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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―
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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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