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Abstract

New form sュ ■icon and german■ um whiskers have been grown

by therma■  decomposition of si■ ane (SiH4)° r german (GeH4) in

argon atmosPhere.

Silicon whiskers can be grown at around 550° C on the

surface of silicon single crystal stained with sma■ ■ traces

of finger grease or coated w■ th meta■ s of ■ow me■ ting po■ nt

such as Pb′  工n′  Bi′  Zn and Teo  The as― grown whiskers were

amorphous as revealed by e■ ectron diffraction and three

diffuse r■ ngs ■n pattern rough■ y correspond to Debye― Scherrer

rュ ngs of diamond lattice.

At around 500° C fine whiskers qf si■ icon have been grown

on a gold Plated surface of s■ ■icon crysta■ .  It is demon―

strated that most of them have a 6H structure (hexagonal′

a=3.84Å and c=■ 8.59Å)which accounts for their e■ ectron dif―

fraction patterns.  Besides′  27R′  5■ R and 14■R structures

have also been diЁ covered.  Each whisker has an outer crust

of amorphous si■ icon at above 520° C.  Raising the growth

temperature converts these whiskers ■nto amorphous whiskers.

New form german■ um whiskers w■ th a tetragonal structure

(a=7。 62A′  b=6。 20A)have been grown on gold al■ oyed germanium

surfacee  The growth temperature ranged from 260。  to Au― Ce

eutectic Point of 356° C.

The purpose of this thes■ s ■s to discuss about tho

growth and the structure of these entirely new mater]_als.

Po■ytypes and AmorphOus state ■n Si■ iCon are a■ so of ma■n

■ntereste



§l IntFOduCtion

A) Background

Study of growth and nature of whiskers ■s an ■mportant

fie■d of research not on■y for pure solid state phys■ c■ sts

but for ■ndustr■ al engineers.  Genera■ ly speaking′  whiskers

are meta■■ic or non metalliC filamentary s■ ng■e crysta■ s

w■ th m■ cron― s■ zed w■dths or diameters and have u■ trahigh

strength (of the order of ■06 psi)and high elastic moduli.

Because of the■ r remarkable character■ stics whiskers have

become the subject of intense study in recent years.

whi■e ■n the fie■ d of solid state phys■ cs′  grOWth mecha―

n■ sms and phys■ cal properties of whiskers ■n a great nulnber

and var■ ety of substances have been exam■ ned・ ).  A var■ety

of methods have been deve■ oped to obta■ n large number of

whttskers for subsequent studies of the■ r phys■ ca■  properties″

for examp■es i'Evaporation― Condensation"′  "Chemical Reduction"′

"Vapott  Phase Reductioni:′ "Growth from the llelt"′  ,Growth from

So■ utionll′  and so fortho  Their characterization has a■ so

boen dOne by us■ ng optical m■ croscopes′  electron m■ croscopes′

e■ectron diffraction ′ X ray diffraction′  X ray topograph and

mechan■ ca■  testing techniques ■ike tens■ le test.  For rev■ ew…

■ng these and other prev■ ous works ■n whiskers an excel■ent

textbook edited by Lev■ tt shou■ d be consulted2).  ExtenS■ ve

references to many studies are given there.

B) Brief Historical Review

Whisker growth from the vapor  had been usually exp■ ained

by a mechan■ sm proposed by Sears ).  The spec■ al growth form

for a whisker crystal implies that the tip surface of the
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crystal must be a preferred growth s■ te.  He proposed that′

according to the Frankls theory4)′  a "httsker contains  a

SCFeW diSlocation emergent at the grow■ ng tip whttch prov■ des

a preferred growth site.  Axial screw dislocations have been

observed and reported for a few fi■ amentary mater■ als but

reservations have ar■sen regarding its un■versal app■ icattton e

Nine different whisker materials were investigated by Webb5)

and a s■ ng■e ax■ a■ dislocation was discovered only in the

pal■adttum whisker.  Since that time these cons■ derations

have stttmulated a carefu■   study of the ro■ e of agents ■n

filamentary crystalso  The discovery by Wagner and E■ lis of

the vapor ―■iquid― solid (VLS)mechanttsm can be summarized as

fo■ ■ows6-8)。   The presence of a liquid layer which is con―

ta■ n■ng impur■ ty and in contact w■ th the grow■ ng crysta■  has

an ■mportance.  The surface of liqu■ d has a larger accOmmo―

dation coeffic■ ent and is therefore a preferred s■ te for

vapor  depos■ tione  The liqu■ d layer becomes supersaturated

w■th mater■ al supplied from the vapor ′ and crystal growth

proceeds at the liquid― sO■ id interface by precipitation.  工n

this case the screw dis■ ocation theory is unnecessary to

explaュ rl the exper■mental resu■ ts.

AS a matter of fact′  si■ icon and germanitm have an

advantage of several independent techniques such as ■nfrared

absorptiOn′  e■ ectron paramagnetic resonance′  electr■cal

measurements and other methods mentioned a■ ready.  It is

practical■ y conven■ ent that these mater■ als do not deform

p■astica■ ■y at room temperature and therefore dislocations

are not ttntroduced into themselves dur■ ng exper■mentation.
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From now we are concerned w■ th studieS re■ ating to the growth

and the characters of whiskers ■n s■■icon and german■ um.

C) Statement of the Prob■ em

Recently′  the present author has observed the growth of

silicon whiskers with amorphous and 6H structure and germanium

whiskers w■ th tetragonal structure.  Espec■ ally′  growth of

amorphous whiskers ■s rarely found in the field of crysta■

growth.  Nobody has reported the structures of 6H and tetragO・

nal in these mater■ a■ s too.  工t shou■ d also be emphas■ zed here

that growth of these three types of whiskers is not a kind of

acc■ dental onec  lt is a ma■ n purpose Of this paper to present

deta■■ed exper■mental resu■ ts and discuss the atom■ c arrangement

of these entirely new whiskers.  Role of agents on the fila―

mentary growth is a■ so discussed.



§2 Exper■ menta■ Method

The apparatus used for the growth of whiskers ■s shown

ュn Fig.1。   ェt cOns■ sts S■mply of a tube furnace conta■ n■ng a

quartz tube (30 mm in diameter).  The whole of the gas supp■ y

system was constructed of tef■ on pipes′  cocks and the■ r con―

nectors.  ArgOn and mixture gas consisting of 97t argon and

32 SiH4 (° r ■t GeH4)at a measured flow rate were supp■ ied

through the tube.  Thttn (■ ■■)Oriented si■ ttcon and germanttum

substrates(5 mm by 5 mm′  0。 5 mm thick)were etched wttth CP4

solution′  r■nsed in an u■ trason■ c washer conta■ n■ng de■ on■ zed

water and bo■ ■ed w■ th acetone and dr■ ed in c■ ean a■ r at room

temperatureo  After coatttng w■ th an appropr■ ate reagent w■ th

99。 99冦 purity ttn a thttckness of about 2000 A by eVaporation

in a vacuum of 10 6 1。 rr′  these substrates in three ouartz

boats were pushed into the reaction tube bv means of a c■ ean

s■ ■ica rod.

In the beginning′  the air in whole gas f■ ow system was

purged perfectly w■ th sem■ conductor grade argon for ■5 m■nutes

and these substrates were heated up to the growth temperature

in an argOn stream (■  ■/min).  After the temperature was settled′

the m■ xed   gas was ■ntroduced into the reaction tube at the

rate of O.5 ■/mine  That made a tota■  flow rate of ■.5 ■/min.

The furnace temperature was stabi■ ized within +2° c.  A chromel―

a■ume■ thermocoup■e was used to detect the temperature of the

centra■  position of the furnace.  Figure 2 shows the tempera―

ture profi■ e, of the reaction tube.  After growth per■ od

(varied frOm 20 mine to ■6 hours)′  the e■ ectric current of the

furnace was cut  off′  the substrates were cooled down to ■00° C

■n an argon stream and taken out.
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A further precaution is necessary in growing good WhiskeFS:

It is desirab■ e to cut  off the incident u■ travio■et rays frOm

the fluorescent■ ights ■n the ■aboratory and the sun■ ight cOm‐

■ng into the equipment′  which stimulate the imperfect decOmpos■ t=on

of s■■ane that resu■ ts ■n dirty depos■ ton of ha■ f― decomposed

mo■ ecules on ia■■ exposed parts of the growtl syStem′  eSpec■ a■ ■y

in the f■ow meter.

Transmission e■ ectron micrographs (TEM)′  eleCtron diffrac―

tion Patterns taken at ■00KV and Scanning e■ ectron micrographs

(SEM)were usё d for characteri2ati6n′  identification and

crysta■■ography of the whiskers.
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13  Exper■mental ResultS

A) Amorphous Si■ icon Whiskers

MOst of growth expё r■Inents were carr■ ed out at the

temperaturё  region from 5009C to 600° C.  工n the early stage

of this study′  on■ y the sta■ n by sma■ l traces of finger grease

on the substrate was known as P■ aying an essentia■  ro■ e ■n the

growth of alnorphous si■ icon whiskers.  Later′  whatever the

exp■anation′  it was a■ so found that any of Au′  工n′  Bi′  Zn′ Pb

and Te cou■ d be an effective cata■ izer to grow amoiphous whiskers.

Especia■■y′  Au and ln were found to be the best ones.  There fore′

in the ■ater stage of the experiment′  most■y Au of 99。 992 purity

was evaporated in vacuum (■ 0~6 tも rr)。nto the surface of substrates

to lnake good whiskers.  A■ most a■ l whiskerS Were grOwn on (■ ■■)

sllrface of s■ ■icon but growth was observed regard■ ess of the

M■ ■■er ■ndices Of the surface p■ aneso  A s■ ■ica p■ ate or an ox■ de

■ayer on s■ ■icon surface can also be used as a substrate.

. Le obta■ ned whis、 er, ,ppeared as a spot of gray or ■ight

brown fuzz to the naked eyes.  It has been found by scann■ ng

e■ ectrOn m■ croscope at relative■ y lower magn■ fication that

whiskers are tlang■ ed and ■ook ■ike a spideris web。   On the

cotttrary to crysta■ ■ine whiSkers′  ■ong straight ones were se■ dom

found aimong the gregaribus whiskers as shown in F主 9。 3′  where

whiskers grown on the substrate sta■ ned w■ th finger grease are

given.  No apparent difference in morpho■ ogy and e■ ectron

dilEfraction ■s observed between the whiskers grown on finger

grease and lneta■  fi■IIs of ■ow me■ting points.  Figure 4 shows

the whiskers grown on ■ndium p■ ated substrate.  The diameter

10



ll
of whiskers ■ncreases as the temperature of growth is ra■ sed

from 500。  t0 600° C′  rangttng frOm a fractiOn Of a micron up to

50 11m.  ThOse grown On the areas Of the same temperature have

a■most the same diamёtero  The maximum ■Ongth obtained by ■6

hours running was abOut 4 11ull′  whi■e that g30wn fOr One‐h6ur

was about ■ mm.  scann■ng e■ectron m■ croscope study has revea■ ed

character■ stic features Of the whiskers as fO■ ■ows.  Each

whisker has a unifOrm circu■ ar cross section With a hemispherical

tip when ■ts dttameter ■s ■ess than severa■  m■ crOns.  The tip

becomes rather spher■ ca■  as the diameter of the whisker

■ncreases.  The surface of thin whisker ■ooks very smooth at

magnificatiOns up tO ■oooo times (Fig.5)′  but it becOmes rough

with increasing the diameter (Fig.6).  Fina■ ly′ whiskers grown

above 550° C aFe thttck and rough and have a large rugged globule

on each tope  H00ks′  branches and crossings were 9bserVed very

oftem but there is nO characteristic ang■ e which reflects a

crysta■  structureぃ   Exattp■ es Of sEM photographs Of the crossュ ng

whiskers ttre givett in Figs. 各andアc  A sharp bOundary ■ine

between two cIOss■ng is cleatr■y seen ヱn each p■ cture.

The amorphous whiskers are firmly attached tO the

subsltrates, o罰  the other hand they do not have enough mechan■ ca■

strttgth in themselves cOmpared with crysta■ ■ine whttskers.  By

v■brating mechan■ ca■ ■y in an u■ trasOn■ c washer cOnta■ n■ng water′

a■most a■ ■ whiskers were broken not at the r00t but in the

midd■ e part Of the ■ength.  As shown in Figs。  8-A, B,broken

sectttOns ■00k f■ at and nO structure is recognttzed on them

regard■ ess Of the outer shape or the roughness of the co■ umn

surfaces.

By applying the Archimedean method′  the dens■ t, of amor―



12

0    ・
0

ヽ
●
ｂ

．

■
ハ
ー
●

´
　

―

目
知

Fig.3  Scannirlg e■ ectron
s il_icon whiskers grolマ n

目
1.ユ|ロ

microscope (SEM)
On the substrate

photographs of
s stained wゴ_tll

anorphous
finge■・ grcase.

1_3311



■3

「
ig.lI  SEM photO.
■燿liskcrs grOWn

of amorphous
On ln p■ ated

蹴J

s■■icon
s・abStratc.

‐ ‐」
]_4.61」

■nter―

Fig.5  Surface
by SEM a.t the

of a thin whisker
magn■ fication oI

日
0,■ 5ロ

exam■ned
■09000× .

Fig,6  sEM photo. of a pair of
crossed wll■ skers.

「
i3.7  SEM plloto. showing a
■ine at the cross■ ng po■ nt
whiskers.

トー………1
■.511

sharp jl■■Ction
of two



14

目
■5。 6ぃ

a crosS
gro■rn at

section
6oo° C

Fig。 8_B  BrOken
gro、マn at 550° C

section
reg■ on

‐ |

■.311

thin■√hisker3
the fllrnace。

゛
工
　
ｎ

Ｏ

・■Fig.8-A  SEM photOo ShCwing
of a brOken ■arge ず■■Sker

region ■n the furl■ ace.

Fig。 9  A Transmission e■ ectron diffracti_on (rrED)pattern Of an amorphous
whisker.



15

phous whiskers has been measured.  Prepared whiskers were

immersed in aqueous so■ ution of znC■ 2 the density of which

ranged from ■.O to 2.4  g・ c面
~3.   F■

oatttng or sinking fibers

were observed by an optical m■ croscope.  The estimated dens■ ty

of amorphous whiskers is 2.07 1 0。 05  gecm~3′   which is ■■.5t

■ess than that of diamond type s■ ■土con。

A transm■ ssュ on e■ ectron diffraction pattern of an amor―

phous whisker ■s given ■n Fig.9′  which exhibits a typica■

ha■o ring pattern.  After the heat treatment at 900° C for ha■ f

an hour in argon atmosphere′  these whiskers were exam■ ned by

SEM.  As shown in Fig。 ■O some whiskers shrinked but others did

not.  The whiskers which did not shr■ nk were first exam■ ned.

A■ though no annealing effect is found in appearance by TEM

obserwation′  the corresponding diffraction pattern ■n Fig。 ■■

clear壺ly exhibits the evidence of crystal■ izatione  Thq radius

◎f eaCh sharp ring corresponds exact■ y to {■ ■■}′  {220}or {3■■}

盛iffrttction of ordinary diamond type ■attice.  Figure 12 a■ so

shows a TEltt photograph of an unshrinked whisker with a kink.  One

finds a naFrow gap between the mater■ al and an outer c■ osed

crust about 200 A in thickness which is presumab■ y the oxide

fi■m.  This means that a slna■ ■ vo■ume contraction took place

dur■ ng the heat treatment_  Continu■ ng e■ectron beam bombard―

ment caused further gra■ n growth and vo■ ume contraction and

FeSu■ted in a wrttnk■ ed and shrinked whisker.  A we■ ■ annea■ ed

whisker ■s a porous substance w■ th an outer crust.  The

corresponding e■ ectron diffraction patterni is given in Fig.■ 3.

Most of the dOtted r■ ngs ■n this dttffraction pattern can be

accounted for by the diamond structure but a few additiona■
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spotty ringS remained unidentified.  These unknown ringS are

possib■ y from the ,■■iCOn oxide crust′  but its crysta■  struC―

ture could not be determ■ ned s■ nce s■ ■icon ox■ de has more than

ten stable structures at around room temperature.  Severa■

e■ectron diffraction photographs of the we■ l annea■ ed whiskers

were taken ■mmediate■ y after etching by the aqueous so■ ution

of NH4F and HF which dissolves s■ ■icon ox■ de onlye  The unknown

SPOtty rings diseppear by this chemica■  treatment′  as Fig.14

showso  The fina■  vo■ume after fu■ ■ annё aling and.e■ ectron

bonLbardment was rough■y estimated to be less than 70t that of

as grown one.
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Fig。 1l  TED pattern oF a ha■ f annea■ ed whisker.
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FJ_g。 ■3  TED pa,ttern of a fu■ ■y annea■ea whisker.
rirlgs are accounted for by the norma■  diamond
Additゴ ona■ linknown spotty rings are indicated

Most of the dotted
type ■att ice.

by arrows.

Fig。 ■4  TED pattern OF ah annea■ ed whisker after
Offo  Note that unidentified rings disappear.

the crustヽ is etched
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B) PO■ ytypes of Si■ icon Whttskers

silicon whiskers grown on go■ d coated substrates exhibit

a remarkable difference ■n e■ectron diffraction and mOrpho■ ogy

from ones grown by us■ ng the other reagents mentioned before.

That is′ in contrast w■ th the amorphous whiskers grown at

the temperatures above 550° C′ whiskers grown at the r9giOn at

about 500° C ttn the reaction tube are not amorphous but mOno―

crystal■ ttne as shown ■n Fig.■ 5.  EaCh Whisker has a straight

fi■amentary shape ■ess than ■000Å in thickness and several

hundred microns in ■こngth When grOwn by 40 mttnutes operation.

No globule on the tip of each iS found.  The above features

are different from thoSe of S■ licOn whiskers w■ th the diamond

structure reported by Wagner and Ellis6-8).

The structure ana■ Ysis of the nё w form whiskers grown at

500° C region was carried out by tria■  and error method using

低he data of d spac■ rtgs and interp■anar ang■es as fol■ ows.

The whiskels p■ aced on a copper mesh p■ ate (#300)for TEM

obserΨatiott were so fine that a particular COntrO■  of the

angles between the whiSker axes and the ■nc■ dent e■ectron beam

was not possib■ e even if the tilting stage was employed.

霊hereJore, the vhishers w■ th such or■ entations as bear■ ng so

麟any ttiffractictt gpots were chosen ■n the:sweё p 10fie■ ectr6n m■―

croscOpe attd lnttny dttffraction photographs were taken.  These

diffr.action patterns were class■ fied ttnto n■ne groups eacぃ

of which had the same symmetry.  The largest group inc■ uding

twelve patterns has a six f61d symmetry as shown in Fige 16.

工t leads to the conclusion that the crystal structure of the

whiskers has a hexagona■  symmetry.  From this pattern and
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the other thiee types of diffraction patterns which are given

in Figse ■7′  ■8 and ■9′  the structure was  identified to be

a hexagonal form with a=3.84A and c=18.59A.  The reciproca■

■attice p■ anes of the four patterns are (00■ )′  (■ ■■)′  (20■ )and

(33■ )respective■ yo  These patterns cannot  be accounted for by

the ordinary diamond structure or ■ts tw■ n structure.  The deta■ ■ed

resu■ ts on electron diffraction of new form whiskers are summar■ zed

in Tab■ e I.  On the assumption that a=3.84A and c=18。 59A′  d spacings

Of (hk■ )planes dc and interp■ anar ang■ es between (hk■ )and (h'k'■ 1)

p■ anes ec  re caュ culated.  While the observed va■ ues′  do and O。 ′

are obta■ned directly from the spots of the diffraction patterns.

Good agreements between the ca■ cu■ ated and observed va■ ues are

obtained in the tab■ e.

The prettent hexa9ona■  unit ce■■ can be interpreted as 6H

structure.  Let us consider the cubic diamond ■attice (5.430A)

of s■■icon c―lmd convert the cubic un■ t ce■ l into hexagona■  one

br‐ the cOnv∈麟sion of coordinate system.  In this case hexagona■

c ax■ s ょ、s taken as the bodF diagona■  ■ine of the origina■  cube.

Thttn′  the hexaglona■ un■ t cel■ of diamond lattice can be

ettpressott as a=3.84A and c=9.41A in si■ icon′  which inc■ udes

three r硼嘔gett lュrers stacking along the c ax■ s or the origina■

cttbic く■■■> 繊xis.  Thitt conversion is shown in Fig。 20.  The

ob‐tained va■ue of c axis in our whiskers is twice as ■ong as

that ott the diattond lattice.  Thus′  it is conc■ uded that the

StFuCture is 6H in which six rugged ■ayers are stacking a■ ong

the c axis in the order (3′ 3)in Zhdanov's symbo■ s9)as shown

in Fig.2■ .

工n addition to 6H structure there sti■ l remain four types

of diffraction patterns which cannot  be ttnterpreted as 6H
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Table 工

ElectrOn DiffraCtiOn Data fOr 6H Type Si

On the assumptiOn that a=3.84A and C=■
8.59A of heXagonal

form′  d Spacings of (h′  k′  ■)p■ anes dc and interplanar

ang■ eS between (h′  k′  ■)and (ht′  k:′  11)p■anes ec wer,

ca■cu■ated.  The obServed Va■ ues′  do  nd O。 ′ Were Obta■ ned

from the spots of the diffractiOn patterns.

dd h'k'1' 0
0hkl

■00

■0■

■02

■03

■■0

213

200

■■6

202

224

3.326

3。 274

3.■ 3■

2.930

■1920

1.834

1.663

■.632

■.637

■.56嘔

3.340

3.249

3.■ 35

2。 931

1。 9■ 0

■。830

■。652

■.638

■.懸 25

■.544

0■ 0

0■ ■

l■ 2

■■0

0■ 0

■01

■20

103

112

■■0

60.0°

63.0

29.9

63。 9

30。 0

30.0

90。 0

26.l

58。 5

90。 0

60。 0°

63.0

30.5

64.0

30.0

30。 0

90.0

26.0

58。 5

90。 0

Ｏ
Ａ

Ｏ
Ａ
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C

Fig.2■  The (■00)hox crOss― Section oF the structure of 6H forュ  si■icont

Six ruggea■ ayers are staCking in the Order Of ABCBAC.

し́
　

　

Ｂ

　

　

Ａ

6H
hexagonal(100)

diamOnd  (110)



.                26

symmetry and also dialnond ■attiё e symmetryo  They are ShOWn

in Figse 22′  23′  24 and 25.  They are not frequent■ y ObServed

in the present growth experiment.  3y the ana■ ystts it can bё

conc■uded that w■ th the hexagona■  indiCes they have a c91rlmOn

"C:i Va■ ueS Of 84.6■ ′ ■60.07
"a" axis Of 3.84A and diffeFent

and 442。 29Å respectttve■y.  COnsidering the interlayer diStance′

3。 ■35Å ′ a■ ong the c ax■s Of the hexagona■  un■ t Ce■ ■ Of diamond

■attice′  one Can suppose the ■amination of 27′  5■ and ■4■ layers

from the c va■ ues of these Cases.  After the nomenc■ ature for

SiC Po■ ytypeS(・ 0)′
 these struCtureS are named as 27R′  5■R and

■4■R rhombohedral silicon pO■ ytypes respectttve■ y.  Their ■attiCe

parameters are ■isted in Tab■e 工工.  From the StruCture ana■ ys■ s

and thtt relation between the TEM imageS and diffraCtiOn patterns

ott whiskers′ it is concluded that the new form whiskers have th9

9rowttt axis ■n a hexagona■  <■ 00> direction.

鳥it about 520° C a strange fOrm Of Whiskers With a crysta■
―

■ine ttore antt outer cruSt Of alnorphOus s■ ■iCon appeared.  As

shown in rig。 26′  a dark fie■ d image fOrmed by a part Of the

fttrst broad r■ ng of diffraction pattern eXhibitS the Outer

CttllS t and tha駐  forlnea by one of the SpotS ShOWs the sharp

oentra■  cgre.  This dua■  structure Was alsO COnfirmed by

ёttching test by CP4 so■ utiOno  Figure 27 gives an 9■ eCtrOn

■mage and di_rfraction pattern of a WhiSker after etching off

the outer crust.  The diffuse F■ ng is no ■Onger recogn■ zed in

the ■atter.  ThiCkness of the outer crust inCreased and the

who■ e shape becomes Wavy W■ th ra■ s■ng the growth temperature

as a series of pictures in Fige28 shoWS.  At around 550° C

on■y perfect amorphous whiSkers were groWn′  and no crySta■ ■ine
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1enter cOre was found oven by carefu■  TEM observation of

broken endo  The growth of steep■ es (Fig.29)and b■ ades (Fig。 30)

were observed at above 800'C.  The former have the diamond

i structure′  hexagona■ crOss section′  <■ ■l> growth axis and a

sma■ l globule on the tipo  The ■atter have a twin structure

With (■■1)tWin p■ ane of dialnond ■attiee.  In Tab■ e ttltt are

summar■ zed the structures and lnorpho■ ogies of the above

three kinds of s■ ■icon whiskers′  the amorphous′  pOlytype

, and norma■  form′  obta■ned in this study.
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Tab■e I工

Lattice Parameters for Po■ ytype Si

Po■ytype Structures C a■
.

6H

27R

5■ R

■4■R

3.84Å

■8。 59A

84.61

■60。 07

442.27

964■

■8.8■A

84。 65

■59。 89

442。 05

3C

藁′ R and C denote hexagona■ ′ rhombohedra■  and cubic forms

respective;■ y.  These forlns are summarュ zed w■ th hexagona■

■attice parOmeterS・   The va■ ues of "all and .lci: were

ana■yzed ftom e■ectron diffraction patterns′  whi■e the

ca■ ctt■ato醜  "cca..1' va・ ues were obtained from the idea■

PO■ytype 工還ttice● .  Theュ r ■attice parameters are der■ ved

frott the ttumber of ■ayer stac■ ing per■ ods mu■ tiplied by one

period distance of 3.■ 35A (the aVerage of the obserVed va■ ues

is 30■ 3A)遷  The ca■ culation iS based on the hexagona■

yepresent曇ヒ■on of diamond lattice (3C form).
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Fig.26  A dark fie■ d inage from the First brOad ring exhibiting a
brightening crust of a whisker (■ ower ■e ft)and that frOm one of the
spots indicated by an arrow exhibiting a thin crysta■ ■ine centra■
core (■ ower right).

H
O.32μ

whisker whose ol■ ter crust is etched off and itsFig。 27  TEM phOtO.
TED IDat tern.

oF a
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Fig.28  TEM photos and corresponding TET」
ous sizcs grOwn rnt various temperatures
crust ■nc■・eases and outer shape bccomcs
tempe_ratl■ re.  Corresponding diffraction
pattern to diffuse r■ ng pattern.

50ざ C

5"・C

patterns Of whiskers of var■ …
.  Thickness Of the outer
wavy with increasing grOwth
patterns change from sipotty
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Of a noェ
“
a■ fOrm Si].iCOn WhiSker

目
o.811

w■th Stё ep■ed Shape
Fig.29  TEM photO.

grown at 950° C・

目０・８‐‐̈ｍＯｎFi g.30
grown

TEM Photo.
8′t 950° C.

of a b■ ade shape crysta■  of s■ ■icon
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Table II工

PolymorphiSm of Si t」 hiskers

ゥ   .      po■ ytype fOrlll      amlorphous foHIl    nonlla■  form

grOwth temperature        500～ 520° C         520～ 6oooc         >80ooc

structur,               rili慧
:暑:lil.        attorphOus      dlnm°

nd cubic

'a=  3.841

c= ■8.59 (6H)
0

■attice paFn7neter         84.6■  (27R)                      i a=ラ 。43A

■6o.o7 (5■R)    ′

442.29 (■ 4■R)

34

■10FphO■ Ogy
outёr shape

cross section

ainmetёr

■ength

steep■ ed
filnmentary        fェ brOus         b■ aded

?髪 c■rcu■ar        hexagona■
0

～■000A く6リく5011

く6oo嘘 くとШm          く200ロ

『

OTth direction     hex.く ■00> cubicく ■■■>

古 Ttte cttosS SeCtion of po■ ytype Si whiskers are not confirmed

登w SE隠 observation.

）

´
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C) New Form German■ um Whiskers

To grow the amorphous german■ um whiskers has been ■ntended

sometime ■n the course of the present exper■ ment.  Cons■ derable

amount of efforts have been devoted but no success has been

achieved by this time.  Instead′  on the way of the above

study′  the growth of german■ um whiskers w■ th a tetragonal

un■ t cel■ has been discovered.  They can be formed on the

surface of go■ d― a■ loyed german■ um crystal.  The growth

temperature ranged from 260° C torthe Au― Ge eutectic Point of

356° Co  At firstr the substrates covё red by go■ d fi■ ms of

abOut 2000Å in thickness were pre― heated in a pure argOn

stream at 700° C for ha■ f an hour in order to make Au― Ge

eutectid a■ ■oy.  Then the furnace temperature was lowered

down to the growth temperature and m■ Xture gas conta■ n■ ng

GeH4 Was ■ntroducedo  After the growth per■ od ra,ging from

20 m■ n to 2 hours′  fine quadr■ latera■ cross sectioned whiskers

with uniforln thickness from 400 to 6000Å  and length up to

200 um were Obtained.  As demonstrated in Fig.31′  each of them

has a globule with shirred rough surface which is exhibited

in Figs.32 and a thin neck beneath the g10bule.  In Fig.33 iS

shown a whisker w■ th a rectangular cross section.

The e■ ectron diffraction spots Can be ■nterpreted by a

tetragona■ unit cel■  wttth a=7.62±  0。 0■ and c〓 6。 20± 0。 0■Å。

Sim■ lar to the preceeding section′  these parameters were

determェ ned by the tr■ a■ and error method.  For eXamples′

diffraction patterns of (00■ )and (■ 2■ )reciprocal p■ anes

are given in Figs.34-A and B.  Fitting between the ca■ cu■ated

parameters (a=7。 62 and c=6.20Å )and the measured ones obtained
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fiom the diffraction spots is shown in Tab■ e lv.  The grOwth

axis was identifiё d to be <■ 10> and latera■  surfaces were

(■ ■0)and (oO■ )from the TEM images and diffraction patterns.

Figure 35 gives a TEM phOtograph of branching of whiskers

and the character■ stic branching ano■ e of 90°  means that the

growth directions of the tw9 whiSkers are <■ ■0> and <■ ■0>

respective■ yo  BoOtsma and caSSen ・ )have a.ready reported

the growth be■ow the eutectic po■ nt of Au―Ge system but they

did not mention about the crysta■  structure.

In the case of growth at 400° C′  steep■ e whiskers with

hexagona■ cross sections have been obta■ ned as shown ■n

Fige36.  From e■ ectroil dttffraction study these structures

were confirmed to be the cubic diamond ■attice.  Table V is

to compare the morpho■ ogies of new and norma■  form german■ um

whiskerso  The annealing at 850° C for one hour caused the

phase tranS・ tiOn from tetragona■  ■attice to a norma■  diamond

■attice.
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l~4
0.48ロ

of newFig。 3■  TEM photo. forIIl german■ uin whiskers grown a′t 3(DO° ●11

Fig.32  SEM photo.
rough surface.

目
0.112ロ

of g■ obu■es with Shirred

日
0.35ロ

Fig。 33  SEM ph6tOo Of new forrn gerlnanilll■
whiskers w■ th qtadr■■atera■ cross ection,



/58

0120
o310

0"0・

0210

0120

(001)

TED patterns of

イム

≠%

/864

“

lo

●420

330

Fig.311…A Fig.34-B

gernani■lm whiskers.

(121)

new form

Fig。 3ラ  IPEM photo. of branching whiskers.

Fig。 36  TEM phOtO.
Jn■ skers grown at

日』 of norrn3■
1400° C.

/463
/
673

,4``:t(1`704

/34
/・

o,「 o

0.3μ

form germanium



39

Table ttV

E■ectron Diffraction Data for Tetragona■  Ge

On the assumption that a=7.62 and c=6.20Ar d Spacing of

(h′  k′  ■)p■ anes dc and ttnterp■ anar ang■es between

(h′  k′  ■)and (hl′  k:′  ■')p■ anes e  are ca■ cu■ated.・        c

The observed va■ ues′  do  nd O。 ′ were obta■ ned from the

spots of the diffraction pattern.

hk■ h'k'■ : 0
0

Ocdd

■20

■30

■22

24■

4■ 2

51■

204

214

35■

324

620

■44

3.408

2.4■ 0

2.292

■.643

■.587

■.453

■。435

■。4■ 0

■。279

■.249

1.20畢

■。■87

3。 465

2.387

2。 261

■.652

■。603

1.432

■。432

1。 408

1.302

■。249

■.■ 93

1。 ■93

■30

■44

024

3■ 0

2■ 2

42■

■20

■30

42■

■30

2■ 2

3■ 0

0
45

57.2

62。 7

82。 2

79。 4

36。 7

80。 3

86.6

3■ .7

8■ 。■

48.3

57.2

45

57.9

62。 3

82.8

79

36.6

80

86.7

32.6

80。 9

47.6

57。 9

Ｏ
Ａ

Ｏ
Ａ
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Tab■e V

Po■ ymorphism of Ge WhiSkers

new form normal form

growth temperature 260～ 340° C 400～ 500° C

crystal structure tetragonal diamond cubic

■attice parameter a=7.62± 0:O■A

c=6。 2010.0■

c/a=0.813

a=5.66A

morpho■ ogy fi■ amentary steep■ ed

cross section rectang■ e hexagonal

diameter 400～ 6000A 0.2～ 2011-m

length ～200μ―m ～700ローm

growth direction <■■0> <■■■>

■atera■  faces (1■ 0)and (001) (21■ )or (110)



§4 Discuss■ 。ns

A)  Growth Of whiskers and Role Of lmpuritiOs

lt seems tO be Of great interest to discuss why the

WhttSkers with amOr」 hOus state growo  Many sOphisticated expla_

natiOns On the fOrmatiOn Of crystallttne whiskers have been

g■ Ven by many researchers .n the fie■
d Of whisker grOwthe

sell:,lil:I:II::i:li_ilililali:ith3FhiliSill i::h:illirilli:::IS′

L,eablee  lt is quite dttfficu■
t′

hOwever′  tO apply these mechan■ sms tO the growth ・
。f amorphOus

whiskers except the 
■ast one because a■ 1 0ther growth mOde■

s
requ■ re the ex.stence Of thと  cryStal structure and a■ sO dis_
■OcatiOns,  In the present case

the metals Of low meltittg po・
nt

or sOme ingFediё nts in finger grease Tay aCt as a catalyst for

the dec。殿positiOn Of siH4′
 f°rm the nuclei Of amorphOus whisker

or give preferred s■tes fOr adsOrptiOn of atomSe 
Ín the earliё r

per■Od Of this study′  almOst al■ 。rganュ c Or .noFgan■ c mater■ als
found in the labOFatOry were put on the substrates and the

growth Of amOrphOus whiskers were exam■
ned.  For examples     .

pOtassiutt bicromate′
 carbOn b■ acL′  activat,d CarbOn′  polystyrene

latex ballき  《78ooÅ diameter)′  glycerine′  vaseline′  Olive Oil′
Wax and their mixture were sprinkled Or painted On the substrateξ

.

But′  they were not effective fOr the grOwth except finger grease
al, the m9ta■ S Of low melting pO.nts which are 

ュn a ■iqu■d phase
al the growth temperature.  The growth was not observed On the

clean Or sandb■ asted substrate.  The role of impur■
ties ュn

finger grease ■s stil■ nOt clear at this time but the fO110wュ
ng

can be state9:  Impur.ties play an .mpOrtant rOle 
■n the

4■
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nuc■ eation and/or the groWth of amorphous whiskers.  To have

a ■iqu■ d Phase of impur■ ty meta■ s may be a necessary condition

for the amorphous growth and the ■iqu■ d state may reflect the

amorphous state of the growェ ng whiskers.

The grOwth Of amorphous S■ liCon whiskers ar■ ses from de―

composition of SiH4 and not from the supply of si■ icon stoms

from the substratё  because no whisker was grown w■ thout intro―

duc■ ng SiH4 gas ■nto the reaction tube.  工f one assumes the

■deal gas approx■ mation the mass rate of impingement of SiE4

molecu■ es or Si atoms on the top end of whisker ■s given by

〓
一酬
一ｄｔ

1
2πr2P(鵜 ),

the rat9 of ■ength increase

co翻わinttng Eqs。 (1)and (2)′

=号 (式稀)〕 ・

(■ )

(3)

tube was approx■ ―

about 820° K and

Then the growth

where r is the ■Thisker radius′  P the pressure of SiH4 °r Si

around the tthisker′  m the mass of the molecule or the atoms′

k the Boltzttantts constant and T the growth temperature.  In

this estimtttion the tを p end is assulned to be hemisphere.  If

a■ ■ att_oms wttich str■ ke the whisker end are taken ■nto the

whisker and the whisker radius is assumed as constant′  we have

the 5ollowing equatic続 :

纂 播
2

(2)

the dens■ty of

obta■ned as

鍮
一畿

〓磁
一畿

where 
書き is

蓋hiskere  By

ρ

　

　

ｓ
・
■

ａｎｄ

　

ｄ．

一ｄｔ

盤
一畿

The vapor  pressure of SiH4 in the reaction

mate■y 7.61nm Hg′  the growth temperature was

the p has been estimated tO be 2。 O grams/cc.
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rate calculated from Eq.(3)is given by

10 2 cm/sec
需

璧 900× (4)

On the Other hand the maximum ■ength of the whiskers prё pared

after One hour operattton has been measured tO be about One

mi■limetere  The ca■ cu■ ated rate is 3000 times ■arger than

the actua■  growth rate which is assumed to be constant dur■ ng

the growth per■ od.  The discrepancy in growth rates ar■ ses frOm

e■ ther a very sma■ ■ sticking prObability Of gas mOlecules ar―

riving at the tOp end of whisker Or a very s■ ow cata■ ytttc

reactiOn to dttssoc■ ate the molecu■ es and take s■ licon atoms ■nto

the body of whisker from the surface of the tip.  Looking at Fig.

3T′  one finds some small hem■ spheres On the substrate whOse

diameters differ froln one to another′  a■■ be■ng smaller than

those of grown up whiskers.  These hemispheres were not Observed

bofore the substrate was ■nserted into the reactiOn tube.  The

讐hisk象ご grown at above 550。 c has a g■ obule On the tip′  which

itt cottsidered as a growth point and possessing characteristics

diffe=ent fFOtt those of other parts of the whisker.  Regarding

tttЮ g∬towth of amorphous whiskers we have the f0110wing cOnceptions:

Itt the begin壺 聾g of the growth′  the nuc■ e■ 9f sma■ l hemispheres

form on the s域 わstrates.  Some impurity meta1 0f ■Ow me■ ting point

acts as a cata■ yst foF the nucleatione  The radius of each heml―

SP]le re・ increases unti■  it becOmes a characteristic size which is

a functiOn of the growth temperature and Possib■ y of the surface

energy of the hem■ sphere mater■ a■..  After this stage′  whiskers

grow along the directiOn of the■ r growth axes by vLS mechan■ sm.

Because of the lack of the deta■ led informatiOns as to the

growth kinetics Of the polytype silicon whiskers′  it tts sti■ l
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hazardous to propose a defin■ t growth mode■  at the present

stage of our study.  Since these whiskers have no g■ obu■ es on

the■ r tips′  it seems difficu■ t to understand that they have

been grown by the ordinary VLS mechan■ sm.  As ■n the case of

the polytypes ttn SiC′  the screw dis■ ocation growth mechanttsm

shou■ d be applicab■ e′ but no dis■ ocation has been dttscovered

as yet unfortunate■ y in these whiskers by TEM observation.

With regard to the growth of new form germanium whiskers

mentioned a■ ready′  it shou■ d be noticed that they can grow even

at 260° C.  According to the phase diagram of Au― Ge system′  the

mater■ a■ must be ■n a so■ id Phase at such low temperature

region.  Therefore′  the■ r growth cannot be accounted for by

VLS meChan■ sm.  But the g■ obules on the■ r tips may play the salne

rol´e as those of ■iquid droplets in VLS growth.  Observing

ca∬efu■■y by SEM (Fig.32)one can rec9gnize bright dotty contrast

on the 9■ obu■ es which may mean the ex■ stence of two phases′

ge=職anium rich and go■ d rich respective■y.  As we■ l known′  go■ d

■s an effecLive em■ ttor of secondary e■ectrons so the bright

reg:■ons on the globu■ es must be rich in goldo  Neverthe■ ess′

the ma主職 portion of the whisker may not be contaminated so much

with go■ do  lf ttte go■ d atoms which had been distributed in the

g■6bule at the ear■ y sじage of growth were transferred to other

pattits′  the s■ ze of the globu■ e and a■ so the diameter of the

whisker must havo been reduced as the growth proceeds.  If thtts

■s the caseF the fina■  shape Of the whisker shou■ d be steep■ ed

and the fina■  ■ength must be ■im■ ted by the exhaustion of go■ d

r■ ch g■ obu■ e.
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B) CrySta■  structures of Whiskers

First′  ■et us cons■ der the structure of amorphous s■ ■icon

whiskerso  The e■ ectron diffracttton ■ntens■ ty distr■butions

a■ong the radia■  direction and the radii of diffuse rings were

drawn by using an optica■  microphotometer as in Fig.38.  Though

there are two diffuse rings in Fig。 9′  an extreme■ y weak third

outer r■ no can sOmetimes be found.  With regard to the ■nnermost

r■ng the pos■ tion of the max■ mum ■ntens■ ty approx■ mate■y corre―

sponds to that of {■ ■■}diffraction of crysta■ ■ine si■ icon (Fig.

38).  Similar■ y that of the second ring spreads around the

positions of {3■ ■}and {220}diffracttton rings of a diamond type

crysta■ .  The third weak r■ ng seems to distr■ bute at around

{3131}diffra´ction.  This indicates that the structure of amo=

rphous whisihers ■s distorted but may not be too different from

t臓e perfect diamond ■atticer  Whereas′  it has been a■ ready

疇 、意ltiotted 豪、at t拿奪ether with the growth of amorphous whiskers′

畿 e p●■ytyptt whtts陸 rs cou■ d grow at about 500。 C region of the

f眠ぎnac喘 .  Otte can also recognize in Fttg.38 that main diffraction

SFOtS Of 6E po■ yttpe Si jusi co■ frespond to the postttions of

d菫.ffuse ritts.  N輛  0恒[きer diffraction ■ines of the 6H form appear

b輌 場汀eett the ‐diff醸 悠e r上 鸞gs.  It is unnecessary to take account of

otller 静olyt憮「pes than 6H forln belcause of their sma■ ■ abundance

・CO鴛糠ared with that of the common 6H structurO.  Si■ icon Poly…

crysta■. partic■ es were a■ so deposited on the substrates′  the

surface of quartz boats and the ■ns■ de of reaction tube whose

te.Tnperatures are above 520° Co  Therefore we can imagttne ■oose■y

packed sma■ l ce■ ■s and each of them ■s assumed to have a

polytype―■ike or a diamond― ■ike lattices.  A s■ m■ lar concept

has been proposed for the structure of amorphous carbon fi■ m
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by Kakinoki′  Katada′  Hanawa and ttno.・
2) ・

ェn or amOng these ce■ ■s

there may exist many cavities or ho■ ■ows as was supposed by the

vo■ume reduction after the annea■ ingo  Assum■ ng this mode■ ′ we

can discuss about the s■ ze of the ce■ ■s.  If it iS assumed for

conven■ ence that each cell has approx■ mate■ y same s■ ze and

structure as those of a un■ t ce■ ■ of the diamond structure

shown in Fig.39′  it can cause {■ ■■}diffraction.  In this figure

a pair Of (■■■)p■anes are i■ ■ustrated.  On each plane there

are three or s■ x atoms.  But′  a ce■■ of this s■ ze w■ ■■ not cause

{33■ }diffraction because a para■ ■e■  pair of (33■ )planes are

not fiqured out by us■ ng the atoms ■n the un■ t ce■ l.  An assembly

of two or three un■ t ce■ ■s connected in a s■ ngle fi■ e ■s needed _

if one tries to draw a nearest para■ ■e■ pair of (331)P■ anes

conta■ning more than three atoms respective■ y.  Sim■ ■ar cons■ d―

eratioRs about the 6H structure would be effectedo  Adopting

the prはsent mode■ ′ we u■ timate■ y estimate the mean s■ ze of the

ce■■s to be ■arger than that of the assembly mentioned above.

Irrespoctive of the crysta■ ■ine s■ ze and structure′  in order to

explain the density of whiskers ■■.5t ■ower than that of bu■ k

crysta■ ′ one m上 9ht assume that the whiskers conta■ n vacanc■ es

uni fortt■ y up t⑬ a c⑬ncentrattton of ■■.52.  HowOver′  this type

of structure lnay not be stab■ e at the growth temperature。   工f

vacanc■ es were ■ntroduced into a crystal by the above amount

at 5001C′  by the condensation of vacanc■ es to form a large

number of voids.  As tts we■ ■ known′  the formation energy of

a single vacancy has been estimated to be about 3.6eV・
3)and

the binding energy of a divacancy is ■arger than l.6eV・ 4′ ■5).

A sing■ e vacancy is mobi■ e even at 二200° C・
6) and divacancy′

trivacancy and tetravacancy centers annea■  out be■ow 350° C17).
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Taking these s■ tuations ■nto account′  we conc■ ude that the low

density of amorphous whiskers tts caused by such a structure as

having many sma■ ■ voids′ cavities′  or ho■■ows.

The annea■ ing behavior of amorphous whiskers at 900° C is

we■■ understood in accordance w■ th the fol■ ow■ng model.  At an

early stage of annea■ ing′  on■y short range atom■ c rearrangements

to change the structure from distorted polytype― ■主ke or diamond―

■ike ■attice to perfect diamond ■attice w■ ■■ occur′  and it

scarce■y gives vo■ ume dim■ nuttton and gttves r■ se to sharp dif―

fraction r■ ngs of po■ y crysta■ s of diamond ■atticee  Whi■ e at

the advanced stage of Onnea■ ttng′  the grain growth associated

w■ th ■ong range diffus■ on w■■■ occur and the cav■ ties w■■l

disappear.  工t must give a large apparent vo■ ume dim■ nution and

spotty r■ng patterns as are actua■ ■y observed.

Usuttl ly′  amorphous si.licon or germanium can be obtained

by vacuじ職 evapor歌転lon′  by cathottic sPutteringr e■ ectro■ ytic

Processtt a奨1、d refa decompottition of gaseous compounds in the form

of thin fi■ ms・
8)_  Two structural mode■ s for the amorphous fi■ ms

have been fだ oposttd, 0■e is the tticrocrysta■ ■ite model which is

demonstrated as the $tructture cttmposed of hexagona■ ′ wurtz■ te―

■ike micirocrysta■ s19》 。r 氏.ヒs mixture with diamond― ■ike ones20)′

and the other ■s the ttode■  of rミndom network structure cons■ sting

of the■ r bo,ld configurations ・
).  To determ■ ne which model is

better′  further ■nvestigations such as the prec■ se ana■ ys■ s to

obtain radial dttstribution in e■ ectron diffraction or TEM dark

fie■d ユmage ObServation with prec■ s■on are needed.

The wurtz■ te type Si has been discovered after the heat

treatment of high pressure phase Si by R. H. Wentorf′  」r. and

」e S. Kasper22)。   ihis structure was also noted in amorphous
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Si and Ge fi■ms2■ ).  Howさ ver′ these po■ytype crystals are very

small comparing with the 6H and 27R′  5■ R′  14■ R form whttskers

obta■ned in this study.  In our case′  many diffraction patterns

etthibit Kikuchi ■ines indicatttng the good crysta■ ■ine character.

As a■ ready´ mentioned′  var■ ous polytype forms are predttcted and

ca■ culated from the parameters of diamond ■attice′  and the■ r

ca■ cu■ ated ■attice parameters are ■isted in Table II′  where the

distance between adjacent two stacking ■ayers is taken as 3.■ 35A.

Very good agreements are obta■ ned between the ■attice parameters

of actua■  samp■ es and ca■ cu■ated idea■  forms.  This means rea■

ex■ stence of Si po■ ytypes and suggests that the structures do

not inc■ude many forettgn atoms such as of gold or ox,gen ■n

the ■at tice.  Hexagonal ■attice of 6H form Si is shown in Fig.2■ .

This structure is abbreviated as (33)by Zhdanov symbo19)re.ated

to the layer sequences of hexa5ona■  basa■ planese  ttt has a

ec■ ipsed bond cottfi管 理ration ■aver (WurtZite type)between twO of

two fo■ d staggered ones (diamOnd type).  These two kinds of bond

confittrations aFe i■ lustrated in Fig.40.  Since they are so

s■m■ ■aF ■n geometry and FIoduco no difference ■n the first

neighbGr interacな ions′  tho eneFgy differences between thOm must

btt sma■ l.  工n the satt waF″  the ■ayer sequё nces of 27R′  51R′  14■ R

forms ttre expressed as (2223)3′  [(33)232]3′  1(33)73213′     | 「

respective■ y.  The choice of ■2 atoms per 6H unit こe■ ■ gives a

ca■culttted density of 2。 36 gocm~3。   This ↓a■ ue is simi■ ar to the

density of diamond type sllicon or the idea■  6H form (2.33 gecm~3)

The nu劇わer of obtained diffraction patterns of 6H Si was a over―

whe■ming majority and some patterns of rhombohedra■ Si have been

obtained from a part of 6H fё rm whisker.  Therefore it is

cons■dered that 6H form Si is a common structure and the other
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(c)

Fig。 40  Tvo typeS Of COnfigllration in
a)Staggerea configuration (din7nona
b)Ec■ipsed COnfigllratiOn (wtlrtzite
c)Unit Ce■■of― t2ite■atlice.

a tetrahedra■ bonding
type).
type)。



53
rhombohedra■  form Si are intergrowth ones in 6H crysta■ e

The diffraction pattern of wurtz■ te 2H form were not tota■ ■y

observed.  The above crysta■ lographic characters are near■ y

the same as po■ ytype SiC which is we■ ■ known as a typical

example of polytypes O).

As for the tetragona■  crysta■ structure of new form

german■ um whisker′  the lattice parameters are cons■ derably

■arger than those of diamond ■attice (5.658A).  Although we

have not enough information to determ■ ne the atom■ c arrangement

■n the new structure from exper■ ment′  the fo■■ow■ng two

StFuCtures seem to be he■ pfu■  to reproduce ■te  A high pressure

pha,e Ce with a=5。 93′  c=6.98Å ′ z=■ 223)which appears above ■30Kb

and white tin are typica■  tetragona■  fortts in ttVb group e■ementS.

After these structures we assume that the atom■ c configuration

■n the new sitructure ■_s not so much different from the tetra―

h舎象ra■ b4ond configuration of diamond ■attice and has the same

i願粧eratomic distance 12。 45鳳).  Then′  a p■ ausib■ e structure can

bは con』 ectur,鸞 d tts fo■■ows.  FirSt′  based upon the daimond

sticuctuI建 ′ びonsider a tetragonal unit cel■  as shown in Fig.40.

W欲憩n this uFllit Ce■ ■ ex.actly fo■ ■ow the original diamond  form′

itt has Paratteters of a=8。 00 and c=5.658A and the vo■ ume is twice

as larger as that of the origina■  lattice.  工f "a" axis is

rottuced from 8.00 to T.62A and a characteristic bond angle is

miF3imized from ■09.5°  to 102。  as given in the figure ′ one

obtains a new tetragona■  unit ce■ l with the parameters a=7。 62

and c〓 6.■ 7A.  These parameters are c■ ose to those obtained in

the present exper■ ments.  If this ■s correct′  the new un■ t

ce■■ contains ■6 atoms′ and the caiculated dё nsity is 5.36g・ cln「
3

which is O.7t higher than the norma■  Ge density of 5.32g・ cm~3.
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ユ:ri]ither investigati6n$ a=e needed tO VeFify the proposed

警七:ructtre.

工t is worthy of note that pO■ ytylisln Of S■ ■icon found

in the present study is much the same as those of s■■icon

carbide and diamOnd and po■ ymorphism of germanium discovered

is simil_ar to those fOund in the high piessure とxpeFiments23)

And′ ‐therefore′  a un■ fied prospect on the cryst■ ■ stru9tureS

and their modifications among the IVb e■ emёnts seems to be

estab■ished by the present study.  Further detai■ ed i,vesti~

gationtt of phys■ ca■ prOperties of whiskers w■ th new■y found

strllctures wou■ d be fru■ tftlユ .
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§5  Summary and Conc■ usions

The exper■ menta■ resu■ts ■n the present study are summar■ zed

as fo■ ■ows.

(■ ) Amorphous stt■ icon whiskers are grown at around 550。 C by

therma■ decomposition of SiH4°  Metal impurities of ■ow

me■ting po■ nt and some ■ngredients ■n finger grease act

as cata■ ys■ s or nuc■ e■ ■n the whisker growtho  An ■dea

s■m■■ar to VLS mode■  can be applied to ■nterpret the growth

mechanism.  The amorphous structure is accounted for by the

mixture of diamond―■ike and po■ ytype―■ike ■attice.

(2) 6H and 27R′  5■ R′  14■ R po■ytype si■ icon whiskers are grown

around 500。 C by using go■ d impur■ tyc  The crysta■ ■ographiC

characters are very s■ m■ ■ar to α―SiC.

(3) TetFagOna■  florm germanium whiskers grow be■ ow the Au― Ge

eutectic point of 356。 C usttng go■d impurity.  VLS mechanism

■s not a■ warS app■ icable ■n this case′  but the g■ obu■ es on

the■ r tips may pЙ ay the satte ro■e as those of ■iqu■ d

drOF■ets in VLS growthe
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