metal film. To maintain a sharp boundary with the OTS-covered region, a suffi-
ciently large drop of the aqueous silver enhancer solution was placed on the hy-
drophobic portion of the surface (in the OTS-covered region) and then pushed
with the tip of a pipette until being spontaneously and quantitatively sucked into
the thiolated region, at the contact line between the two monolayer regions. This
surface energy-driven phenomenon occurs because of the very high hydropho-
bicity (low surface energy) of the OTS (water contact angle =115°, advancing as
well as receding), compared with that of the thiolated layer (advancing angle
=60°, receding angle =30°). The development process was stopped, after a few
minutes of exposure to the silver enhancer solution, by sucking most of the liquid
with a piece of clean filter paper. Several rinses with drops of pure water were
then performed in the same manner, starting from the OTS-covered region, the
residual water on the silver film being let to evaporate under a dust cover.
‘Weakly bound surface contaminants were finally removed with a piece of Scotch
tape before taking the AFM images, without any visible damage being caused to
the silver electrode or to its sharp boundary at the OTS-covered region.

Controlled self-assembly of silver micro- and nanofeatures on a mono-
layer template pattern produced by the direct lithographic action of the
AFM tip (Figs. 3,4): the nanolithographic inscription of the -COOH pattern
on OTS/Si is followed by loading of the patterned surface with Ag* ions (in
the same manner as the Ag" loading of the thiolated surface (Figs. 2d,e) to
produce the silver carboxylate salt). The reduction of the Ag" ions to ele-
mental silver (yielding metallic silver nanoparticles and the regeneration of
free -COOH surface groups) was done with hydrazine (N,H,) vapor, by
placing the sample for ~10 min above a small beaker containing hydrazinium
hydroxide (N,Hs"OH"), in a closed glass vessel immersed in a water bath at
~40°C [31]. The sample was finally rinsed in a water overflow and blown dry
with clean nitrogen. The two-step silver generation cycle was repeated five
times, after which the silver nanoparticles accumulated on the surface were
mildly developed with a silver enhancer solution [23,24] (not shown). The
nanowires connect the micron-size electrodes to the edge of a millimeter-size
silver electrode (visible at the right side extremity of the images) fabricated
by the process described in Figure 2.

Patterns were “written” with conductive W,C-coated silicon tips (Silicon-
MDT) in a controlled humidity atmosphere (65-70% relative humidity,
obtained by mixing dry and wet nitrogen), using contact mode raster lithog-
raphy (minimal contact forces, 9-10 V positive sample bias relative to the
tip, 3.5-3.7 ms/pixel). The AFM images were taken in the ambient atmo-
sphere, in the semicontact mode, with regular silicon probes (Silicon-MDT).
A SOLVER P47 instrument (NT-MDT, Moscow, Russia) was used for both
patterning (with the lithographic software provided by the manufacturer)
and imaging. Lateral conductivity images were obtained in the contact mode,
as described in Figure 4.
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Ultralow-k Dielectrics Made by Supercritical
Foaming of Thin Polymer Films**

By Bernd Krause, Geert-Henk Koops,
Nico E A. van der Vegt,* Matthias Wessling,
Michael Wiibbenhorst, and Jan van Turnhout*

There is an urgent need for low- and ultralow-k dielectric
materials. The present insulation materials such as silicon
dioxide exhibit k values of 3.9-4.2) (k denotes the relative
permittivity, which is often also symbolized by ¢). Future gen-
eration materials require dielectric constants below 2.2.'3

Non-polar polymers allow us to conquer the low-k re-
gion,”* nonetheless only a few polymers meet the mechanical
strength and temperature requirements. In the quest for low-
ering the permittivity of polymers down to ultralow-k values,
several research groups are exploring the incorporation of
nanosized air cells. Current initiatives are based on two princi-
ples: i) thermal decomposition of a block copolymer made of
a thermally stable block and a thermally unstable one,*”)
ii) thermolysis of high glass-transition temperature (7,) poly-
mers blended with thermally labile fillers (polymers or organ-
ic components).!
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An entirely different route reported on here introduces
porosity in a physical and cleaner way. Our batch process
invokes the foaming created by the evaporation of dissolved
supercritical CO,. This strategy has the following attractive
features. Physical foaming by the escape of dissolved gases
from a polymer is not only non-polluting; it also produces no
impurities. It further enables precise tailoring of the morphol-
ogy from microcellular™ to bicontinuous, nanoporous struc-
tures."!! It is feasible, starting from amorphous low-k rigid
polyimides and by introducing porosities of up to 40 % to get
well into the ultralow-k regime. In addition, by applying a me-
soscopically ordered polymer we can create specially struc-
tured foams with disk-like pores, thus reducing the k-value
even further into hitherto unknown areas of mechanically
stable ultralow-k materials.

In our method? a thin polymer film is saturated with CO,
at an elevated pressure. The saturated, swollen film is next re-
moved from the pressure cell and immersed in a bath at an
elevated temperature causing nucleation and growth of nano-
sized gas cells, which are dispersed uniformly throughout the
film. By adjusting the conditions, the porosity of thin films,
e.g., of high-T, polyimides can be increased systematically,
thus providing routes to tune the k-value at will.

Moreover, one may take advantage of the molecular order
present in the polymer to control the shape of the voids, which
in amorphous films usually is spherical. We will show that
based on either amorphous or crystalline polyimides porous
structures can be made with either cellular voids between 10
and 500 nm or with lamellar structures having interlayer dis-
tances below 100 nm. These porous materials all have dielec-
tric constants in the ultralow-k range.

Five stiff, aromatic polyimides with different chemical com-
position and structure were studied; see Table 1. We selected

two commercially available amorphous polyimides (1, 2), two
specially prepared 4,4’-(hexafluoroisopropylidene) diphthalic
anhydride (6-FDA) based amorphous fluorinated polyimides
(3, 4), and commercially available semi-crystalline Kapton
HN (5), see Experimental section. This selection was based
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Table 1. Important process parameters of the pressure cell technique. The foaming experiments were performed for the given

values of the process parameter.

Polymer Foam P, Tat Tioam Morphology Density T, Vair Eexp. Elalc. Elalc.
No.  [MPa] [°C] [gem’]  [°C] [a] [c] [d]
1 dense 1.240 314 0 3 3 3
1 5.0 25 250 nanoporous 1.084 0.126 2.69 2.75 2.69
I 5.0 25 270 nanoporous 0.914 0.263 2.18 2.47 2.37
I 5.0 25 290 nanoporous 0.775 0.375 1.97 2.25 2.13
2 dense 1.430 250 0 2.79 2.79 2.79
v 5.5 25 220 microporous 1.207 0.156 2.4 2.51 245
A% 55 25 240 microporous 1.023 0.285 22 2.28 2.19
VI[b] 55 0 240 nanoporous 0.861 0.398 1.87 2.08 1.97
3 dense 1.481 298 0 2.73 2.73 2.73
VII 55 25 250 microporous 1.010 0.318 1.91 218 2.09
VIII[b] 5.5 0 250 nanoporous 0.870 0.413 1.774  2.02 1.91
4 dense 1.343 395 0 2.574 257 2.57
IX[b] 55 0 330 nanoporous 0.832 0.381 2243 197 1.89
5 dense 1.45 380 0 3.15 3.15 3.15
X 5.0 25 150 layered 1.35 0.069 2.85 3.00 2.96
XI 5.0 25 200 layered 1.25 0.160 2.57 2.81 2.72
XII 5.0 25 250 layered 1.13 0.221 2.26 2.67 2.57
XTI 5.0 25 300 layered 1.08 0.255 1.98 2.51 2.39

[a] Measured at 1 kHz and 25 °C. [b] Saturation temperature reduced to 0 °C to compensate for higher carbon dioxide diffusiv-
ity in these materials and to increase solubility of carbon dioxide. [c] Using linear rule of mixtures. [d] Using Maxwell-Gar-

nett’s mean-field equation.
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on their low intrinsic dielectric constant, their thermal stabil-
ity (reflected by a high glass-transition temperature) and
differences in molecular packing, i.e., amorphous or semi-
crystalline.

Polymer films were prepared and saturated in a pressure
cell at a CO,-pressure Pg,¢ and saturation temperature 7gy.
Subsequently, the CO, was quickly released from the pressure
vessel. The gas-saturated, plasticized polymer film was then
immersed for 30 s in a heating bath that was held at the de-
sired foaming temperature Tio,m. The foamed samples were
next quenched in ethanol and dried under vacuum at 30 °C to
remove all traces of ethanol. The foam morphologies obtained
depend mainly on the variables P, T, and Tfoam.[“] The
experimental conditions are presented in the Experimental
section. The characteristic properties of the foamed polymers,
such as T,, densities, and dielectric constants are listed in
Table 1.

During the transfer of the gas-saturated polymer from the
pressure vessel to the heating bath, diffusion of carbon diox-
ide out of the polymer takes place. This leads to a lower car-
bon dioxide concentration near the surface and results in a
dense skin layer, which covers the microporous foam core.

Figure 1 depicts the expansion of Matrimid (1) in terms of
its mass density and shows the temperature window in which
porous structures can be manufactured. The lower limit is the
glass-transition temperature of the swollen polymer—gas mix-
ture. It strongly depends on the carbon dioxide content. The
upper limit is close to the glass-transition temperature of the
neat polymer. At the maximum foaming temperature of
300 °C, the density of the foamed Matrimid
(1) samples decreases to approximately
61 % of that of the initial polymer.

The porous Matrimid (1) films display a
microcellular morphology with cell dimen-
sions between 20 to 50 nm as shown in the
scanning electron micrograph of Figure 2A.
Such small cells have not been reported be-
fore for foaming techniques. The main rea-
son for these extraordinary small cells is the
high CO, solubility in Matrimid (1) and in
polyimides in general, which causes very
high gas nucleation densities.

Comparable porosities of 38, 40, 41, and
38 % could be achieved for all the amor-
phous polymers 1-4 investigated, at their
maximum foaming temperature (Table 1).
In all cases nanofoam structures were
formed.

The saturation temperature (Table 1) can
be utilized as an additional variable to con-
trol the void dimensions. Lowering the sat-
uration temperature to 0 °C causes a signifi-
cant increase in carbon dioxide solubility
and at the same time a strong reduction in
CO,-diffusion out of the film. The large in-
fluence of the carbon dioxide content be-

Adv. Mater. 2002, 14, No. 15, August 5
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Fig. 1. Density of Matrimid (1) at different foaming temperatures. The samples
were saturated with supercritical CO, (50 bar) for 2 h at room temperature.
Foaming times of 30 s were used. Foaming starts at the glass-transition temper-

ature (7,) of the highly plasticized polymer/gas mixture and stops at an upper
temperature (Tyupper) close to the glass transition of the pure polymer.

comes apparent when we compare the scanning electron mi-
crographs in Figures 2B and C. Microcellular morphologies
prevail when the films are saturated at 25 °C, whereas nano-

tam B4 1 BB/JUNSDE

Fig. 2. SEM images: A) Matrimid (1) foamed at 270 °C. Magnification 50000, white horizontal bar
equals 200 nm. B) 6-FDA-4,4"-6F (3) saturated at 25°C and foamed at 250 °C. Magnification 30000,
white horizontal bar equals 500 nm. C) 6-FDA-4,4"-6F (3) saturated at 0°C and foamed at 250°C.
Magnification 100000, white horizontal bar equals 100 nm. D) Kapton HN (5) foamed at 300°C.
Magnification 50 000, white horizontal bar equals 200 nm.
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foam morphologies emerge when the carbon dioxide satura-
tion step is performed at 0°C. Only nanoporous structures
(Fig. 2C) with pore sizes below 10 nm have the potential for
application in multilayer microelectronic devices. For such ap-
plications continuous saturation and foaming steps have to be
implemented.

For the characterization of the dielectric properties, see Ex-
perimental, we have studied all materials over a broad fre-
quency (107'-10° Hz) and temperature range (25-240°C).
The results confirm the expected: an advantageous marginal
dependence of the permittivity on frequency and temperature
owing to the low dielectric losses in all polyimides (see
Fig. 3). For a comparison between polyimides (1-4) of varying
porosity we can therefore restrict the discussion to values of
the dielectric constant at 1 kHz and 25 °C, which are given in
Figure 4 and in Table 1.

35
30F a
¢ b
25
20 F d
15
10—
0 50 100 150

temperature [°C]

Fig. 3. Dielectric constant of the commercial PI (1) vs. temperature at 1 kHz,
for 4 porosities: a) unfoamed, b) v,;, =0.126, ¢) v,;, =0.285, and d) v,;, =0.375.

As anticipated, all foams (samples I-IX in Table 1) show a
considerable reduction in the dielectric constant. It drops
down to k=1.77 for the foamed materials. Interestingly, this is
already below the ultralow-k limit.

Figure 4 shows for the amorphous polyimides (1-4), the
relation between the porosity and the permittivity. The latter
decreases noticeably as will be self-evident, since the increas-
ing amount of air will ultimately lead to a permittivity of one.

We have modeled the measured permittivity of the two-
phase nanofoams by two appropriate rules of mixtures. Both
hold for spherical air inclusions (&,;; = 1) in a polymer matrix up
to relatively high volume fractions, see Maxwell-Garnett (MG)
and Looyenga-Landau-Lifshitz (LLL). The upper bound for k
OT € VS. vy, (void fraction) calculated with the simple linear or
parallel rule, and the lower bound, which corresponds to a layer
or series model, are plotted as reference curves.

The measured k or ¢ vs. v,;, data for three of the polyimides
(1-3) roughly follow the curves for spherical inclusions. Inter-
estingly, some e-data drop below the MG and LLL-estimates,
in particular for (1) and (3). This implies that the voids in
these foams are flattened out to ellipsoids. This is beneficial,
because it strengthens the lowering of k.

Polyimide (4), on the other hand, shows e-values that
surpass the upper bound. Such an odd behavior can only be
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Fig. 4. Dielectric constant (¢’ or k) vs. porosity for 5 types of aromatic polyimide
nanofoams (1)—(5). The measured data are compared with predictions made
with 4 rules of mixtures: parallel model — upper limit (full line), Maxwell-Gar-
nett for spheres (dashed line), Looyenga-Landau-Lifshitz for spheres (dotted-
dashed line), and series model — lower limit (full line).

rationalized by assuming a dielectric constant of the polyim-
ide, ¢p,, which unexpectedly rises with increasing porosity. A
likely explanation for this undesired effect must be sought in
the increased formation of charge transfer complexes (CTCs)
as could be proved by fluorescence spectroscopy.!'”!

Since CTCs are predominantly formed at higher tempera-
tures, a too high foaming temperature (330 °C for sample IX)
may result in more charge transfer complexes, which in turn
enhance the electronic part of the dielectric constant of the
polymer. CTCs have also been noticed by emission fluores-
cence for the polyimides (2) and (3). Such effects can fortu-
nately be avoided by a proper choice of Tioam-

An even more profound reduction in the dielectric constant
of polymers can be accomplished by reshaping the voids from
spherical to disk-like. Unlike the other foaming techniques,
which proceed from the amorphous polymer melt, supercriti-
cal solid-state foaming offers the unique opportunity to
achieve this aim by increasing the aspect ratio of the voids
drastically. By taking advantage of the molecular structure
present in a polymer, we can thus come close to the lowest
limit possible (series model).

In-plane oriented films, in which the molecular chains are
aligned parallel to the film plane, are prone to expand normal
to the thickness of the film. This provides the desired option

Adv. Mater. 2002, 14, No. 15, August 5
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to produce stratified foams. Layering occurs due to the affini-
ty of carbon dioxide to the amorphous inter-crystalline re-
gions. Owing to the rigid aromatic segments, the main chains
in semi-crystalline Kapton HN (5) films are aligned parallel to
the film plane,[14’15] making this polymer a suitable candidate.

Kapton HN (5) films were foamed at the conditions given in
Table 1 and the dielectric properties of foams with different
void fractions are presented in Figure 4. The drop in the
dielectric constant with the void fraction shows a trend, which
indeed follows the prediction for an ideal layer or series model.
Clearly, a far more pronounced decrease in the dielectric con-
stant is observed for (5) than for the amorphous polyimides
(1-4) with spherical inclusions; k (v, =0.255) is already as low
as 2.0 despite the high intrinsic dielectric constant of k=3.15.
This outcome is supported by the scanning electron micro-
graphs of foamed (5) in Figure 2D, which clearly reveal a
sheet-like structure. From these micrographs two characteristic
layer spacings can be identified: a) distances between 1 and
10 nm, and (not shown) b) distances between 100 and 500 nm.

Foaming will not only reduce the dielectric constant, it will
also lower the elastic modulus. We have measured the
Young’s modulus of non-foamed and foamed films of polymer
(2) with the Perkin-Elmer 7e dynamic mechanical analyser in
the temperature range from RT to 300°C. All films showed
the same temperature dependence with the modulus only fall-
ing slightly, until the glass transition was reached. Some values
of the E-modulus at RT are collected in Table 2. The modulus
drops roughly linearly with the porosity. Like the dielectric
constant we have modeled the E-modulus too. We have used
amongst others 3D-models, which allow the foams to be ana-
lyzed as co-continuous structures (not shown).

Table 2. Young’s modulus of polymer (2) at RT vs. porosity.

Porosity E-modulus
[GPa]
0 2.1
0.156 1.7
0.285 1.3
0.398 1.0

We have presented a novel, versatile approach for the pro-
duction of ultralow-k polymer films. Depending on the glass-
transition temperature of the aromatic polyimide mechani-
cally and thermally stable (>300°C) films are formed that
have porosities of ca. 40 % and k or e-values below 1.8. Mo-
lecular orientation of the parent polymers allows one to
manipulate the foam morphology from spherical to layered
structures, which yield the lowest k-values realizable.

The nanofoams are not only of importance for ultralarge-
scale integration on chips, they also represent a new family of
materials for the long term storage of electrical charges in
polymers. As such they might spur a new breed of electret
devices, including the piezo and pyro-active ones.'*18]

A variety of other options can be pursued using supercriti-
cal foaming. We foresee, for instance, that polymers that tend
to self-organize in aligned mesoscopic structures—such as
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side-chain or main-chain liquid crystalline polymers—might
allow us to boost the porosity to even higher values (like those
in aero- and xerogels) without sacrificing the mechanical
strength.

Experimental

Materials: Matrimid 5218 (1) and LaRC-CP1 (2) were obtained from Ciba
Specialty Chemicals, Basel, Switzerland and SRS Technologies, Huntsville,
USA, respectively. The 6-FDA based polyimides 6-FDA-4,4’-6F (3) and 6-
FDA-TMPD (4) were synthesized by chemical imidization of the poly(amic
acid) precursor. The poly(amic acids) of both fluorinated polyimides
were prepared from equimolar amounts of 4,4’-(hexafluoroisopropylidene)
diphthalic anhydride (6-FDA) and the corresponding diamine (2,2-bis(4-amino-
phenyl) hexafluoropropane (4,4’-6F) and 2.,4,6-trimethyl-1,3-phenylenediamine
(TMPD)) by solution condensation in N,N-dimethylacetamide. The poly(amic
acid) precursors were converted to the corresponding polyimides by chemical
imidization with acetic anhydride and pyridine. The 6-FDA based polyimides
were precipitated in methanol and purified by dissolving in N,N-dimethylform-
amide and precipitation in methanol again. Kapton HN (5) films of 75 um were
obtained from DuPont, USA and used as received.

Foam Formation: The polymers (1-4) shown in Table 1 are used for film for-
mation (~100 um thick) by solution casting (20 wt.-% polyimide in N-methyl-
pyrrolidone) on a glass plate. The cast films were dried in a nitrogen atmo-
sphere at 75°C for 4 h. Subsequently, the homogeneous dense films were
removed from the glass and further dried under vacuum at 150 °C for several
weeks to remove the last traces of solvents. Commercially Kapton HN (5) films
of 75 um were dried under vacuum at 150°C for 2 days. The polymer films
(1-5) were cut into 4 cm x4 cm pieces and placed in a pressure vessel con-
nected to a carbon dioxide cylinder. The samples were then saturated with car-
bon dioxide at a saturation temperature (7s,) and saturation pressure (Pg,) for
2 h (saturation half-times scale with the square of the film thickness and are sig-
nificantly lower for thinner films). Subsequently, the carbon dioxide was quickly
released from the pressure vessel (within 1 s). After removing the gas-saturated
polymer film from the pressure vessel, the sample was immersed for 30 s (foam-
ing time) in a glycerol bath maintained at the desired foaming temperature
(Ttoam)- The foamed samples were next quenched in an ethanol/water (50:50)
mixture, washed in ethanol, and dried under vacuum at 30 °C for 24 h to re-
move traces of ethanol and water.

Characterization Methods: The glass-transition temperature, T}, of the films
was determined with a Perkin Elmer differential scanning calorimeter DSC7,
using the second heating run at a rate of 20 Kmin™'. The density of the films
and foams were determined by applying the flotation weight loss method
(ASTM D-792) with hexane as liquid. The void fraction (v,;;) was calculated
from the density data.

The microcellular morphologies of the foamed samples were investigated
using a Joel JSM-5600 LV scanning electron microscope (SEM). The samples
were freeze fractured in liquid nitrogen and sputter coated (Balzers/Union 040)
with gold at an argon pressure of 13 Pa for 2 min at a current of 14 mA.

Dielectric properties of the well-dried film samples were measured by a
broadband dielectric spectrometer using a combination of three dielectric
analyzers for (partially) overlapping frequency ranges: a frequency response
analyzer (Schlumberger 1260) with a custom-made dielectric interface
(10°-10* Hz), a Hewlett-Packard 4284 A precision LCR-meter (10°-10° Hz)
and a HP4194 A RFE-spectrometer (10°-1.8 x 10° Hz). For the dielectric analy-
sis, squared pieces were cut from the films. On both sides of the pieces Au elec-
trodes (¢ =20 mm) were sputtered to provide good electrical contact to the
plate electrodes of the cryostat. Careful measurement of the thickness and area
of the samples, together with calibrations of the electrode and analyzer config-
uration, resulted in k values with an error of 3 % or less.

The following equations were used for the computations:

parallel - upper limit: &" = 1 + v, (e, - 1) (1)
series - lower limit: 1/¢” =1 + v, (1/e, - 1) ?2)
Maxwell-Garnett - spheres: (¢" - 1)/(¢" + 2) = v, (e}, - 1)/(e}, + 2) 3)
LLL - spheres: e =1+ Vp (8;)”37 1) 4)

where ¢ is the real part of the dielectric constant of the foam, &', that of the
polymer and v, the volume fraction of the polymer. Since the losses are small,
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we could simply use the real part ¢ in all models. Note that k equals ¢’, and that
€ air = 1. For theoretical details about the models, see, e.g., C. J. F. Bottcher and
P. Bordewijk [19]. For non-spherical voids, as is the case for (1) and (3), the MG
and LLL-models should be modified by introducing a shape factor. This shape
factor is determined by the aspect ratio; for spheres it equals 1/3, see, e.g., G.
Banhegyi [20].
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Uniform Boron Nitride Coatings on Silicon
Carbide Nanowires™*

By Chengchun Tang,* Yoshio Bando,* Tadao Sato, and
Keiji Kurashima

Research into one-dimensional nanometer-scale structures
is at present attracting considerable interest due to their con-
tribution to the understanding of basic concepts and potential
technological applications."! Among the various interesting
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novel materials, SiC nanowires are of technological relevance
especially for their potential applications in nanoelectronics,
nanocomposites, and electron field-emitting devices.”) Me-
chanical properties measured by combining atomic force mi-
croscopy and lithography techniques indicate that the strength
of SiC nanowires is a factor of two times better than observed
previously for SiC whiskers of micrometer diameter. SiC
nanowires, therefore, are excellent candidates for reinforcing
elements in composites.m In fact, there has been a great deal
of research in reducing failure of brittle matrices by incor-
poration of SiC whiskers. Depending on the nature of SiC
whisker and matrix, strong whisker/matrix interactions usually
are inevitable and the strength of the composite structure is
therefore not significantly improved over the strength of the
pure matrix.”! The SiC nanowires should also show an interac-
tion with the matrix due to the fine structure and high surface
area. Considering that whisker/matrix interfacial properties
can be weakened by using whiskers that are coated by chemi-
cally stable boron nitride,” boron nitride coatings on SiC na-
nowires might offer an effective approach to depressing the
interaction because BN has unique chemical and physical
properties such as low density, high melting point, chemical
inertness, and high thermal conductivity in a wide range of
temperatures. This type of coating should also be valuable
for using the nanowires as a separate layer between semicon-
ductor nanowires and electronic substrates due to the insulat-
ing nature of boron nitride,'®! and as a promoting component
for large field-emitting factors due to its negative electron
affinity."]

SiC nanowires (nanorods) have been fabricated by carbon
nanotubes-confined reactions,[g] catalytic[z‘"’] or hot-filament
assisted”’ chemical vapor deposition, and arc-discharge!'”
methods. Amorphous silica,"! boron nitride nanotubes,' or
boron nitride—carbon wrappers!'®! (nanocables) on SiC nano-
wires have also been synthesized. However, the mentioned
processes are usually expensive and do not provide uniform
coatings over the entire surface of the nanowires. The poorly
crystallized and non-uniform coatings adversely affect the
thermomechanical and electronic properties of the compos-
ites.

Our process described here produced SiC nanowires that
were uniformly coated with boron nitride by a specially de-
signed chemical reaction to control the relative concentra-
tion of boron nitride and silicon carbide and to simulta-
neously generate their gas-phase precursors for chemical
vapor deposition. B,O, and SiO vapors were generated by
heating the mixture of boron and silicon oxide at the high
temperature of 1500°C by the following solid-state reac-
tion:

2B(s) + 2SiO5(s) — B,,0,(g) + 2Si0(g) (1)
The simultaneously formed vapors were transported to a de-
position area, where a highly oriented pyrolitic graphite

(HOPG) covered with fine nickel catalyst grains was placed.
Silicon carbide and boron nitride can be formed on the sur-
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