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The following report discusses the synthesis of all@ene-bridged
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Irrrtoduction
Disilaoxacyclopentsnes have proven to be excellent precursors to sol-gel

type materials.’ These materials have shown promise as precursors for
encapsulation and microelcctronica applications (Figure 1). The polymers are
highly crosslinked and are structurally similar to traditional sol-gels, but
unlike typical sol-gels they are prepared without the use of solvents and water,
they have low VOC’Sand show little shrinkage during processing.

Figure 1. Microckctrortic test chip encapsulated with a mixture of 2/1.

Our initial efforts were focused on the synthesis and utility of the
phenylene-bridged disilaoxacyclopentane, 1, (Figure 2). This precursor is a
white solid which cart be polymerized eit@ by itself in a solvent such as
THF, or as a copolymer system with 2 which is used as the solvent/co-
monomer, In both cases, the polymerizations were performed using
tetrabutylammonium hydroxide (TBAH) as the catalys~ earlier reports
indicated that acids did not polymerize disilaoxacyclopentanes.2 The
mechanical and thermal properties of the materials can be changed by simply
varying the ratios of 1 to 2.
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Figure 2. Homo-polymerization of 1 and its copolymerization with 2.

opening polfierization of dkilaoxa;yclopen~ne; using acids and phot;-
generated acids (PAG) and their use in thin tilrtts and coatings applications.

Experimental Section
The ethylene- and butylene-bridged disilaoxacyclopentanes are

synthesized by the same methodology as the previously reported phenylene-
bridged disilaoxacyclopesttaste, 1 (scheme 1),1 with one exception. The
hydrogenation step is performed under higher pressure (-800 psi), in the
presence of formic acid as a hydrogenation accelerator.

Results and Dkcussion
Synthesis of Base-Catalyzed ROP of Alkylen&Bridged

Disiiaoxacyclopentanez. The alkylene-bridged disilaoxacyclopentanes (3, R
= EC 4, R = JI-BU)are synthesized accodmg to Scheme 1. This is the same
methodology that was utilized for the synthesis of phenylcne-bridged
disilaoxacyclopentane with one exception. The hydrogenation of the
disilaoxacyclopcntenes is performed under bigher HZpressure (-800 psi) and
in the presence of formic acid as hydrogenation accclcmtor.3 Monomers 3 and
4 are high boiling, colorless Iiquids/oils that display the same spectroscopic
characteristics as 1.

Scheme 1.
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The monomers can be ring-open polymexizcdwith catalytic TBAH. For
example, monomer 3 produces a polymer which has a T’ of-23 “C and a
coefficient of thermal expansion (Cl%) of 274 e4~C. Its copolymer with 2 (
23 ratio of 80:20 by weight), has a T~of -75 “Cand CTE of 335 e4~C (fable
1).

Table 1.
Polymer composition T, CTE (e’K3

Homopolyrmmof 1 80 .C 110
X (9&10 by weight) -81 “C 352
%1 (8020 by weight) -74 “c 302

Homoprdymer of3 -23 “c 274
*3 (8020 by weight) -75 “c 335

These values co”mpare well with those of the phenylenebridgcd ,
materials. The lower Ts value of the homopolymcr of 3, relative to that of 1,
is not unexpected since the ethylene linkage is more flexible than the
phcnylcne spacer. This, in ~ should result in higher CTE values, which in
fact it does 110 for 1 compared to 274 for3. The ccqrolymcrsof both 1 aud 3
with 2 are similar, which indicates that the co-monomer 2 dictates the
properties of the materials in the ratios studied.

Acid Catalyzed Ring-Opening Polymerization. During the
hydrogenation of the alkylene-bridged tillaoxacyclopentene, we discovered
that catalytic amounts of formic acirLHCQH, were needed for hydrogenation
to occuq the usc of acids as hydrogenation acccclerators has been
demonstrated before? Thus, we performed the hydrogenation of the
phenylene-bridged analog under similar conditions, i.e. in the presence of
HC02H. Not only did hydrogenation occur, but also the solution gelled
overnight. This was contrary to early reports which stated that
disilaoxacyclopentencs do not undergo ROP under acidic conditions?
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DISCLAIMER

This report was prepared as an account of work sponsored
by an agency of the United States Government. Neither
the United States Government nor any agency thereof, nor
any of their employees, make any warranty, express or
implied, or assumes any legal liability or responsibility for
the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial
product, process, or service by trade name, trademark,
manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by
the United States Government or any agency thereof. The
views and opinions of authors expressed herein do not
necessarily state or reflect those of the United States
Government or any agency thereof.
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DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original
document.
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information. The use of EBSP has been shown

crystallographic aspects of thin-film reactions [11].

EXPERTMENTAL PROCEDURE

to be very useful in determining the

Iridium oxide was deposited by pulsed-laser deposition (PLD) onto a cleaved MgO (001)
substrate. The substrate temperature was maintained at 500”C. The thickness of the InzO~layer
was about l-2pm. The MgO substrate contained Pt markers which were produced by solid-state
dewetting of a thin (-2 nm) film on the cleaved substrate. The Pt markers serve to mark the
initial position of the interface. In the first sample (sample A) the reaction between the layers
took place at a temperature of 1350”C under an applied voltage of 200 V for 12 minutes with the
MgO substrate in contact with the anode and the InzO~film in contact with the cathode. In the
second sample (sample B) the reaction was allowed to continue at 1350”C for 30 minutes under
the applied field.

Cross sections of the samples were then polished using the tripod-polishing technique.
Microstructnral investigation was carried out using a field-emission SEM (Hitachi S900). The
cross-section samples were coated with 2 nm of Pt to minimize charging. A large difference in
the atomic number between the two cations in the spinel makes it an ideal system for s
investigation using the BSE imaging in the SEM.

EBSD was performed using a JEOL JSM 6400 XV operating at 20 kV with a LaB
filament. The EBSD detector is made up of a 2.5-inch diameter YAG single crystal, 60pm thick:
which is epoxied to a fiber optic, 2.5 to 1 inch reducer. The reducer is then coupled to a slow-
scan CCD camera, which is cooled to below -10”C. Elemental information was obtained using an
energy-dispersive X-ray spectrometry (EDS) system that is also attached to this SEM. The
patterns were analyzed by using a Hough transform to locate bands and band edges in the
pattern. This crystallographic information, along with the elemental information, is then used to
access possible phases through the database of powder diffraction files [12]. The appropriate
phase is then selected and an indexed, simulated pattern is created to compare with the original
and to give the orientation information. [12].

RESULTS AND DISCUSSION

The deposition of InzO~
polycrystalline film. A plan-view

on MgO substrate at 500°C results in the formation of a
seconday-electron image of the film after annealing is shown

in Fig. 1. The grain size of the film is comparable to the film thickness leading to the formation of
columnar grains of InzO~on the substrate. In such a situation the grain boundaries in the film play
an important role in controlling the reaction. A BSE image in cross-section of sample A is shown
in Fig.2. The spinel reaction product (with an intermediate BSE contrast) is seen to form at the
interface between MgO (dark) and In20~(bright). A portion of the Pt electrode is seen on the top
of the image. At this temperature and time, the reaction has only partially taken place. The Pt
markers (bright spots) are seen to remain in the MgO substrate. In the absence of an applied, it
has been reported that the Pt markers are located in the spinel layer [8, 9]. However, in the
presence of a field, in addition to the counterdiffusion of the cations, there is a superposed flux of
cations towards the negative electrode, which leads to a shift of the reaction layer towards the
cathode. Thus, the Pt markers are now located in the MgO substrate.
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The reaction product layer is not uniform in I

the spinel phase appe~ to have grown faster C(
examination reveals that the faster growth is associt

imagt
Iared
with

Fig. 1 Plan-view SE image from
the In203 layerafter annealing.
The grain size (- 1 ~m) is

comparable to the thickness of
the layer.

Jwn
the
grai

inFig.2.
adjacent
n boundi

Some regions of
regions. Closer

ties in the InzO~

Fig. 2 BSE image from sample A.
Only partial reaction to spinel has
taken place. The growth of spinel
is enhanced along regions where
the grain boundaries are present
in the InzOq Iayer.

EBSD analysis was carried out on several different regions of the sample. The objective
of the EBSD analysis was to confkrn the phase identiilcat.ion and obtain orientations of grains of
the reaction layer with respect to the MgO substrate and layer. EBSD patterns were recorded
from the MgO substrate and from several grains in the reaction layer and the In20J layer. The
layer was identified as MgInzOq by EDS, and the spinel structure was confkrned by EBSD.
EBSD patterns from the MgO substrate and the reaction layer are shown in Fig.3(a-b) with some
of the zones indexed. Analysis of these patterns indicates that the [001] direction in the MgO
substrate, which is normal to the growth surface, is closely parallel to the [111] direction of the
MgIn20Agrain within the spinel layer. Additionally, the [1iO’J direction of the MgO substrate is
closely parallel to the [1 i(ll direction in the spinel grain. Several EBSD patterns were also taken
of the InzOJ layer, however, there appears to be no simple orientation relationship between the
InzO~and the spinel layer.
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Fig.3 EBSD patterns from the MgO substrate(a)andthespinellayer(b).

Fig.4 shows a BSE image from sample B, which was annealed at 1350”C for 30 reins
under an applied field of 200V. Under these conditions, the InzO~film has completely reacted to
form the spinel. Further annealing results in the transport of Mg ions across the spinel phase and
formation of MgO on the top of the reaction product. The spinel phase is non-uniform and is
composed of spikes along regions where the grain boundaries were located in the In20~ layer
initially. Again the fiial products of the reaction were confined by EBSD; it was found that the
reaction had consumed all of the InzO~and that a layer of MgO was formed on the opposite side
of the reaction layer. In order to understand fully the kinetic processes, it is necessary to
determine the orientation of the regrown MgO layer with respect to the substrate as well as the
spinel layer. Fig.5(a-b) shows EBSD patterns taken from the substrate and from a grain within
the MgO layer. It is apparent that the orientations are very close. Fig.6 is a stereographic
projection which shows the 001-type directions of the substrate and the various regions within
the MgO layer. Most of the regions analyzed were very similar in orientation to the substrate.
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Fig.4 BSE image from sample B
indicating that the InzOJ layer has fully
reacted to form the spinel. The .
overgrown layer of MgO is seen on top
of the spinel layer. The top portion
(bright) is from the Pt electrode.
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Fig.5 EBSD patterns of the MgO substrate (a) and the overgrown MgO layer (b),
indicating that hey have approximately the same orientation.

,,.,,

Fig.6 Stereogram showing the (H)1
projection of the MgO substrate and
near 001 projections from several
regions of the overgrown MgO layer.

CONCLUSIONS

The results indicate that the morphology during the early stages of growth of the MgInzOd
in the electric field is determined by the grain structure of the InzOJ layer. The reaction front is
seen to progress faster at the places where the grain boundaries are present in the InzO~layer.
Annealing for longer times results in the formation of MgO on the top of the spinel layer. EBSP
analysis provides essential information regarding the crystallography of the reaction.
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