrates
produced by the technique described above consist of
crystalline and amorphous regions (semicrystalline
polymer films) [10]. The morphology and the size of
crystalline areas depend on the different types of poly-
mers used, as well as on the processing parameters
(e.g. film-drawing velocity, hot-plate temperature)
[10,11]. In general, three different crystalline bulk
morphologies of the substrates can occur: needle crys-
tals (consisting of extended chains), lamellar crystals
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(folded-chain crystals) or a combination of both (so-
called shish-kebab crystals).

Figs 1 and 2 show transmission electron micro-
graphs of platinum-shadowed polymer substrate sur-
faces of polyethylene and polybutene-1 respectively.
As deducible from the electron diffraction patterns
inserted in Figs 1 and 2, the crystalline polymer sur-
face planes of all polymer substrates considered here
are {hk 0} planes having only the [00 1] direction, the
direction of the molecular orientation, in common.
This is known as fibre texture.

Fig. 1 shows that the crystalline parts of the PE
substrate consist of stacked lamellar crystals of
a thickness of a few tens of nanometres. The amorph-
ous parts between the lamellar crystals originating

Fibre
morphology |

Figure 1 Transmission electron micrograph of a platinum shadowed
PE substrate surface. The arrow in the lower left corner indicates
the direction of the molecular orientation of the substrate. An
electron diffraction pattern and a sketch showing the morphology of
the semi-crystalline polymer are inserted in the upper right and left
corners, respectively. The image shows two types of surface elev-
ations: lamellae (dark) running vertically in the image (step height
1-5 nm) and process-induced steps (step height 5-20 nm) elongated
parallel to the drawing direction of the substrate (arrow). The
arrangement of steps in two directions perpendicular to each other
leads to a quasi four-fold symmetry of the surface.

Figure 2 Transmission electron micrograph of a platinum shadowed
PB-1 substrate surface. The arrow in the lower left corner indicates
the direction of the molecular orientation of-the substrate. An
electron diffraction pattern and a sketch showing the morphology of
the semi-crystalline polymer are inserted in the upper right and left
corners, respectively. The image shows needle-like structures ar-
ranged parallel to the drawing direction of the substrate protruding
from the surface for a few nanometres. The PB-1 surface exhibits
a quasi two-fold symmetry relief.



from chain ends and chain foldings, as well as from
less-ordered polymer chains, show about the same
thickness as do the lamellae. Owing to a phase contri-
bution to the image contrast, the lamellae in Fig. 1
appear as dark bands running approximately perpen-
dicular to the drawing direction, whereas the amorph-
ous parts appear brighter. A detailed analysis of the
micrograph shows that the lamellae protrude from the
amorphous substrate regions for 1-5 nm. Because the
outstanding side faces of the lamellae consist of chain
folds and chain ends, the side-edges of the steps show
an amorphous character.

Additional to the steps generated by the lamellae,
steps running approximately parallel to the drawing
direction are visible in Fig. 1. It is believed that these
steps are caused by non-uniform forces applied in the
drawing direction during film preparation, leading to
biaxial deformation and stress states of the polymer
film (process-induced surface steps). These steps have
an average length of 10 um and a diameter between 10
and 100 nm. Their average height was measured to
range between 5 and 20 nm.

From earlier TEM investigations it is known that
the crystalline areas of the PB-1 substrate shown in
Fig. 2 are built up of needle like crystals aligned paral-
lel to the drawing direction of the polymer film [12].
The needle crystals are embedded in an amorphous
highly oriented polymer matrix. The platinum-
shadowed surface shown in Fig. 2 exhibits needle-like
structures which are aligned parallel to the drawing
direction of the substrate. These structures protrude
from the surface for 2-5 nm. Their dimensions range
from a few nanometres to some micrometres in length
while, their diameter is found to be 30—60 nm.

Like the PE substrates the PB-1 substrate surfaces
show evidence for process-induced surface steps. In
the case of similar dimensions, an exact differentiation
between needle-like structures and. surface structures
induced by the drawing process is not always possible.

For PP substrates which show a needle crystalline
morphology, mostly similar results compared to those
obtained from PB-1 have been found. Deviating from
the PB-1 results, the steps heights of needle-like struc-
tures of PP were found to be 1-3 nm, which indicates
that the PP substrates are, in general, flatter than
PB-1 substrates.

A comparison between a transmission electron
micrograph of a shadowed PE substrate surface and
a related SFM image of a neat (unshadowed) PE
substrate surface is shown in Fig. 3. The images show
an arrangement of close-packed lamellar crystals. For
both the TEM and the SFM part of the image the
dimensions of surface topographic features of the sub-
strate have been found to be similar. The SFM image
shows more morphological details, such as interlock-
ing and branching of individual lamellae, because the
surface features are not modified or covered by plati-
num. Further SFM mvestigations showed structural
modulations along the long axes of the lamellae and
evidence for slip traces and/or growth terraces on top
of the lamellae [ 13]. High-resolution SFM imaging of
the crystalline surfaces of the lamellae showed evid-
ence that the {100}y planes are the preferred surface

Figure 3(a) Transmission electron micrograph of a platinum
shadowed PE substrate surface in comparison with (b) an SFM
image of a neat (unshadowed) PE substrate surface. The values for
lamellar thickness, step height of the outstanding lamellae, etc., were
found to be similar with both techniques. Nevertheless, the SFM
image shows more morphological details of the substrate, such as
lamellar interlocking and branching of individual lamellae. The
arrow in the lower left corner indicates the direction of molecular
orientation.

planes [13-16]. At the amorphous, folded edges of the
lamellae, evidence for sharp chain folds with adjacent
re-entry of the PE chains has been found [15,16].

The fact that the crystalline parts of the film pro-
trude from the film surface was explained by a combi-
nation of film-processing and crystal-growth effects
[13]: during the drawing process of the film, the mol-
ecules in the middle of the film are more stretched than
the molecules at the surfaces. This is due to a different
relaxation behaviour of the film surface compared to
its centre. The result of this process may be a higher
density of chain folds at the surfaces. It is assumed that
during the growth process of the crystals, both parts of
a chain related to a fold, are diffusing into the same
growing crystals [13]. Some extended chains in the
centre of the film are unable to follow this motion,
because they are embedded in two adjacent crystals.
The result of these processes leads to zones of less
polymeric material (the lower amorphous areas). In
the case of perfectly oriented chains in the centre of the
film, extended chain crystals, as backbones for the
lamellar overgrowth, can occur.

SFM imaging of a neat PB-1 substrate surface re-
vealed structures as shown in Fig. 4a [17]. The image
shows four needle crystals arranged parallel to each
other. All crystals are oriented approximately parallel
to the drawing direction. Their length was measured
to be several hundred nanometres, whereas their dia-
meter was found to be 20-55 nm. Additionally, the
needle crystals protrude from the surface. The height
from the region between the crystals and the top of the
crystals was measured to be 0.5—4 nm (local values).
These values are in good agreement with the values
obtained from the transmission electron micrographs
of shadowed PB-1 substrate surfaces (see above). In
the upper part of the centre needle crystal, crystalline
branching is visible. Between the needle crystals, elon-
gated grooves (lower surface areas) oriented parallel to
the needle axes are visible. The surfaces of the needie
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Figure 4(a) SFM image of a PB-1 substrate showing four needle
crystals arranged parallel to each other diagonally crossing the scan
area. The arrow in the lower left corner indicates the direction of the
molecular orientation. Note the fine structure of lines arranged
parallel to the long axes of the needle crystals and the molecular
orientation. (b) At a higher magnification, the needle crystal surfa-
ces show individual PB-1 macromolecules (helices). Along the chain
directions of the macromolecules, a repeat (pitch height) of
0.7 +0.1 nm was obtained.

crystals exhibit a molecular fine structure arranged
parallel to the long axes of the needle crystals and the
drawing direction.

By increasing the magnification further to a molecu-
lar scale, images like Fig. 4b were obtained [17]. The
image shows structures similar to PB-1. macro-
molecules (helices) with a repeat (pitch height) of
0.7 +0.1 nm along the molecular backbone, but other
larger values (0.9 £0.1 nm) were also obtained at
other areas of the needle crystals. In many cases the
repeat values vary from the bulk value obtained from
X-ray diffraction data of 0.65nm [18]. Structures
shown in Fig. 4b were reproducible independent of
scanning frequency, scanning direction and x—y range.

Although the determination of the pitch height (in-
tramolecular. distance) from images like Fig.4b is
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straightforward, it is more difficult to obtain values for
the intermolecular distances in planes parallel to the
surface, due to the complex and detailed surface struc-
ture. It is assumed that linear uninterrupted structures
oriented parallel to the drawing direction in Fig. 4b
are the backbones of PB-1 macromolecules. The struc-
tures between these backbones may originate
from interlocking ethyl side groups of the PB-1
macromolecules. A typical value obtained for the
intermolecular distance in planes parallel to the
surface is 1.2 +£0.3 nm but larger values (e.g. 1.5 nm)
were also obtained. This value may be compared
with the intermolecular distance in the bulk of a
PB-1 crystal: e.g in the {100}pz_, planes the
PB-1 helices are arranged in alternating distances
of 0.59 and 1.18 nm. It should be emphasized here,
that the difference in the observed intermolecular
packing observed with the SFM compared to the
bulk value may result from a non-crystalline and
loose-molecular packing at surfaces compared to the
bulk.

Further evidence for the observation that the outer-
most surfaces of the needle crystals are more loosely
packed arises from the observation of the (upper limits
of) diameter of the needle crystals in the SFM invest-
igations (55 nm) and the TEM investigations of the
shadowed PB-1 substrates (60 nm), because the dia-
meters of needle crystals normally do not exceed
50nm. In the case of isotactic polystyrene, earlier
TEM dark-field images revealed a diameter of
31.3 +3 nm for the necedle crystals, whereas SFM
measurements showed evidence for a 60% larger dia-
meter of the same substrate [19]. The larger
observed diameters of the needle crystals in the
case of our surface investigations may be explained
by the fact that TEM dark-field investigations
image the crystalline part of the needles only,
whereas by TEM surface shadowing and SFM the
whole needle morphology, including its surface, is
imaged. Hill et al. proposed that the needles consist of
a crystalline core and a transitional zone of highly
ordered molecules (hair dressing model) [20,217]. In
the transitional zone, no long-range lateral order
exists and hence, it is not accessible to dark-field
TEM.

As in the case of the lamellar crystals, the fact that
the needle crystals protrude from the surface may be
explained by a diffusion of macromolecules from the
amorphous matrix towards the growing needle crys-
tals. This may result in an (topographically lower)
amorphous zone of less polymeric materials and in the
observed topographic relief.

3.2. Growth of metals on the polymer surfaces
Fig. 5 shows a transmission electron micrograph of an
PB-1 substrate evaporated with 1 nm Sn at 303 K.
After the tin deposition, the substrate surface was
shadowed with platinum to allow the study of the
surface topography. As deducible from the micro-
graph, most of the tin crystallites have grown in sur-
face grooves oriented parallel to the drawing direction
of the film. As shown in the last section, these



Figure 5 Transmission electron micrograph of a PB-1 substrate
evaporated with 1 nm Sn at 303 K. After the tin deposition the
substrate was shadowed with platinum for surface investigations.
The tin crystallites are visible as dark spots. Most of them have
grown at surface steps of the substrate (decoration of the lower
edges of the steps).
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Figure 6 Transmission electron micrograph of a PP substrate evap-
orated with 2 nm Te at 363 K. After the tellurium deposition the
substrate was shadowed with platinum for surface investigations.
The tellurium crystallites are visible as needles aligned parallel to
the drawing direction of the substrate. Most of them have grown at
surface steps of the substrate (decoration of the lower edges of the
steps).

grooves are, in general, located between the needle
crystalline parts of the substrate or between process-
induced surface steps. In the first case the tin crystal-
lites are also in contact with one or more side faces of
the needle crystals adjacent to the grooves (see
Fig. 12); in the latter case, the tin crystallites are in
contact with the process-induced steps. This decora-
tion effect occurs owing to the fact that for energetic
reasons, substrate surface steps are the preferred loca-
tions for nucleation and growth of adsorbate crystal-
lites (see for example [22,23]).

The surface-step decoration effect of the metallic
adsorbates on PP substrates in the case of overgrown
tellurivm crystallites is shown in Fig. 6. In this case,
the rod-like Te crystallites are grown in the grooves
between the surface steps.

In the case of lamellar substrate morphologies (e.g.
PE), two different locations of surface decoration of
the metallic adsorbates were found. As shown in the

Figure 7(a) Transmission electron micrograph of a PE substrate
evaporated with 4 nm Te at 363 K. After the tellurium deposition,
the substrate was shadowed with platinum for surface investiga-
tions. In the micrograph two main morphological orientations of
the Te crystallites perpendicular and parallel to the molecular
orientation are visible. These tellurium crystallites decorate the
lower edges of the lamellae and the process-induced surface steps,
respectively. The two preferred morphological orientations reflect
the two preferred crystallographic orientations [00 1] | [00 1]pg,
(hkO)re || (R kQ)pg and [00 1]r, L [001Tpe, (h&O)r, || (hk O)p deduc-
ible from the electron diffraction pattern in (b). Note the two (00 3)y,
reflexes perpendicular to each other. In the electron diffraction
pattern, the [00 1]pg direction is horizontal.

transmission electron micrograph in Fig. 7a most of
the tellurium crystallites decorate the process-induced
surface steps oriented parallel to the drawing direction
of the substrate, as well as the lower edges of the
lamellac running perpendicular to the drawing direc-
tion of the substrate (see Fig. 11). In both cases the
rod-like tellurium crystallites are oriented parallel to
the respective step direction (morphological orienta-
tion). Because the rod axis of each tellurium crystallite
coincide with the crystallographic c-direction of the
crystallite, we would expect two different preferred
orientations of the tellurium crystallites. The re-
lated electron diffraction pattern of a similar unshad-
owed sample is shown in Fig. 7b. As deducible
from the electron diffraction pattern, two preferred
orientations of the overgrowing tellurium crystallites
occur: [OO 1]Te “ [0 0 1]polymera (h k O)Te ” (h k O)polymer
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and [0 0 l:lTe 1 [OO 1:|p01ymer> (h kO)Te H (h k O)pt-)lymer-
The fact that the electron diffraction spot of the latter
orientation is less intense can be explained by a notice-
able tilt between the step edges of the lamellae and the
average substrate plane, leading to a tilt in crystalline
growth at these steps. The steps oriented parallel to
the drawing direction of the film seem to be more or
less parallel to the average film plane. Two preferred
orientations of tin perpendicular to each other
([1 OO]Sn H [00 1]polymer and [1 0O]Sn 1 [00 l:lpolymer)
have been observed earlier on substrates also with
lamellar morphology [24].

Another characteristic of the oriented overgrowth
of metals on polymer substrates is the surface mobility
of the metal particles during and after the metal de-
position process. This can be deduced from TEM
images similar to that shown in Fig. 8. The transmis-
sion electron micrograph shows a surface area of a PE
substrate evaporated with tin. The direction of the
metal vapour beam was tilted 70° to the surface. In the
upper right part of the micrograph, a dust particle is
visible. The left part of the micrograph shows tin
crystallites growing on the surface, whereas most of
the PE surface area shown in this micrograph is in the
vapour shadow area of the dust particle. In this area
only very small tin crystallites decorating the lamellae
are visible. Because no tin vapour reaches this area
during the metal evaporation process, these particles
have been diffused into the shadow area. A detailed
measurement of the diffusion distances in this and
similar TEM images leads to values of several mi-
crometres for the diffusion distance of individual tin
particles, also indicating weak adhesive (van der
Waals) forces between the substrates and the ‘adsor-
bates. A low adhesion and a high surface mobility of
the metal deposits during and after the metal depos-
ition process have also been confirmed by SFM in-
vestigations [14] and by measurements of the con-
ductivity of the metal films [6].

Figure 8 Transmission electron micrograph showing a surface area
of a PE substrate evaporated with tin. The direction of the metal
vapour beam was tilted 70° to the surface normal. In the upper right
part of the micrograph, a dust particle is visible. The left part of the
micrograph shows tin crystallites growing on the surface, whereas
most of the PE surface area shown in this micrograph is in the
vapour shadow area of the dust particle. In this area only very small
tin crystallites decorating the lamellae are visible. Because no tin
vapour reaches this area during the metal evaporation process,
these particles have been diffused into the shadow area.
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Figure 9(a—) Transmission electron micrographs showing a PB-1
substrate evaporated with 20 nm TI at 303 K. The whiskers visible
in the image consist of T1,0 and show a preferred morphological
orientation with their elongated axes parallel to the drawing direc-
tion of the substrate. The TEM dark-field micrograph (b) was done
with the (00 1 2) reflex of the hexagonal T1,0. As deducible from the
electron diffraction pattern of the sample shown in (c) the preferred
crystallographic  orientation is [001]1,0]|[001]pa—1 and
(hkO)yo || (kK O)pp— 1.

When evaporating 20 nm thallium to PB-1 substra-
tes cylindrical morphologies of the deposits as shown
in Fig. 9a—c were obtained. The TEM images show
that most of the cylinders were grown parallel to the
drawing direction. The crystallographic orientation of
the cyclinders is deducible from both the TEM dark-
field micrograph shown in Fig. 9b and the electron
diffraction pattern shown in Fig. 9c. A detailed analy-
sis of this electron diffraction pattern showed that the
cylinders consist not of thallium but ifs oxide T1,0.
As far as we are aware this is the first observation
of a metal oxide showing an epitaxial effect on
highly oriented semicrystalline polymer substrates.
The preferred orientation was found to be
[001]11,0 /[ [001]pg— . When evaporating 15 nm or
less thallium on a PB-1 substrate and subsequently
shadowing the substrate surface, TEM images as
shown in Fig. 10a were obtained. The images show
individual T1,0 cyclinders embedded in elongated
surface grooves as well as elliptical T1,O islands on
the surface. Because more of these islands were
found at low nominal T1,O thicknesses, it is as-
sumed that they are precursors of the cylindrical T1,O
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Step-direction
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Figure 10(a) Transmission electron micrograph of a PB-1 substrate
evaporated with 15 nm T1 at 333 K. After the thallium evaporation
the substrate was shadowed with platinum. In this micrograph two
different morphologies (elliptical T1,O islands and a T1,0 cylinder)
are shown. The TI,O cylinder grew along an elongated surface
groove. Note that the shape of some of the edges of the elliptical
islands is influenced by the surface topography. (b) A comparison of
the circular T1,0 islands morphology found on amorphous carbon
substrates (left) and the elliptical T1,0 island morphology found on
PB-1 substrates (right). It is supposed that the elliptical shape of the
T1,0 islands is caused by anisotropic diffusion of T1,O on the
step-rich PB-1 surface.

crystallites. On amorphous carbon substrates these
islands were found to be of a circular morphology.
Therefore, it is assumed that their shape is influenced
by an anisotropic surface diffusion caused by the an-
isotropic surface structure of the PB-1 surface as
shown in Fig. 10b. This assumption 18 supported by
the observation that on lamellar substrates (PE) which
have surface steps in two perpendicular directions, no
epitaxial effect of the T1,O was observed.

3.3. Model for the growth mechanism
Earlier X-ray photoelectron spectroscopy (XPS)
measurements indicated the presence of a chemical

layer at the metal—-polymer interface [8]. It was sup-
posed that the interface layer may consist of metal
organic compounds or oxygen. Under certain condi-
tions, cross-linking of PE chains at the substrate sur-
face after metal evaporation was observed [25,26].
Chemical reactions at the interface seem to be possible
if the surfaces of the polymers are reactive, if the metal
adsorbates have special chemical affinities to parts of
the polymer substrates, if the adsorbates have a suffi-
cient kinetic energy to provide chemical reactions on
the substrate surface, or if the energy released during
the metal condensation process is sufficient for break-
ing C—H or C—C bonds. PS, PB-1, PP, and PE consist
of saturated hydrocarbon chains which, smmilar to
paraffin, have a small tendency for chemical reactions
[27]. In the absence of ionizing radiation and strong
oxidizing agents, PS, PB-1, PP, and PE are some of
the most resistant materials to chemical reactions due
to their chemical inertness.

The boiling point for tin at 10”* Pa (pressure dur-
ing evaporation) is 1155 K [28]. From the laws of the
kinetic theory of gases, we deduce that about 10'° tin
particles/cm?s hit the polymer surface at this temper-
ature. As indicated by the reaction rate in Table I only
nine of them have a kinetic energy larger than 3.4 eV
(Maxwell distribution), the bond energy of a C-C
bond of polymer. For all other investigated metals the
number of particles having sufficient energy for C-C
bond breaking is even less (see Table 1) and therefore
negligible.

Another source for the supply of the energy neces-
sary for bond breaking is the heat released during
the metal condensation process, AH, values which
are shown in Table II [28]. For the metals under
consideration, tin has the highest value of AH,

TABLE II Heat of condensation, AH,, of the metals showing an
oriented overgrowth on polymer substrates. The AH, values of the
elements shown in the table are smaller than the C-H binding
energy (Ep ~415kJmol™') and the C-C binding energy
{(Eg = 331 kJ mol™ ) indicating that AH. is insufficient for inducing
chemical reactions

Element Heat of condensation,
AH, (kJmol™ Y

Sn 295.80

Te 52.55

Bi 104.80

In 231.50

Tl 164.10

TABLE I The kinetic and energetic data of the metals showing an oriented overgrowth on polymer substrates. The right column shows the
reaction rate of the metal particles. In the case of tin, only nine tin atoms/cm?s have a kinetic energy = 3.4 eV. These atoms may react with the

polymer substrate, e.g. via bond breaking

Particles in Boiling Hitting rate, Average kinetic Fraction of Reaction rate,

the gas phase temperature Z,at 1073 Pa energy, E, particles with R
T.at 107*Pa (em™2s™Y) &V) Eun = 34eV, (Particles/cm?s)
(K) N (34 eV, o0)/N,

Sn 1155 9.2 x 104 0.150 9.6x 10715 9

Te, 534 9.3 x 10 0.069 7.9x10732 7 %1077

Bi 745 8.6 x 1014 0.096 8.2x10723 7% 1077

In 943 1.0x 10%° 0.122 49x 10718 5%1073

Tl 685 9.1x 101* 0.089 83x107%° 8x1071°
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(295.80kJmol™?) . A comparison of AH, with the
bond energies of the C—C bonds of the hydrocarbon
chains (Eg ~ 331 kJmol ') shows that AH, is lower
than the bond energy, indicating that AH_. is
not sufficient to induce bond breaking at the poly-
mer surfaces. The bond energy for the C-H bonds
of the hydrocarbon chains 1s even higher
(Egp ~ 415 kJmol ). In conclusion, a chemical reac-
tion at the considered epitaxial polymer—metal inter-
faces is unlikely.

A required condition for a classic epitaxy between
the lattices of substrates and adsorbates is a lattice
mismatch (deviation of lattice constants between sub-
strate and adsorbate along a direction) between both
of 8 < 15% [2]. The mismatch & (%) is defined as
8 = 100 (b — a)/a, where a and b are the lattice para-
meters of substrate and adsorbate, receptively. Con-
sidering a classic epitaxial orientation mechanism for
polymer—metal epitaxial growth, the cases of a geo-
metric fitting (lattice matching) between the lattices of
the polymeric substrates and the metallic adsorbates
are shown in Table II1. In some cases, a matching can
occur when one lattice parameter of substrate or ad-
sorbate fits to twice a lattice parameter of adsorbate or
substrate. These cases are indicated by, for example,
2cpg || agn.

Matchings of the periodic arrangements of polymer
chains at surface planes were examined additionally.
These cases are important for monoclinic PP crystals,
because the crystallographic @ and b directions of
these crystals are not arranged normal to their crystal-

lographic c-axes (chain direction). Therefore, the
shortest distance between two polymer chains, for
example in the {010}y plane, is dpp = app €Os
(99°20° — 90°) & 0.657 nm. The results of these match-
ing calculations are shown in Table IV. As deducible
from the tables, only a few of the experimentally ob-
served polymer—metal systems fulfil the condition of
a small mismatch, as for example in the case of
{010}pp || {010}y,. For most of the experimentally
observed orientations, the condition of lattice match-
ing is not fulfilled, indicating that classic epitaxy via
lattice matching is not a general explanation of poly-
mer-metal epitaxial orientation.

From the topographic point of view, the mnvesti-
gated polymer substrates surfaces are well suited for
graphoepitaxial growth because they show surface
steps of a few nanometres in height. This epitaxial
growth mechanism was observed, for example, on
surface steps of atomic height by Osaka and co-
workers [23,30-34] for the systems tin on NaCl and
KCl The same metals used for the oriented over-
growth on polymer substrates (tin, indium, bismuth,
tellurium) also exhibit graphoepitaxial growth on in-
organic {non-polymeric) substrates. With regard to
the step orientations, their graphoepitaxial orienta-
tions on such substrates are similar to those observed
on stepped polymer surfaces.

Prerequisites for an oriented overgrowth of the
metals on to polymer substrates scem to be a low
melting point and a distinct anisotropic crystal lattice
of the metals because, for example, gold does not show

TABLE III The table shows all cases found for a lattice matching beween lattice parameters of the polymer substrates and the adsorbates in

parallel planes

Substrate Lattice Adsorbate Lattice constants Cases of matching in Mismatch
contact constants in contact in contact plane parallel directions )
plane contact plane (nm) plane (nm) substrate—adsorbate (%)
PE ¢ =10.255 Sn a = 0.583 2cpg || Gsn 14.3
{010} a=10.742 {100} ¢ =0318 apg || 2¢sn — 142
PE ¢ =10.255 Bi b= 0455 2¢pg || bps —10.6
{010} a=10.742 {0001} [<110)| =0.788 apg || [<1 103 ]p; 6.2
PE ¢ =0.255 Bi b =0.455 2epe || bps - 10.6
{110} [<110>] =0.891 {06001} [{110)|=0.788 [<110Y[pg ]l |<1 10 g —11.6
PB—1 ¢ =0.650 Te ¢ =0.593 cpa—1 Cre — 8.8
{100} a = 1.770 {110} [<110)] =0.771 apg-1 || 2[<110) |, —129
TABLE IV Matching between regular chain distances of the polymer substrates and metal crystals

Substrate Lattice Adsorbate Lattice constants Cases of matching in Mismatch
contact constants in contact in contact plane parallel directions 5
plane contact plane (nm) plane (nm) substrate—adsorbate (%)
PP ¢ = 0.650 Sn a=0.583 cpp || dsa — 103
{010} dpp = 0.657 {100} ¢ =0318 dpp || 2¢sn —31
PP ¢ =0.650 In <1013 =0.675 cre [ 1<10 1) 3.8
{010} dpp = 0.657 {010} 101> = 0.675 dpp | K101 s 2.7
PB -1 ¢ =0.650 Sn a=0.583 cpa—1 || dsn —103
{110} dpg-1 = 1.02 {001} b =10.583 dpa—1 | 2bsy 14.3
PB —1 ¢ =0.650 Te ¢ =0.593 cpa—1 Cre — 88
{110} dep—1 = 1.02 {100} a = 0445 dep—1 || 2a1e — 127
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any orientational relationship to the polymer substra-
tes. Furthermore, the results suggest an important
influence of the surface mobility of the metallic adsor-
bates during and after the evaporation process, to
establish low-energy metal planes in contact with the
polvmer substrates.

The experimental results suggest an orientation
mechanism shown schematically in Fig. 11 in the case
of lamellar polymer substrates and in Fig. 12 in the
case of fibrillar polymer substrates. For lamellar poly-
mer substrates, the metal crystallites decorate the sur-
face steps which are caused by the protrusion of the
crystalline parts of the substrate from the rest of the
surface. Because the edges of these steps consist of

Decorating, oriented

i Amorphous ste
metal particle P P

|
Amorphous area

amellar crystals

Figure 11 Schematic sketch demonstrating how metal crystallites
orient on a lamellar polymer substrate. The lamellae protrude from
the amorphous regions of the surface. Owing to the folded character
of the lamellar side faces, the decorating metal crystallites are in
contact with amorphous surface regions. The orientation may be
caused by surface energy minimization of the metal crystallites and
their alignment respective to the step direction.

/

c
polymer

Core of a needle crystal

Amorphous surface area

Transitional zone of
highly oriented macromolecules

Figure 12 Schematic sketch demonstrating how metal crystallites
orient on a fibrillar polymer substrate. In this sketch, a tin crystallite
was chosen as an example for the metallic overgrowth. The low-
index contact plane faces the amorphous polymer material. Tin
crystallites align with [100]s, || [¢]pe1ymer Al orientation is estab-
lished via minimization of the surface free energy of the tin crystal-
lite in contact with the amorphous polymer steps. The crystallo-
graphic a-axis of the tin crystallite then orients with respect to the
step direction.

amorphous surface regions (chain foldings, chain
ends), the overgrowing metal crystallites are not in
contact with crystalline parts of the substrate, having
a long-range order of polymer chains. As deducible
from the orientations of the metals, all considered
metals have planes of low surface energy in contact
with the substrate. Therefore, the orientation is caused
by the step directions of the substrate and a minimiz-
ation of the surface free energy of the absorbates.

In the case of fibrillar morphology, the metal crys-
tallites decorate the surface steps caused by needle
crystals protruding from the surface. Because the
metal crystallites are in contact with highly oriented
but non-crystalline polymeric material, no crystallo-
graphic information can be transferred from the poly-
mer substrate to the overgrowing metal crystallites.

Owing to the occurrence of macromolecular chain
foldings of the PE lamella, the surface steps of PE
substrates exhibit an amorphous character [14].
From earlier TEM investigations it was proposed that
the needle crystals of fibrillar PB-1 substrates consist
of a crystalline core and a transitional (amorphous)
zone of highly oriented molecules (hair dressing
model) [20,21]. Under these conditions, the metal
crystallites growing at the edges of polymeric surface
steps (decoration) are in contact with polymeric ma-
terial having no long-range order (see Fig. 12). There-
fore, the orientation of the metal particles on to poly-
mer substrate surface steps secems to be a result of
minimization of surface free energy of the particles in
contact with the step edges.

Very little is known about the initial stages of the
polymer-metal epitaxial growth. Nevertheless, it
should be noted that the so-called Volmer—Weber or
island growth mode seems to be the most likely. The
reason is that the considered polymer substrates are
chemically inert materials. Therefore, any deposits (es-
pecially the metals considered above) should adhere
weakly to such substrates. Earlier SFM investigations
of metal evaporated polymer substrates confirm this
assumption [14].

4. Conclusions

1. When deposited on to {h k 0} planes of uniaxially
oriented semi-crystalline polymer substrates, several
metals tend to grow epitaxially. It is found that the
semi-crystalline nature of the polymeric substrates
leads to nanostructured polymer surfaces. The ob-
served surface steps of a few nanometers in height
exhibit an amorphous character. In the case of lamel-
lar substrate morphology, the edges of these steps
consist of folded polymer chains or chain ends. For
fibrillar substrate morphologies the contact faces of
the steps consist of highly oriented but non-crystalline
polymericmaterial. Additionally, all substrates exhibit
process-induced surface steps oriented along the
drawing direction of the substrates.

2. The majority of the overgrowing metal crystal-
lites at the polymeric surfaces decorate the lower edges
of the surface steps. Because lamellar polymer substra-
tes exhibit surface steps in both directions, parallel
and perpendicular to the drawing direction of the
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substrate, two preferred orientations of overgrowing
metals perpendicular to each other (for example, for
tellurium and tin) were observed. The orientation of
the metals seems to be caused by surface energy min-
imization of the crystallites at highly oriented polymer
steps (graphoepitaxy).

3. The new cpitaxial system TL,O on PB-1 was
observed. This is the first observation of a metal-oxide
growing crystallographically oriented on highly
oriented polymer substrates.

4. Lattice matching (classic epitaxy) is not a general
explanation for the oriented overgrowth of the metals
because only a few cases of geometric matching be-
tween the metal crystallites and the polymer substra-
tes were found. The other observed orientations can-
not be explained with lattice matching because of
larger mismatchings.

5. The formation of a chemical interface layer be-
tween the polymer substrates and the metals seems to
be unlikely, because the polymer substrates are rela-
tively inert. The kinetic (hitting) energy of the metals
during the evaporation process and the heat of con-
densation of the metals supply insufficient energy for
significant polymer bond breaking.
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