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Abstract

New form silicon and germanium whiskers have been grown
by thermal decomposition of silane (SiH4) or german (GeH4) in
argon atmosphere.

Siliéon whiskers can be grown at around 550°C on the
surface of silicon single crystal stained with small traces
of finger grease or coated with metals of low melting point
sﬁch as Pb, In, Bi, Zn and Te. The as-grown whiskers were
amorphous as revealed by electron diffraction and three
diffuse rings in pattern roughly correspond to Debye-Scherrer
rings of diamond lattice.

At around 500°C fine whiskers of silicon have been grown
on a gold plated surféce of silicon crystal. It is demon-
strated that most of them have a 6H structure (hexagonal,
a=3.842 and c=18.59%) which accounts for their electron dif-
fraction patterns. Besides, 27R, 51R and 141R structures
have also been discovered. Each whisker has an outer crust
of amorphous silicon at above 520°C. Raising the growth
temperature converts these whiskers into amorphous whiskers.

New form germanium whiskers with a tetragonal structure
(a=7.62§, b=6.20§) have been grown on gold alloyed germanium
surface. The growth temperature ranged from 260° to Au-Ge
eutectic point of 356°C.

The purpose of this thesis is to discuss about the
growth and the structure of these entirely new materials.
Polytypes and Amorphous state in Silicon are also of main

interest.



§1 Introduction

A) Background

Study of growth and nature of whiskers is an important
field of research not only for pure solid state physicists
but for gndustrial engineers. Generally speaking, whiskers
are metallic or non metallic filamentary single crystals
with micron-sized widths or diameters and have ultrahigh
strength (of the order of 106 psi) and high elastic moduli.
Because of their remarkable characteristics whiskers have
become the subject of intense study in recent years.

While in the field of solid state physics, growth mecha-
nisms and physical properties of whiskers in a great number
and variety of substances have been examinedl). A variety
of methods have been developed to obtain large number of
whiskers for subsequent studies of their physical properties,
for examples "Evaporation-Condensation", "Chemical Reductiocn",
"Vapor Phase Reduction","Grewth from the Melt", "Growth from
Solution", and so forth. Their characterization has also
been done by using optical microscopes, electron microscopes,
electron diffraction , X ray diffraction, X ray topograph and
mechanical testing techniques like tensile test. For review-
ing these and other previous works in whiskers an excellent
textbook edited by Levitt should be consultedz). Extensive
references to many studies are given there.

B) Brief Historical Review

Whisker growth from the vapor had been usually explained

by a mechanism proposed by Sears3). The special growth form

for a whisker crystal implies that the tip surface of the
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crystal must be a preferred growth site. He proposed that,
according to the Frank's theory4), a whisker contains a
screw dislocation emergent at the growing tip which provides
a preferred growth site. Axial screw dislocations have been
observed and reported for a few filamentary materials but
reservations have arisen regarding its universal application.
Nine different whisker materials were investigated by Webbs)
and a single axial dislocation was discovered only in the
palladium whisker. Since that time these considerations
have stimulated a careful study of the role of agents in
filamentary crystals. The discovery by Wagner and Ellis of
the vapor -liquid-solid (VLS) mechanism can be summarized as
followsG_g). The presence of a liqﬁid layer which is con-
taining impurity and in contact with the growing crystal has
an importance. The surface of liquid has a larger accommo-
dation coefficient and is therefore a preferred site for
vapor deposition. The liquid layer becomes supersaturated
with material supplied from the vapor , and crystal growth
proceeds at the ligquid-solid interface by precipitation. 1In
this case the screw dislocation theory is unnecessary to
explain the experimental results.

As a matter of fact, silicon and germanium have an
advantage of several independent techniques such as infrared
absorption, electron paramagnetic resonance, electrical
measurements and other methods mentioned already. It is
practically convenient that these materials do not deform

plastically at room temperature and therefore dislocations

are not introduced into themselves during experimentation.
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From now we are concerned with studies relating to the growth
and the characters of whiskers in silicon and germanium.
C) Statement of the Problem

Recently, the present author has observed the growth of
silicon thskers with amorphous and 6H structure and germanium
whiskers with tetragonal structure. Especially, growth of
amorphous whiskers is rarely found in the field of crystal
growth. Nobody has reported the structures of 6H and tetrago-
nal in these materials too. It should also be emphasized here
that growth of these three types of whiskers is not a kind of
accidental one. It is a main purpose of this paper to present
detailed experimental results and discuss the atomic arrangement
of these entirely new whiskers. Role of agents on the fila-

mentarf growth is also discussed.



§2 Experimental Method

The apparatus used for the growth of whiskers is shown
in Fig.l. It consists simply of a tube furnace containing a
guartz tube (30 mm in diameter). The whole of the gas supply
system was constructed of teflon pipes, cocks and their con-
nectors. Argon and mixture gas consisting of 97% argon and
3% SiH, (or 1% GeHy) at a measured flow rate were supplied
through the tube. Thin (111) oriented silicon and germanium
substrates (5 mm by 5 mm, 0.5 mm thick) were etched with CP4
solution, rinsed in an ultrasonic washer containing deionized
water and boiled with acetone and dried in clean air at room
temperature. After coating with an appropriate reagent with
99.99% purity in a thickness of about 2000 g by evaporation
in a vacuum of 10_6 Torr, these substrates in three guartz
boats were pushed into the reaction tube by means of a clean
silica rod.

In the beginning, the air in whole gas flow system was
purged perfectly with semiconductor grade argon for 15 minutes
and these substrates were heated up to the growth temperature
in an argon stream (1 1/min). After the temperature was settled,
the mixed gas was introduced into the reaction tube at the
rate of 0.5 1/min. That made a total flow rate of 1.5 1l/min.
The furnace temperature was stabilized within +2°C. A chromel-
alumel thermocouple was used to detect the temperature of the
central position of the furnace. Figure 2 shows the tempera-
ture profiles of the reaction tube. After growth period
(varied from 20 min. to 16 hours), the electric current of the
furnace was cut off, the substrates were cooled down to 100°C

in an argon stream and taken out.
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A further precaution is necessary in growing good whiskers:
It is desirable to cut off the incident ultraviolet rays from
the fluorescent lights in the laboratory and the sunlight com-
ing into the equipment, which stimulate the imperfect decomposition
of silane that results in dirty depositoh of half-decomposed
molecules on all exposed parts of the growth system, especially
in the flow meter.

Transmission electron micrographs (TEM), electron diffrac-
tion patterns taken at 100KV and scanning electron micrographs
(SEM) were used for characterization, identification and

crystallography of the whiskers.
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Fig.l Diagram of apparatus used for growing whiskers.
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§3 Experimental Results 10

A) Amorphous Silicon Whiskers

Most of growth experiments were carried out at the
temperature region from 500°C to 600°C. 1In the early stage
of this study, only the stain by small traces of finger grease
on the substrate was known as playing an essential role in the
growth of amorphous silicon whiskers. Later, whatever the
explanation, it was also found that any of Au, In, Bi, Zn, Pb
and Te could be an effective catalizer to grow amorphous whiskers.
Especially, Au and In were found to be the best ones. Therefore,
in the later stage of the experiment, mostly Au of 99.99% purity

6 torr) onto the surface of substrates

was evaporated in vacuum (10
to make good whiskers. Almost all whiskers were grown on (111)
surface of silicon but growth was observed regardless of the
Miller indices of the surface planes. A silica plate or an oxide
layer on silicon surface can also be used as a substrate.

_The obtained whiskers appeared as a spot of gray or light
brown fuzz to the naked eyes. It has been found by scanning
electron microscope at relatively lower magnification that
whiskers are tangled and look like a spider's web. On the
contrary to crystalline whiskers, long straight ones were seldom
found among the gregarious whiskers as shown in Fig.3, where
whiskers grown on the substrate stained with finger grease are
given. .No apparent difference in morphology and electron
diffraction is observed between the whiskers grown on finger
grease and metal films of low melting points. Figure 4 shows

the whiskers grown on indium plated substrate. The diameter
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of whiskers increases as the temperature 6f growth is raised
from 500° to 600°C, ranging from a fraction of a micron up to
50 um. Those grown on the areas of the same temperature have
almost the same diameter. The maximum length obtained by 16
hours running was about 4 mm, while that grown for one hour

was about 1 mm. Scanning electron microscope study has revealed
characteristic features of the whiskers as follows. Each
whisker has a uniform circular cross section with a hemispherical
tip when its diameter is less than several microns. The tip
becomes rather spherical as the diameter of the whiéker
increases. The surface of thin whisker looks very smooth at
magnifications up to 10000 times (Fig.5), but it becomes rough
with increasing the diameter (Fig.6). Finally, whiskers grown
above 550°C are thick and rough and have a large rugged globule
on each top. Hooks, branches and crossings were observed very
often but there is no characteristic angle which reflects a
crystal siructure. Examples of SEM photographs of the crossing
whiskers are given in Figs. 6 and 7. A sharp boundary line
betwegen two crossing is clearly seen in each picture.

The amorphous whiskers are firmly attached to the
substrates, on the other hand they do not have enough mechanical
strength in themselves compared with crystalline whiskers. By
vibrating mechanically in an ultrasonic washer containing water,
almost all whiskers were broken not at the root but in the
middle part of the length. As shown in Figs. 8-A, B, broken
sections look flat and no structure is recognized on them
regardless of the outer shape or the roughness of the column
surfaces.

By applying the Archimedean method, the density of amor-
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A Transmission electron diffraction (TED) pattern of an amorphous
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