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Ultra-thin films of a dicyanate bisphenol A prepolymer on aluminium or silicon substrates are studied as a
model for an adhesive interphase. AFM shows structural details of the films with a lateral resolution from
some 10nm up to a few microns. Substrates have to be very flat in order to obtain continuous prepolymer
layers. So the aluminium roughness of a few nanometers results in a discontinuous prepolymer distribution
below about 10 nm thickness while the films remain intact down to 2 nm on the smoother silicon. XPSand IR
spectroscopy show that the as-prepared layers do not undergo serious chemical changes or pronounced
adhesive interactions. The native silicon surface is totally inert. The cyanate group is not involved at all. The
native aluminium surface induces changes both in energy and orientation of the triazine rings, however. This
may be considered as an indirect hint on some adhesive interaction of the cyanurate prepolymer with the
aluminium substrate but the experimental facts do not explain the adhesion mechanism in detail yet.

KEY WORDS: thin films; cyanurate prepolymer; native aluminium surface; oxidized silicon surface; atomic
force microscopy; XPS; external reflection FTIR; molecular orientation and interaction

INTRODUCTION

The properties of ultra-thin polymer films receive increasing interest for a large number
of technical applications. In most instances, they are part of a composite. Therefore,
adhesion plays an important part for their function. Moreover, an ultra-thin film may
serve as a model system for the investigation of the molecular structure and the
interactions in the interphase of a polymer adhesive adhering to a solid substrate.
This was the motivation to study the properties of a series of cyanurate prepolymer
layers as a function of their thickness on aluminium and on silicon, respectively.

* One of a Collection of papers honoring Jacques Schultz, the recipient in February 1995 of The Adhesion
Society Award for Excellence in Adhesion Science, Sponsored by 3M.

Presented in part at EURADH 94, Mulhouse, France, September 12~15, 1994, a conference organized by the
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We suppose that the organic layer exhibits a specific three-dimensional interphase
extending from the substrate to the unpetturbed part of the layer (further away from the
substrate) in which its bulk properties are prevailing. Consequently, an interphase
contribution to the signal of any spectroscopic measurement should increase with
decreasing thickness of the organic layer. In this way, a change of layer thickness will
help to distinguish the interphase properties from the properties of both bulk organic
layer and substrate. In addition, prepolymer and substrate are characterized individ-
ually to provide a reference.

The model substrates are silicon wafers with extremely smooth surfaces and very
smooth aluminium layers produced by electron beam evaporation on silicon wafers.
The materials were chosen because of their relevance to adhesive bonding in microelec-
tronics, microsystems, aviation and light weight construction. Since the samples are
handled in the laboratory, both substrate surfaces bear a native oxide layer.

A prepolymer of the dicyanate of bisphenol A (DCBA) serves as a model for a curable
adhesive.

Uniform prepolymer layers between about 3 nm to 100nm thickness are prepared
from a solution by spin coating or by dip coating.

Several experimental techniques have been combined for that study. Scanning Auger
Microscopy (SAM) yields the lateral distribution and the local thickness of oxide and
carbon contamination on the substrates. As a routine method, ellipsometry delivers the
thickness data for the oxide on the substrate for each sample just before coating and
after application of the prepolymer layer. Atomic Force Microscopy (AFM) provides
the topography of the substrates and insight into the morphology of the coatings.
Photoelectron (XPS) and external reflection IR spectra (ERIRS) contain information
about orientation and energetic state of the organic molecules.

Good adhesives can be formulated on the basis of such cyanurate prepolymers.!~
So we should know how they work on metals. Is it the cyanate group or the triazine
grouping or something else that causes adhesion? And what is the film structure?

The paper summarizes the experimental results obtained so far. It focuses on the
prepolymer film immediately after preparation. The state of interpretation will be
discussed and an outlook on further routes of research will be presented.

3

EXPERIMENTAL RESULTS

The Uncoated Substrates

On both substrates, XPS (VG Scientific ESCALAB 220i XL with monochromatized
A1 Ka source and low energy electron compensation of sample charging) and AES
(Perkin Elmer PHI 660 SAM; focussed primary electron beam with SkeV) detect a
carbon contamination of laterally uniform (resolution ca. 0.1 um) thickness. Aliphatic
carbon of about 0.5 nm thickness covers the silicon wafer. The aluminium has some
0.7nm thick contamination. In the latter case, the carbon bonds are not purely
aliphatic. Angle-resolved XPS up to 80° take-off angle revealed (C—O)- and (C==0)-
components that are concentrated at the interface with the A1 substrate. The outer-
most surface region of the contamination layer consists mainly of hydrocarbon



11: 49 22 January 2011

Downl oaded At:

INTERPHASE OF MODEL ADHESIVE JOINT 229

structures. Hence, it is possible, but not cestain, that the adventitious carbon reacted
with the oxide. The native oxide layers beneath that contamination are also uniform.
For silicon, it is Si0, of about 1 nm thickness.

The aluminium is not covered by a pure oxide. XPS reveals that more than 70% of
the oxygen forms OH-like states. The layer thickness varies slightly from 2.7-3.4 nm.
Although both substrates visually show a surface finish like an optical mirror, AFM
(Digital Instruments Nanoscope 111} reveals pronounced distinctions on the micro-
scopic level. The AFM images in Figures 1 and 2 are obtained in the contact mode and
give an impression of the topography. The Si wafer is flat even on the nanometer height
scale. The Root-Mean-Square roughness (RMS) amounts to only 0.13 nm. The alumin-
ium coating is less smooth. It consists of granular structures with a typical peak-to-
peak roughness of about 30 nm and a RMS roughness of 5 to 10 nm depending on the
evaporation batch. The aluminium granules possess diameters of 100 to 400 nm. The
inclination angles of their faces vary only from 10° to 20° with respect to the mean
surface plane. Consequently, adsorbing organic molecules will see a gently-shaped
profile of the uniform continuous native oxide covering the aluminium metal. The
inclination angles of the oxidized silicon wafers are even one order of magnitude
smaller.

The Prepolymer

The cyclotrimerization reaction of the dicyanate of the bisphenol A (DCBA) was
stopped at 45 mole% conversion of the cyanate groups, thus still providing a solvable
material. Figure 3 presents the chemical formulae for the monomer and the oligomer
structures schematically. As the chemical reaction path is well known for that system,*
the number distribution of the molecules can be calculated with good accuracy. The

Data type  Helght
Zrange  0.500 nMm

FIGURE 1 AFM image of the silicon wafer surface. Grey scale 0.5 nm.
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Data type Height
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FIGURE2 AFM image of the surface of an aluminium evaporation layer on a silicon wafer. Grey scale
30nm.

prepolymer consists mainly of monomer DCBA and trimer molecules. Larger
oligomers appear much less frequent although they dominate the weight distribution.
In Figure 4, the chemical formula for the DCBA trimer reveals the manifold of different
chemical environments in the prepolymer molecules.

For carbon, there exist at least five different bond states (named a—e). Both oxygen
and nitrogen occur in two bond states, O, O,, and N_, N, respectively.

Figure 5 shows the prepolymer core level photoelectron spectra measured at 10eV
fixed analyser transmission. Obviously, XPS resolves only three main peaks and a
shake-up satellite in the Cls spectrum. The first peak to the right of the shake-up
satellite stems from all carbon atoms bound to nitrogen. Mathematical curve decom-
position (VG ECLIPSE 1.6m software, nonconstrained fitting of Gauss-Lorentzian
lines and Tougaard inelastic background) yields the two components, C,, C,, assigned
to the triazine ring and to the cyanate group. The components are difficult to
distinguish without curve fitting. The next peak is due to those aromatic carbons, C,
and C,, in the benzene rings that couple to the oxygen atoms. Again, spectrum
decomposition provides clear distinction whether it is the cyanate group or the triazine
ring in the neighbourhood. The remaining aromatic and aliphatic carbons, C,, give rise
to the most intense peak at the low-energy end of the Cls spectra. The two nitrogen
bond states are not resolved in the Nls spectra at all. Fortunately, the two oxygen states
are well separated in the Ols signal. Hence, the Ols spectra provide unambiguous
information about the state of cyanate groups and of the triazine rings. The silicon
oxide peak in the Ols spectrum stems from a contamination of the prepolymer bulk
which is introduced during the powderization in a mill after synthesis.

As we expect from the multitude of structural elements in the prepolymer, the
infrared spectrum is rich with bands. For illustration, Figure 6 shows a transmittance
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FIGURE 3 Part of the prepolymer number distribution and chemical formulae for the DCBA monomer
and the first oligomers in the prepolymer.

spectrum measured on a Nic 740 (Nicolet) FTIR spectrometer. The characteristic
group frequencies are identified in accordance with the literature®>® and the usual
catalogues for IR spectra.®~*! Hence, the assignment rests upon analogy with known
similar substances and the concept of localized vibration modes. This commonly
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FIGURE 4 The different chemical environments in DCBA and its trimer.

adopted approach is rather qualitative. The detailed type of the molecular vibrations
remains widely unspecified. In particular, this is true for the triazine ring and the
cyanate group. In addition, ATR IR spectroscopy provides high quality spectra for
calculating the optical function n*(¥)=n(¥)—i-k(¥) (¥=wavenumber) of the
prepolymer. The ATR spectra are taken with s-polarized light at 45° on a germanium
single reflection crystal mounted in a SEAGULL reflection accessory (Harrick) for a
FTS 60B (BioRad) FTIR spectrometer. The deduced optical function was utilized to
recalculate the ATR spectrum. The result fits very well to the measured spectrum. The
band positions are equal and the band heights are reproduced with 2-5% error. This
proves that both the calculation procedure and the prepolymer optical function are
well suited for the further discussion. The bulk optical function of the prepolymer will
play an important role in the interpretation of the external reflection IR spectra of thin
films.

Ultra-Thin Prepolymer Coatings

Now, the behaviour of the ultra-thin layers can be considered immediately after
preparation in reference to the established bulk features of substrate and prepolymer.

.
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FIGURE 5 Core level photoelectron spectra measured at 60nm prepolymer thickness on aluminium
substrate. The experimental data are very well fitted by the sum curve obtained from a mathematical
deconvolution into spectral components. The curves for the components are also depicted.
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FIGURE 6 IR transmittance spectrum of a thick prepolymer layer on KBr pellet. Spectral resol-
ution=2cm "'

Figures 7 a—c illustrate the topography of the prepolymer on silicon as it is seen by
AFM. A 3 nm spin coating layer is shown in Figure 7a. The profile depth of the layer
surface (determined by AFM) reaches just one tenth of the ellipsometric (mean) layer
thickness. Hence, the coating is free of holes. It consists of prepolymer granules with
ca 60-120nm in diameter. The root mean square roughness is only twice that of the
bare silicon wafer. A 2 nm dip coating film is shown in Figure 7b for direct comparison.
The layer probably is also dense and, apart from additional high protrusions, consists
of similar granules whose diameters amount to only 40—-60 nm, growing only slightly
for the thicker dip coating films. Due to the additional protrusions, the surface
roughness is larger than for spin coating; however, it reduces to only twice the value of
the bare wafer for films thicker than some 15 nm, Thicker spin coating films retain the
smoothness and homogeneity of the thinner films as demonstrated by the 47 nm film in
Figure 7c.

Things are quite different with the topography of the prepolymer on the aluminium
substrate, Figures 8a—d. The 5.1 nm dip coating layer consists mainly of prepolymer
agglomerations (white colour) with up to a few 100 nm in diameter. They concentrate in
the valleys and around the peaks of the Al profile that can be clearly seen. Sometimes,
the rich topographic structure makes it difficult to distinguish between prepolymer and
aluminium substrate. The so-called “lateral force mode” for the AFM helps in that
respect. This mode images a material contrast via some microscopic friction coefficient
between AFM tip and sample surface. The Figure 8b compares the AFM contact mode
image on the left with such a lateral force mode image on the right. The surface region is
exactly the same for both images. For example, the two topographically similar features
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FIGURE7 AFM images of prepolymer on silicon wafers. 8) 3 nm spin coating, grey scale 1.5 nm, profile
depth 0.3 nm, RMS roughness 0.29nm; b) 2 nm dip coating, grey scale 3 nm, profile depth 0.5 — 2nm, RMS
roughness 1.6 nm; ¢) 47 nm spin coating, grey scale 3 nm, RMS roughness 0.33nm.

on the left (arrows) are identified as a prepolymer agglomerate (bright) and as uncoated
aluminium (dark) in the lateral force mode image on the right-hand side. Obviously, the
thinnest dip coating films are not dense on aluminium, The same is true for the thinnest
spin coating layers, Figure 8c. However, the prepolymer fills all substrate valleys with
interconnected lakes. The prepolymer thickness has to be increased up to some 15 nm
for obtaining dense layers on aluminium. Figure 8d provides the image of a 44 nm layer
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as a last example. Despite the larger roughness, now the structure resembles the
prepolymer films on silicon.

As already mentioned for the XPS spectra of the prepolymer bulk, the resolution of
the Cls and the Nls spectra is not sufficient to compare the energetic state of the
functional groups in the various films. Some other conclusions can be drawn, however.
The intensity ratio of the two Ols components is a function of prepolymer thickness
indicating a growing deficit of cyanate groups with decreasing thickness, Figure 9.

1.05 UM 1.05 um

FIGURE8 AFM images of prepolymer on the aluminium substrate. a) 5.1 nm dip coating, grey scale
50nm, RMS roughness 8.9 nm; b) the same layer, topography (left, grey scale 25nm), compared with the
friction mode image (right) for the same sample area; ¢) 2 nm spin coating, grey scale 20 nm, RMS roughness
4.6 nm; d) 44 nm spin coating, grey scale 10 nm, RMS roughness 1.5 nm.
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FIGURE 8 (Continued ).

Generally, the ratio is less than the value of 2.23 that is expected from the molecular size
distribution of the prepolymer. Storage experiments of samples in the UHV revealed
that the deficit results to a considerable extent from a substantial monomer evapor-
ation in vacuum. It should be noted that slight shifts of the photoelectron binding
energies are detected for the prepolymer atoms on aluminium. Unfortunately, interfer-
ence from the varying cyanate content, from the substrate oxide and from the carbon
contamination hampers an identification of interphase interaction in that case. Since
the prepolymer layers are dense and uniform on Si, they are suitable targets
for angle-resolved XPS. Figure 10 provides the thickness dependence of the
n-m*-transition in the Cls spectrum which is characteristic for the benzene rings. The
graph reveals an increase of concentration below ca. 10 nm. Hence, the concentration of
triazine rings must be lower in the outer region of those prepolymer layers that has a
thickness of approximately 1.5 nm in these measurements. Ten nanometers are only a
few monolayers with respect to the dimensions of the trimer molecule. So we conclude
that the triazine rings tend to enrich in the neighbourhood of the native silicon oxide
by molecular orientation,

The infrared reflection spectra were taken with linearly polarized light on a FTS 60B
(BioRad) with a SEAGULL reflection accessory (Harrick) and on a Nic 740 (Nicolet)
combined with a Model 500 reflection unit (SPECTRATEC). Angle of incidence and
polarization were chosen for maximum spectral intensity, that is p-polarization and 80°
on aluminium substrates and s-polarization at 50° on silicon wafers. Figure 11 sketches
the principles of external reflection IR spectroscopy. In many instances, a thin-film
reflection spectrum differs from a transmission spectrum with respect to frequency
position and band intensity. This may simply be due to anomalous dispersion caused
by a strong variation of the refractive index of the coating, np, at a given absorption
frequency.'? These distinctions also depend on the angle of light incidence, ®,, and on
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FIGURE9 XPS Ols integral intensity ratio for the cyanate and the triazine components as a function of
ellipsometrically-determined prepolymer film thickness on silicon and on aluminium. a) dip coating layers;
b) spin coating layers.

the film thickness (absorption strength, respectively). Therefore, a straightforward
interpretation of thickness effects in terms of intermolecular bonding or preferential
molecular orientation can be misleading.

For this reason we adopted a different approach. This is to apply the bulk optical
functions, n*, of substrate,!3 !* oxide, !*' !¢ surrounding air and prepolymer (from the
ATR spectrum), together with the corresponding thickness data, in a simulation of the
IR spectrum for every sample. This spectrum would be found in the measurement if all
parts of the sample had bulk properties. Therefore, it serves well as a reference in the
discussion of the actually-measured reflection spectra. Figure 12 compares such a
simulated bulk-like spectrum with the spectrum actually measured for a film on the
aluminium substrate. At first glance, both spectra resemble very much the spectrum of
the prepolymer bulk in Figure 6. Figures 13-16 depict the frequency position and the
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FIGURE 10 The n-n*-transition in the Cls spectra of prepolymer on silicon as a function of film thickness.
The photoelectron collection angle is 80°,
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FIGURE 11

Principle of external reflection spectroscopy on layered systems.

relative intensity for selected bands as functions of prepolymer thickness in more detail.
Figure 13 shows the band position of a (C = N) stretching mode. No differences
between simulation and measurement are observed, within the experimental error,
either on aluminium or on silicon. The same is true for the other valence vibrations
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FIGURE 12 Thesimulated and measured external reflectance IR spectra for 7.4 nm thickness prepolymer

spun onto aluminium substrate. ®; = 80°, p-polarized light.
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FIGURE 14 As in Figure 13 for the stretching mode of the oxygen bridge between the triazine and the

benzene rings.
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FIGURE 15 IR band intensity (relative to the peak heightat 1016 cm™ Yfor the (C = N)stretching mode as
a function of prepolymer thickness on aluminium and on silicon for spin and dip coating.
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FIGURE 16 As in Figure 15 for the stretching mode of the oxygen bridge between the triazine and the
benzene rings.

attributed to the cyanate group and to most of the other IR bands. That is good proof
for the reliability of the utilized calculation procedures. Things are more interesting for
the triazine grouping and its surroundings, Figure 14. On aluminium, their valence
vibrations shift unambiguously to lower frequencies. The strongest shift, some 8 cm ™1,
occurs for the oxygen bridge between triazine and benzene rings. The vibrations of
v(-N = C-0) and of v(-N = C-) in the triazine and the vibration of the benzene ring
(at ca. 1505 cm ™ ') are also involved and lose between 2cm ™! and 6 cm ™ *. Surprisingly,
all the frequency reductions extend over the entire thickness range up to 100 nm. They
correspond to a very low energy loss of those molecular vibrations. For instance,
8cm™! corresponds to just 1meV or ca. 0.7% of the vibration energy. No such
frequency shifts occur for the prepolymer films on silicon! Therefore, it seems that the
substrate causes the effect on aluminium. Common adhesion theories can hardly
explain its long range, however.

Figure 15 compares the relative intensity of the (C = N) band as referred to an
internal standard. The measurements reproduce the simulated data for all dp-values
and all samples. Hence, both concentration and orientation of cyanate groups in the
prepolymer films are similar to the bulk. On the contrary, the experimental IR bands of
V(—Cpenzene=OClriazine=) and v(-N=C-), ... . and of the benzene ring lose, on
aluminium, more and more relative intensity with decreasing d, as compared with the
simulation. Figure 16 illustrates that behaviour for the v(-N = C-),,,..... vibration in
the triazine ring. The deviation clearly appears not only below 40 nm but extends over
the whole thickness range. As the prepolymer composition does not change, that
thickness dependence indicates a preferred orientation of triazine rings in a direction
perpendicular to the plane of light incidence, i.e. parallel to the substrate surface. For
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the silicon substrates, the measured data reproduce the simulated prepolymer bulk
behaviour within the experimental scatter. Hence, the molecular orientation distribu-
tions on silicon are similar to the bulk for the considered film thickness interval.

DISCUSSION AND CONCLUSIONS

The combination of experimental methods described in this paper provides important
information about the morphology and about the molecular state of ultra-thin organic
coatings on solids.

Each method requires sophisticated tools for data processing. As a result, XPS and
external reflection IR spectroscopy can reveal tiny changes in the energy and in the
orientation of characteristic atomic groupings of the prepolymer molecules in the
coatings just after preparation.

The Atomic Force Microscope shows structural details of the ultra-thin prepolymer
films with characteristic lateral dimensions from some 10 nm up to a few micrometers.
In particular, it reveals whether films are discontinuous or continuous.

Substrate flatness seems to be an important prerequisite for continuous organic
layers. So the aluminium roughness of a few nanometers is sufficient to induce
discontinuous films below about 10 nm mean thickness.

Up to now, our results show that the as-prepared prepolymer layers do not undergo
serious chemical changes or pronounced adhesive interactions. The cyanate groups are
not involved in specific interactions at all. The oxide on the silicon wafer is totally inert.
The native aluminium surface induces changes in energy and orientation of the triazine
rings. This may be considered as an indirect hint of some adhesive interaction of the
cyanurate prepolymer with the aluminium substrate but the experimental facts do not
explain the adhesion mechanism in detail yet. Moreover, the long range of the
orientation effect could exert an influence on the network formation during the
postcuring process. This might result in variations of the final mechanical properties in
some interphase near the aluminium substrate.

To extend the picture, the effects of storage and the influence of the substrate state on
the interphase deserve attention in further investigations. Moreover, in practical
applications, the adhesive prepolymer formulation is cured. In view of the so far
obtained results we expect that curing will not only complete the network but could
also contribute to the final adhesive interactions.

Summing up, we consider both the advancements in analytical capabilities and the
obtained experimental data as a good step forward in describing the physical and
chemical state of polymer ultra-thin films on solids and the interphases between them.
However, the construction of a physical model of that state is not simply done with the
experimental facts only. We expect that molecular modelling will have to be added to
the measurements in order to understand what the spectroscopic data tell us about the
microscopic situation in the adhesive interphases.
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