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A review of the literature involving growth from the vapor

and epitaxial growth up to August 1963 is presented. ~ Next , exper-

imental results of the effects of growth rate, subs'trate perfection

AT s A va =

T I

Sl

and cleanliness are presented. Lastly, some consideration is given

to the mechanism by which stacking faults are formed in epitaxial

silicon thin films.

.. | It is proposed that stacking faults are generated by the -

R D e T T T L T L e AT

collapse of vaca.ncy'clusters as a natural consequence of the low
stacking fault ensrgy. Experimental evidence showing the effect
of growth rate and substrate dislocation density Q-n stacking fault |

density is presented to support #his view. -
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1.0 THEORY OF VAPOR GROWTH

' ©"'1.1 INTRODUCTION

The theory of crystal growth has developed simultaneously
from two related fields. The phenomonolpgists have developed the
theory of equilibrium between a crystal and the medium in which

it grows fram & classical Gibbsian thermodynamic picture, while

" the atomists have interpreted the kinetics of a growth process

from & consideration of tomic structure and statistical mechani-

cal methods. Any-'attempt to review thg historical development of

cr};stal growth would necessarily be divided in a similar manner }’
/ . |
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1.2 PHENOMONOLOGICAL APPROACH TO

. . s . F4 -
Tt R . E)

EQUILIBRIUM GROWTH

In 1878, J. W. Gibbs (1) proposed a thermodynamic approach -
| y
to equilibrium situations which has since spurred many areas of
endeavor and hes caused major advances in the field of crystai
growth. A consideration of( surface energy and knowledge of simpfe

" nearest atomic neighbor relaﬁ‘ionshipé :enable‘s one to draw conclu-

sions about the orientation and structure of bounding erystal ;o -
surfaces. ,Th,is'approacia was developed by Curie (2) and Wulff (3)
who propgséd‘ that, "If @ body is in its equilf;briu:n shaper, there
exists a point whose pex'/pendicular‘ distance from every face is
proportional to the surface free energy of that fa.ce-"'. The pfo?
portionality constant was founa to be given by t‘ge Gibbs-’-'lfhdmson
equation for the' dependence of va.por pressure on size o’f- spherical
drople:ts ,(which may be writtep as: . | \

==f-"1n= A ”
hy by, 24 B

T Where h = normal distance - -
- :,_‘]. i
v = surface energy . -
- {1 = volume per molecule U
- P = actual vapor pressure |

Py = equilibrium vepor pressure o .

e

| Indeed, Wulff developed a construction for deriving the
| b equilibrium shape of & crystal from a polar dia.éra.m of surface

| free energy as a function of crystal orientation. The proposals .




work has recently been extended and reformulated by Herring ( 5)
. who has proposed a well founded relatlonship between the equilibrium' B

shape of a crystal and its surface energy and chemica.l potential,

_ Batterman (7).and J accodine”(8) whose experimental work with

formé&d by Curie &nd Wulff were proved by Hilton (&) in 1903. This

élow growth rate.

|
|
_ |
|
|

-

G L
which he used to discuss the stability of a crys‘cal surface upon . |

thermg.l etching. In this manner, corollaries /have been added to
the original theorem and may be stated as follows:

("‘i) The faces of low surface free energy tend to be faces of

\ \
()}2') The orientation of thesé faces natuz_'aJ:ly correspond ]
exacti.y sinc\e they are faces of low index. :'J:
Curie assumes that, under ideal comtrolled condltions , crystals |
would form in their equillbrium shape, but a closer look at the
Gibbs-Thomson equation points out that the shape dependence of free
energy is inversely proportional to size. Frank (6) pointed out
that, for crystals I‘arger'tba.n a micron in size , the deduction of
shape from the abo,ve considerations loses its validity. Thus, in B '
actuaﬂ,llty, these surface energy equlllbrium forms are not experi- |
mentally obtained because of the strong dependence of form on growth |
rate and dissolution rate as a function of crystallographic orien- I
tation. A cambined approach. to the problem hes been made by v |

.ge@wim and gallium arsenide agree 'quite well with predictionsQ_

J : i : ¢




1.3 A‘I‘OMIC APPROACH TO GROWTH KINETICS
The kinetic approach to the grovt.h pro‘blem mainta.ins as its
ste.rtlng assumptions ’chat the growth of a crysta.l from the vapor | .

, i

is carried.out by the ngcleation of small areas of monolayers, and

that the completion of growth on that surface is by the extension
| N of the monolayer areas. This ‘nucleation process was first recog-

nized by Gibbs (9). - Any finite monolayer area must have a higher

vapor pressufe’ than the infinite crystal, and this increased vapor A

pressure is caused by the specific free energy of the monolayer

edge. It may be shbwn (10) that, for a gixfen degi'ee of supersat-

s uration, there is a critical nucleus size (R,) for which the mono-
‘ o | R : u ., ‘
layer is in unstable equilibrium. This critical nucleus size may
. ' X

be expressed as: »

‘Rg = ~'3-Ee [T 1noq]

Where a = ma:te_ria; constant related to molecular volume -

N Ee
0. &

‘monolayer edge energy per atom | o

ratio of vapor pressure (P) to equilibrium vapor

pressure (Po)
Thus, if the nucleus formed is greater than Ry, the monolayer will
grow; if the nucleus is_rsmailer than R,, the monolager will = | | .

4 evaporate. "' o - o : /

The rate of formation of critical\ﬁuclei ‘hds been shown t0

o

' - | - ‘be given (ll) as:

e (s Y [-uE2 A _ -
L - A(SA) N [T'z-mc] T

e | S T

- !

| - _‘ . i
, R « f
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Where N = rate of formation of critical nuclei
A = rate of arrival éf new atoms at a single surfacé
-~ lattice site - |
S f s_urface ares, of crysﬁal face

SA‘= surface' area per atom of the crystal face.

Volmer (12) has calvulated the supersaturatlon required to
produce an appreciable growth rate to be not less than .25%. Exper-
imental evidence, however, has shown very few systems to be in
agreement m.th the expectatlons of thls surface nucleation theory (13).

Volmer and Schultz (1k4) studied the growth rate of Iodine crystals

_and found that, for supersaturations above 1%, the growth rate was

proportional ts the supersaturation. -

In or:der t0 explé,in the experimental divergencies ftrom theory,
Frank (15) proposed a theory of growth of imperfect crystals. The
Frank theory prop;)sed that, bechuse crystals were not ideal in
nature but contained imperfect or dislocated areas, these imper-
fections would act as ’sources of enhanced growth. In perticular,
Frank proposed that a screw dislocation (one ywhose slip vector is

parallel to the dislocation axis) which met a crystal surface at

é. right angle would provide & monolayer step for the continua‘bionq

of crystél growth and eliminate the need for nucieaﬁion processes
because the dislocated crystal could be pictured as a dislocated

monolayer . As atoms are added »to the monolayer 'ste;p,y the step

| advances in a spiral path along the axis of the disioéation. The

velocity #ith which any section of the step- advan;.es is proportional

to the supersaturation of the vapor which, in turn; desc;'ea.ses with

. .
.¢J)
g g
4 p
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 Griffin (20) in natural beryl, Dawson and Vend (21) in paraffin,

N

-

local curvature.. As the spiral grows , the section nearest the

dislocation achieves a higher curvature and thus an increase in

loca.l equilibrium vapor bressure. F:Lna.lly 8 steady state condi-

- tion is reached in which the angular velocity is the same for all

points on the step and the shape remains unchanged. AThe theory
was enlarged and given quantitative form by Burton and Cabrera (16)
and by Burton, 'Cabrera and Frank (17) The Frank 'theory was
immediately accepted and experimental proof was forthcoming before
the theory had been completely formalized. Amelinckx (18) observed
Frank sources in gold, Forty (19) in magnesium and cadmium fodide,.

D

and Verms and Amelinckx(22) in silicon carbide. since this time,

an effort has been made to unify the: general field of vapor growth

| by a ,joint approach of phenomonology, atonmic structure and statis-

tical mechanics (23), . and has greatly modified previous concepts
of two dimensional nucleation and dislocation propageted growth
mechanisms Even with this new approach a more general basis must

be established via irreversible thermodynamics because of the

,

~ transient nature of most'erystal growth experiments. In addition,

particular studies have been carried out in the fields of growth

» theory of filamentary whiskers (24), mathematical approaches to

vapor growth (25) , and epitaxial growth Cer . o /

—— X , . - s
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1.k EPITAXIAL GROWTH

'

In 1925, VanArkel (26) showed that solids can be crystallized

' from a gaseous as well as aliquid phase through his work on the
~deposition of tungsten from the gaseous he_xachlog'ide. The economic
-- \imPortan_ce of this disc\'o'very immediately dictated an experimental
effort"which has laétéd‘ to ‘the pr?sent day. Many investigators
noted 'a ci'yfstallographic orientation relation between these vapor:

| _déposited metals and their substrates , but it was no&t’ un/til 1928

'wpen ‘Royer (,27)5 defined the general system. He defined epitaxial

growth as the growth of a c‘i'yst.a.l upon another crystal with a
related structure whereby the orientation of the deposit has a
fixed and rigid relation to the substrate. Royer provided the |

first set of rules for ‘epitaxial growth depending on the per cent

| mismatch between the two lattice systems. From that time until

the late Forties, much experimental werk was done to show that
oriented metal £ilms could be vacuun-deposited on a variety of

siﬁgle' crystal substrates (28), but it was not until the imper-

fect nature of crystal structure was noted that extensive advances

- were made in theory. -

In 1949, Frank and Van der Merwe (29) developed the theory

Ly SR

&

for a one-dimensional.dislocation model vhich was applied to the

growth" of monc;la.yeré on a cry§i;alli:ne substrate. They applied this

model to the case of a monolayer ‘on the surface of a crystalline

| substrate Vwifth different lattice spacing and showed how fauiting' )

-




of the layer could provide an oriented overgrowth of a misfit

monsla.yer. The misfit rules proposed by Royer limited the systems

| to irery small mismatch, but the Frank -"Ven der Mer_we‘Theory B

'}@

- expleined how systems with/large mismatch could extend over macrQ=- |

scopic dlsta.nces if dislocations with suitable Burgers vectpr are

itreduced to relieve the internal stress of the system. Experl-

mental results of- the past were reviewed ( 30, 31) in an effort to
revise Royer's Misfit Rules in the light of the imperfect nature
of igrswth, but many questions were still left unanswered.

', Deo, Finch and Gharpurey (32), when working with the epitaxial
systems of methyiene blue and NH), I on cleaved mica surfaces ’ hoted

that the epitaxia.l growth of the system depends only on the first

few deposited atom layers, and tha.t further growth is no longer
affected by the substrate lattice structure. They found that the
deposited crystal size was uniform over the layer and suggested
that, 4when ,a: certain degree ef suﬁersaturation is attained, -nuclei
are formed simﬁlta.neously at a number of positions on the surface.
Further deposition is 'confined to these initial nuclei, and subse-
quent growth is independent of substrate structure

Blisnakov (33) proposed a thermodynamic explanation for the

:crltical temperature st which epltaxy was observed to appear between

two crystalline- phases. He derived an expression for A amax (the
la;rgest difference between lattice constants of the depovsi't a.nd
substrate at which epitaxy between given planes cen occur) in terms

of elasticity coéfficients , work of removal and deformation of

4 —
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crystal nuclei, surface concentration and substré.te_ temperature.

An epitaexial deposit would thus be obtained if the system was de-

signed so thatl Aa § Aamax*’ Bau_r (3&) extended Blisnakov's S

work'and showed that crystal gi'owth atom-layer By atom-layer through

surface nucleation (Frank - Van der Mexfwe mechanism) can occur oﬁ.ly

for growth systems where both deposit and substrate are of the same N\

”

component. For multi-component systems, growth could occur by

either of two mechanisms:

(1) Stranski- Krasnov Mechanism whereby the original forma-

tion of a unimolecular or multimolecular layer occurs without

nucleation end then leads to the formation of three dimensional

nuclei, or
(2) Volmer - Weber Mechanism where three dimensional nuclei<
are formed directly on the foreign substrate.
-

Based on the above mechanisms and the probability of nuclea-

tion, Baur then discusses the conditions under which epitaxial

u_ég‘rLQWth will.occur. Other attempts at a reasonable theory for epi-
taxial growth include Dixit's {35) application of a two-dimensional

- . / :
gas theory for the growth of thin metal /Rilms to epitaxial growth

by introducing a &Van der Waasl's force_ depending on the a,ttraétion .
between subsﬁrate ions a,nd deposited atoms. He cor_isiders both
the deposition of neutral. atoms from 'solution'a.rid b;;r élect-rolytici
depgsitiono |

‘Recently, work “hé,s beeﬁl done byb'Pashlé'y (36) with the evapor-

ation of gold and silver on cleaved mica or halide substrates
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‘whereby almost every.atom incident upon the

i?ide an electron microscope which revealed that small discrete

n

then tend to coalesce; the smaller ones being attracted to the

larger ones. Pashley terms this "atomic migration®.
' In 1960, germanium was deposited epitaxially on germanium

substrates (37), and in 1961, silicon was deposited in & similar

#

manner (38). These semiconductor epitaxial films provided mater-
v .

ial for solid-state electronic applicatibns (39) which yielded
devices with extremely low collector-emitter saturation voltages

and high breakdown voltages. Kurov (40) developed a mechanism to

explain the germa;nium‘ epitaxial system by applying the theory for

the rate of formation of two-dimensional nuclei proposed by %urton,

L 4 b

Cabrera and Frank (17). He took into consideration four meens by |

W

vhich the degree of structural perfection of the epitaxial layer

could be affected:

Q.) The degree of ‘structural perfection of the s‘ubstrate

¢2) Surface films and adsorbed layers on the substrate surface

‘ (3) Impurity atoms present in both ﬁhe vapor andxsubstrate

(%) The degree of departure from thermodynamic equilibrium

" of the system during growth.

S

On the basis cf the above factors , Kurov proposed a system

\ .
substrate surface re-
o i

mains and m;igrat.esjupon itoi As a result of this migration, a
number of nuclei are formed, each consisting of a few atoms and

the growth of the layer begins similtaneolsly at many points on

\w H

- h K
v - ‘ ’ >\
N
r '

clei are formed and not & thin monolayer. As these nuclei grow,




| | | b - , T
,\ the substrate. Because the rate of supply of atoms is greater than

the rate at which new ,iayers are nucleated , many "incomplete layers

3 are nucleated simultaneously. Under conditions such as these,
ST % - ~ f
where growth has deviated far from equilibrium conditions, the
\. formation of a large number of defects is shown to be possible.
N . . ‘ \ ’
/A | | " | B
bt N
- " 4
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€
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2.0 IMPERFECTIONS IN EPITAXTAL FIIMS s

2.1 INTRODUCTION

The réalizatiggw;hat‘epiféxial'dgyices.offer ﬁgch improved
‘ ’ ™ s :
designwcharactérigtics to electronic‘producers created a situa-
tion where epitaxial growth was viewed ;s a production method for
Jv‘ the flrst time. Rigorous investlgation.showed these films to be
- ¥h;ghly‘imp§rfect for production use and a surge of investigation
of imperfections in epitaxial films was étarted Until this~time,
little work had been attempmed in this fleld Vermout and |
Dekeyser (hl), working'W1th oriented overgrowths of silver on
A’ cleaved substrates_of rock salt, made passing referepéeto the
possibility that imperfection of the substrate surface might play
a more important role than previously considered.
. Imperfections found to be present in epitaxial films of
germanium and Silicon;may Be classed into three groups:
(1) Growth Pyremids
(2) ‘Dislocationé
(3) Stacking Feults
Experiment and ad?ances in ﬁechnology ténd to show thét imper-
fections except stackirg fauits are introduced elmost exclusively

by the failure to produce a clean or properly orienteg systemn
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cation eﬁerging at the substrate surface. Light (4&4) and Reizman’

2,2 GROWTH PYRAMIDS IN EPTTAXTAL FIIMS

¥

‘ﬁ‘ {m\

- Ingham and McDade (42) and Inghem, McDade and Compton (43)
noted growth i)yram;ds in gérmanium epitaxial films and suggested

that they were formed by the enhanced growth around a screw dislo-

~and Basseches (45 Y Boted the appearance of pyramids in silicon

- epltaxial films. Chu and Gavaler (46) cite work done by themselves

on“,silicon and by Ingham and McDade (L42) ~c5n germanium which show
that substra'tes oriented a few degrees off of major crystallographic
planes do not show growth pyramids, but still pi'opose that the
probeble cause of pyramid formation is an impurity éffect. Flint,
Lawrence a.ﬁd Tucker (47) rloted ’;he presence of éromh Pyramids in
silicon films g;‘bwn by the wvapor deposition of trichlorosilane in
hydrogen atmospheres and have associated them with the presence
of stacking fault‘s. | |

Récent work by Tung (48) and Edmunds and Gibson (49) shows
that surface defects of the growth pyramid type are a function of

(1) growth rate and (2) substrate orientation. These pyramidal

defects were not observed when the growth rate was less than 2. 5

microns per minute and misorg.i.entation was greater ‘than one-half

degree off the { 111} crysta.llographic planes. It is thus pro-

" posed (50) that’ orientations slightly off a major crystallographic

Pplane provide an increased number of surface steps which produce

T ¢

sites for. easy nucleation. B - .

(.
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& strong dependence of dislocation density in the layer on substrate

ot 1 . apadrtad A k30 PSR e = erinams Yot
0"
.

2.3 DISLOCATION IN EPITAXIAL FIIMS

!

Lo .

The observé.tign of dislocations in epitaxial films is by no

 means a recent development. As mentioned previously, Frank and

Van der Merwe (29) proposed a theory for epitaxial growth based
on the action of dislocations at the growth interface. Since that
o |

time, many reviews and books have been written (51,52,53) on the

geometrical description and properties of dislocations so they

shall not be dwelled upon here.

¥

in epitaxial germsnium films growa onto substrates during the

disproportionation of Gelp to Ge and GeIy (37). In this work,

Substrates were (111) oriented germanium 'w,a._fersh and they were

sectioned after growth so that etch pit densities could be observed

across the junction of deposit and substrate in the {111) direction.
It was fouﬁd that dislocation densities decreased on either side of
the interface, a.ﬁd thet the perfection of the layer is largely
controlléd by the substrate surface condition. Ingham, McDade and
Cwﬁ%pn (43) démonstrated thet, in germanium epitaxial 1systems y

disi’bc_ations mey originste in the deposit as well as by propoga-

tion from the substrate. The findings of Beatty, Glang and

Kren (54) ard Glsng and Wajda (55) in the silicon epitaxial system / |

indicate good agreement with those for the Ge system. | They note

(

preparation, but also observe a high variation of dislocation den“éity' ‘
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at the substrate edge. This density increase isattrifuted to
inhérently gréater temperatgre variations qi the Siice_édge’and
isinagreament'with the theory of dislocation generation.by'the
application of thermal gradients as proposed by Dash (56).

Chu and Gavaler (46) duplicated the'wbrk of Ingham.and.MCDade
(42) and Ingham, McDade and Cam?ton (43) for the Silicoﬁ epitaxial

system and the results were found to be substantially similar.

It is explained that dislocations present at the interface may be -

introduced by the indiffusion of small diameter impurity atoms
from the substrate. Substitutional impurity atoms would contract

the lattice (57) and set up stresses capable of generating

- dislocations.

Refinements in epitaxial growing techniques, - proper cleanli-

ness, and well designed systems have reduced the importance of

dislocations and growth pyramids. The problem of stacking f&ults,

~

. r g =<
however, has not been resolved and their effect on semiconductor

device parameters has not teen clarified.
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| 2.4 SgracKING FAULIS T o
R GENERAL STACKING FAULT THEORY "
5 A staokiog faul‘b may be defio;}i (58) -d4s an iﬁte‘i‘ruption in
~ the atomic stacking seQuence of a. crystal lattice which still |
maintains true nearest neighbor and number relationships. )
'Heidenreich and Shockley (59) proposed the generation of stacking
faults by the dlssociation of & dislocatlon into pa.rbla.ls. The
application of Fra.nk's Energy Rule (60) to the reaction
1 [110]—0'3 [121] + 5— [211]
\_—7 :
) sﬁows ‘a reduction of energy to the right ,' and as the pa.r'bials’..
| separate Va low energy stacking fault boundary is formed in ~‘che |
slip plane ‘oetween them. The fault energﬁr just oa.la.nces the re- . '.
pulsive forcebetween the dislocations at some critical distance —~— |
\\) (Sl)r, given by:
| \r‘-; wal/2kTre
1 Where .u = Shea.r moc_iulue
a = Lattice constant’
-€' = Fault energy per unit area -
\ The geometry and reactions of partia.l dislocations which
produce stacking faults has been covered qulte extensively in the
literature (52,53). Because the formation of a stacking fault / -
; -~ o : S
depends upon its energ‘y;hthis' questioxi has also been & source of /Q
great activity. Heldenreich and Shockley (59} related the stack-
é ing fault energy in cobalt to’“;:he energy of transition from‘ | o ,
i face-centered cubic struoture to hexagooal close-packed, structu'r.e'.
| A -
- - j

3
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i | They.'esti“x‘nel.ﬂl\?ec'l- this gtacking fault energy to be of the order of
‘i o 20 erg'°cm'-2.' | | - | | L
. Séegér'and Schoeck (6‘1) propo-sed that stackiné faults in
face-centered cubic hateria;s may be considered as thin sections
- " bounded by coherent (111) twin boundaries. Using this principle

and vork performed by Fullmsn (60) on the measurement of twin

boundary energies jn Cu and Al, they caiculate the stacking fault ' )

2 and that of Al to be 200 erg-,cm’z. } 8

energy of Cu to. be 4O erg-cm”
It was suggested by Seeger (58) that, in hexagonal close pacjked.

structures, the grain-boundary energy of a low angle grain bound-

ary composed of extended dislocations should depend on the stack-
ing fault energy. He also proposed a qualitative approach based
on electronytheory. Thus low valency elements, such as Cu, Ag, Au

LI .
would have low-stacking faul’g energies because the conduction

- electron energies are not highly influenced by position of zone | | |
boundaries, while multivalent metals such as Al, Mg, Zn, and Cd
would be expected to have 'h:_'L_gh stacking fault energies because of

the overlap of conduction electrons with the first Brillouin Zone.

7 Later work (62) indicates that the activation energy for cross- - |
slip of a pair of extended dislc;;a{;,ions is related to stacking"
fault energy. - -
Experimental work performed by Hifsch and Silcox (63) and
Silcox and Hirsch (64) shows the pi:esence of stacking fa;ults in

quenched gold samples. These stacking s‘\'fault.s are attributed to | B i

| B the collapse of vacancy discs into dislocation loops composed of “ N %




\ & : _ 7
gsessile Fra.nk partial dislocations bounded by stacking faults in

low stacking fault energy materials. Aluminum samﬁles prepared q
in the same manner show no evidence of stacking faults. The
i | | i

| authors point out that, in high stacking fault energy materials, | o N

‘the stacking fault is not a stable configuration and would be ‘ j

eliminated by the reactioﬁ of the Frank sessile with a Shockley

" ~ partial. This reaction is given by Kuhlman-Wilsdorf (65) as:

%Elfé] + £ [m] — L mio) | -

3 2 v L ;
) ' /r.-« 4
Shockley ., Frank . Prismatic ]
‘Partial Sessile - Dislocation

A/

Nekayama, Weissman and Tmura (66) have recently noted the presence
of stacking faults in tungsten, and Howie (67) has noted them in

Cu-T%Al alloys.

e
»
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2.4.2 . STACKING FAULTS IN EPITAXTAL FIIMS . - )

4

s "Z 2

The investigation of the nature and cause of stacking faults
in epitexiasl films has been the sf;b,jec‘t of many recent papers.

Sloope and Tiller (68) reported on the effects of environmental -

conditions on the structural perfection of epitaxial single crystal

~\ -f‘

silver f£ilms on sodiﬁm chloride substrates. Their results indicate -

a rate dependent minmum deposition tempei'ature for the formation
of singlé crystal films; and the structural perfection, porosity

and stacking fault density.of the films are found to be related

- to deposition rate, deposition temperature and f£ilm thickness.

Semiconductor epitaxial thin films have been studied by three
main methods. Various authors have iny,éstigated the na.turg of

these imperfections by either chemical etching (5k,4k), X-ray

diffraction ’niicroscop;;é (69,70), or electron transmisgion

microscopy (71,72). . | | | .
Beatty, Glang and Kren (54) have observed imperfections in

'“s‘zfilicqn epitaxial layers by etching for four hours in an etch

consisting of': -

30 ml HF ~ e

1.1 grams Cu( NO3 )o

0.1 ml Br s
o~
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| tria.ngule.r pits with fla.t centers , by etching for 30 seconds in the

faults in both germanium and silicon. Thesé faults are attributed

 fault sides to be in <110> directions and in the (111) plane,
be related to the length of stacking fault on the (lll) pla.ne ‘kaccor.d'-

"COmparison of thickness _measuremen“ts from stacking fault size are

e
5,
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They have noted the formation of dark triangular' pits vhose etch-

R Y

e e
3

ing chare.cteristics suggest-stacking fau.'&s .' Light (M&) has revea.led "

s et Sl e ey

Westinghouse silver etch’ (73,) , which are identified as stacking

to- surface imperfections, end it is thus proposed that the faults
are originated at the interface. Geomefrical relai}ions are given
vhich explein the presence of line, wedge and triangle faults and

the orientation of these faults is given. The author states the
end if the fault is pictured as a regular tetrahedron with the .

origin of the apex at the interface, then the film thickness should |

ing to the relationship. | .

t = L sin 54.7°

made to those from angle lepping and staining data and are found
to be in excellent agré’é'rﬁént. Later work by Lenie '(‘7&) and Dash
(75) all give support to Light's original supposition.

Schwuttke (69) nas identified the etching forms noted by
Light as stacking faults through the use of an X&ray diffraction . - o
technique developed by Lang (76). Schwuttke-and Sils (70) have /
shown these stecking faults to consist of partial dislocaetions of |

Burgers vector 1/6 (llO) when. in the form of ‘a closed tria.ngular ,‘

- -

Nt

figure, or 1/6 <11.> when in the form of & line. Haase (77) has |

. 2 ’
A,
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exa.mined/ vacuum evaporated germanium f£ilms*using trahsmission ]

electron microscopy and identified the imperfections in these

"

- filmg as stacking faults or repeated stacking faulté (microtwins)

on {111} planes which intersect therdeposit surface along {110)
| T -
lines.'
The conditions under which these st_acking faulté\ form have

been categorized by workers in this field. Schwuttke (69) pro-

N

| posed that they are caused by scratches, duét pa.rticles or ‘other

impurities. Queisser, Finch and Washburn (71) group the causes

~into five different areas, quote:

1) Substrate surface demage ~
2) Growth mista.kes at t@ :Lmjerface &
) Inclusmns of foreign" partlcles in the deposit
) Growth faults caused by lattice mismatch of layer and
~ substrate | | e
(5) Condensation of vacant lattice sites”.
Booker and Stickler (72) picture epitaxial growth as a

micleation and two- dimensional growth system wheref:y random nuclei

- /

are formed on the surface, and surface migration causes the nucleated

areas to join. New ‘lé.yersmay form before preceding layers have
% . |

been completed and, by deposition in an incorrect atom sequence,

geometrlcal stackihg faults may be formed.

Finch, Queisser, Thomas and Washburn (78) propose the ‘hech-

. enism of fault formation to be the formation of Etacking faults

| in order to provide coherency in the lattice when the epitaxial

LT On D A
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material is foréed to grow around a surface oxide inclusion.

. However, the results of Batsford a?d "I‘homas (79) contradict these

,Tindings and present data that show low stacking fault density
layers formed under conditions which would promote oxide films

at the interface.

>
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3.0 EXPERIMENTAL - ;

) The- purpose of this investigation is-.to:
. (1) Qbserve imperféctj/,ons in epltaxial silicon films ,'
_:(;2.) ‘Observe the effé{ct of growth rate on :meerfectiohs ,
(3) Observe the effect of substrate crystallographic pér- )
fection on imperfections, and
(L) Observe the effect of substrate preparation and cleaning
. ~ #
¢ on imperfections.
@ U 4 | i;: |
~' S
.
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- ‘3.2 GROWTH OF EPITAXIAL SILIC%N FIIMS
-~ | Eplta.xia.l s:Ll:Lcon films were formed by the hydrogen reduction'
| of sili{con tetrachlorlde This reaction was first given by )
Theuerer (80) as: B
. SiCl), + 2H, ____,. 81 + kECL '
Recent identiflcation of the presence of S:i.HCl3 in the exit gas
‘ system has been made a.nd an experimentally determined reaction
has been given as: .
. 281C1) + 3H, = Sig,f S1HC1y + SHCL o
Allegretti and Pollak (81) hav)e proposeé the component reactions
to be: |
(1) 2sicy, + 2H, —2p 28iCl, + 4HC1 E
(2) 8iCly + Hy — S1 + 2HCL
(3) sici, + HCL —%  S1HClg

The experime:ta.l depositien system used for this investiga-
tion is shown dia;grqmatically in Figure 1. Helium was dispensed

from a regulated tank source and féd into‘ the': system at;a flow
“rate of 10 liters per'minute until the line systém and the depo-

sition 'chamb_er‘ had been purged of air. During this operation,

the bubbler was purged with helium but vented to air bj opening
( valve A é,nd closing valve .B. After purging the system of air,'m
% | " hydrogen was dispensed from a reéﬂated tank source through an
| ' eutomatic dual tamk dryer and deoxidizing unit and then allowed

to purge thf ‘entire system 1n the same manner as the previous
/T
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helium purge. Tée hydrogen purge floiﬁ\ rate was kept at 9 liters

| pér minute for an elaps.ed purge tme of 25 minutes. During this

b :
_ bubbler was adjusted to 1.5 liters per minute.

time the temperature of the silicon tetrachloride bub'bler was
ad,justed to +10°Ct1°C by a.d,justing the d.ry ice and ethylene glycol
mixture around _'the bubbler, and the hyd%nogen flow through the .
- This produced a
gas mixture (82) of 5-6% SiCl), coming out of the’ bubbler, or
about 2% when mixed with the bypass gas.

- After the campletion of the hydrogen purge, the genei'ator" |

power was turned on and the system was broughf. up to & tempera-

ture of 1150°Ct5°C and held for a high-temperature bakeout in

* hydrogen for 5 minutes before closing valve A and opening valve B

and allowing deposition to occur. Deposition rates of 0.7 to l 2

microns per minute were acshleved :Ln either of the two deposition

N

chambers .
The horizonmtal chember consisted of ‘a Ut inch diameter quartz

tube encompassed by the element coils of the generator. The sili- [\/

. | \ <
con substrates were placed on & graphite pedestal which, in turn,
Wé.s placed inside the chamber. Carrier gas containing silicon
tetrachloride wes allowed to enter the cheamber at one end of the

quartz tube.

A
&
rd
Vs

The vertical system was composed of a quartz bell jar assembly - / |
which contained the pedeetal syStem., Tne silicon slices were placed
on & molybdenum pedestal which Was heated from its wdderside by a

panca.ke shaped heating coil The pedestal was allowed to rotate in

either &c\.‘fockwise or counterolockwis‘e motion by the pedestal

5 | "\
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‘ghaft. The carrier gas entered the bell jar assembly through"the
hollow pedestal sha.f't and was deflected downward onto the pedestal
surface by the inner bell jar surface. |
After the desired deposition was achieved, the bubbler was
vented k@'o alr and the chember temperature was reduced by shutting
off the generator. The hydrogen flow was reduced to half a liter
per minute and “the system was a.lloweds to purge and cool for twenty

-

minutes. After the hydrogen purge, the system was opened to

heliun and purged for five minutes before opening the chamber to e

air and unloading.

Ifu desired, it was possible to preclean the system using
hydrogen chloride gas prior to deposition and after the high tem-a
perature hydrogen purge by opening valve C and allowing anhydrous

hydrogen chloride to enter the carrier ges.

~
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“ ity concentrations in the crystals ranged from 1.5 x 1019 atoms/ cm

| ~ abrasive lapping compound and then chemically polished in an HNO3- |

~  The silicon crystals used as substrates for the epitaxial

l\
\ T
~ [ 0 "'lb‘,?;/r .
I

3.3 SUBSTRATE PREPARATION AND CLEANING

process were grown by w'al;’he Czochrals-ki (83) technique by pulling

'a (lll) oriented silicon seed from 8 silicon melt with a growth
rate of b inches per hour and using a rotation rate of 25 RPM,
Dislocation free crystals were prepared by the same method except
that they Were grown by the modified Czochralski techniques pro-

posed by Dash ( 56). The crystal diameters were approximately 7/8

of an inch. The melt was doped with antimony and the final impur-

~to

-~

s

to 2.5 x 10 L7 atoms/cm This corresponds (84) to a remstivity

ra.ngeofOOOSohmcmtoOO‘j ohm°cm,

 The crystallographic orlentation of the sa.mple was determmed

<.

tirough the use of X-'ra,y‘diffraction methods (85), and 50 mil thick

slices were cut 1/2 to 1° off the (lll) plane by a diamond blade.

The slices were mechanically lapped using a 5 micron garnet

HF-CH3COOH~- 1o mixture until a final thickness of 35 mils was

Substrates were examined for surface scré,tches and faults due
to mechanical polishing, b.a,ze and orange Peel caused by chemical
polishlng and fur fletuness tm'ou.gh the use of interference fringes

caused by optical flats placed over ‘the surface.(Plates 1 and 2).
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Before epitaxial deposition, the slices were cleaned in HF |
for 15 seconds, rinsed in deionized water for 45 seconds, and then
immersed in acetone until ready for use. Upon removal from the
| |
acetone, the slices were blown dry with nitrogen and placed in
the chamber. |
7 . '
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3.4 OBSERVATION OF IMPERFECTIONS IN SILICON FIIMS

| J‘Eﬂperfections in both the epita.xié.l depos‘i;: and substrate
were observed through the use of preferential chemical etching
agents. Dislocatidns. were revealed by étching for four hours ih
a mixture of hydrofluoric, nitric and glacial acetic acids in the
ratio of 1:3:10. This etch is commonly known as the Dash Etch (86).
St_é.cking faults were observed by etching for ten seconds in
a ‘mixture of I;ydrofluoric » nitric and glacial acetic gcids in the

ration of 3:5:3 saturated with Brominé. This etch is known as

the CP-4 Etch and was developed by Vogel, Pfann, Corey and Thomas

(87).

The presence of stacking faults was found to be observable
without etéhing by using an interferometric microscope technique
attributed to Nomars-ki‘ and Weill (88). This technique is disclissed‘
in Appendix A. |

Density measurements were made by counting etch pits in a

2 square millimeter area under 200 power magnification. Unless .

noted otherwise, the data is based on center readings.

;6.




3.5.1- DISLOCATIONS IN THE LAYER VS. EE

DISLOCATIONS IN THE SUBSTRATE

\

In the first of a series of experiments, an epitaxial layer .
was deposited on five slices in the vertical deposition system.
-

‘The layer thickness was evaluated by infra-red reflection inter-

ference techniques (Appendix B) and found to be approximately 9

microns. The slices were etched for the appeara.qcé of dislocations

¥
N e L T S S T T A L R e N
&

in the Dash Etch for times varying from 1 ;co 5 ho,urs,.(Plate 3).
Measﬁremen‘bs cﬁ‘ remaining léyer thickness after one hour elapsed
time intervdls showed the etch rate to be approximately half a
micron per hour., Etch pit counts wefe taken on each of the five
.‘ éamples , and the counts were plotted against etching time (Figure 2).
- It was noted tha,t‘ the count remained constant after é’. three hour

étching time; this is characteristic of dislocation pits reveale\

|
!
i
i
?
g‘
a

by etching techniques. Based on the data obtained, a standard

etching time of four hours was adopted.

The epipa.},cj'.&l “Slice that was etchéd for four hoﬁfs was taken
and the position of the pits markeJd. on an optical comparator scrgén;
The slice was suitaebly marked and then relapped until the layer -
was removgd and the substrate revealéd. The substrate was then
repolished and re-etched to reveal dislocatiqn pité in the bulk,

and their position was overlaid on the comparator screen. The

_— , o | - g
position of dislocation pits in the substrate and layer was then

R S




\4 : ' T . : ’ ) T " : ‘“ . ' “fi"'-,«i.ﬁ-"sl‘.,;r‘"-%51‘."!'{“i‘:‘;la;--f:=-‘-.-.fn"'f'\‘n’-:-'w;l"F ;}?%"1;_'“\‘,‘531“3\_;’\\“"' W
_— ) _

4 * .

| . .

L evaluated. This method is similar to that of Light (44) and Chu

. and Gavaler (46) except that these authors not&“the pésition of

| ﬁ [ y

the pits in the substrate before deposition. It was felt that

the heat-treatment of the substrate during deposition might in-

fluence the presence of dislocations and, therefore, the experi-

et

mental procedure was reversed.

| | The experimental overlay pettern obtained is shown in Figure 3.
. " It is evident that very few dislocations are propegated into the

deposited layer by growth from dislocations present in the sub-

strate, while many dislocations are generated either at the inter-
face or in the deposit.
i
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3.5.2 STmG FAULTS IN THE LAYER VS.
DISLOCATIONS IN THE snBSTRATE - SN

A secdnd set of five semples was deposited in the vertical
system and etched for four seconds (Plate L), two minutes (Plate 5), .
and then four minutes (Plate 6) in CP-4. - It was noted that the
size of the imperfections/decreased with etching time (in opposi-
tion to & dislocation pit which normsl.ly increases once the fast
ebching planes have been revealed) and it was thus concluded that
the imperfections were stacking faults. This is in agreement witn
the results of Dash (75). |

The size of the fault edge was measured after the slices had

&

been etched for four seconds a.nci, using the relation given by'

" Light (4%), the calculated lsyer thickness was compared to the

inf;'a-red thickness measurements made before etching. The results

are tabulated in Table I and are found to be in good agreement.

| These results are similar to those of Light and confirm the orlgin-

ation of the stacking faults to be at the epitaxial interface
Previous to etching, the slices ha_d ‘been examined by Nomarski

Interference contrast equipment (Plate 7). The fault size was |

found to be in excellent a.greement with those of the etched samples. |

This method of observation may thus be used as a nondestructive

means of mea.suring thickness and is of cons;gderable value in

3 ;/

estimating the qualitatlve presence of stacking faults.
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. ~.  The position of stasking*“faults was marked on an optlcal com- ‘
- - parator screen and the sa!tnple was lappea back to the substrate ),
I repolished and then re-etched in Dash Etch as in the previous
; | - section. An overlay vas made to show stacking faults in thze' £11m
(- s&perimposed on dislocations in the substrate . Figure 4 Shows only
N . a few stacking faults to be direc:tly generated by dlslocations in
the substrate. It may be noted, however, that som;%ztacking faults
3 - seém to be laterslly .offset from dislocations, as in the triad
o arrangements seen in the upper left cormer of Figure 4. It is
presumed that these stacking faults are associated with disloce-
tions whose axes are not perpendicular to the growth plane.
| | ¢
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|
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" ing fault density are given fer two vertical runs in Table II.
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3 5.3 STACKING FAULTS VS. GROWTH RATE

A seri-es of deposition rﬁns were made in the hofci;ontal
system which showed a relationship between growth i'ate e.nd staek-
ing fault density. In each run, five silicon siices were placed
in line on the pedestal bleck situated at .the center of the hori-
zontal tube, and sili_'eon was epitaxially deposited by flowing
§iCl), into the tube from one end. In this horizontal chamber, the
carrier gas is depleted of SiCl) es it pa sesy from one end of the
tube to the other and thus decreased the effective SiClh concentra-
tion which in turn decreases the grovth rate. Thus the thiclcness

of the 1ayers deposited in this system graded with distance along

the tube length. The relation of stacking fault density to the "

ef:f'ect ive growth rate produced by this variastion is shown in
Figure 5 for two horizontal runs and is seen to be linear.
Simils.r experiments have been performed with single slice

vertical deposition runs and cha.nges in the SiCl), - carrier gas

mixture were made in order to change the growth rate; this resulted

in the same rela‘tionship between growth rate and stacking fa.uit

density as observed in the horizontal system (Figure 5), but with
a greater'amoﬁnt of spread due to varia:;ions in process parameters.

A variation of stacking fault density with radial d_istance

. was observed on almost all slices used for this experiment. Sample

data comparing center readings and- average edge values for stack-

hl W




SMESTETR, L ot -

i

R L o e Gt

o ol

R AU T AT TR e e e an —

I L T

e b st AT AR T TS

8

‘A definite sharp increase is ‘noted in stacking fault density at

the edge. It is 'assum'ed that the substrate edge pr,ovides a greater
émgunt of surface area for heat absorption.. The edge may thus
providé a source of increased imperfection density cause by (1) a
higher effective deposit;pn’ temperature which, in turn, increases
the effective growth rate o;' (2) vy producing a high temperature
gradient at the edge which produces en increase in stacking feult
density per se. I

A series of slice‘s, whose orilentation was chosen to be within
a few minutes of the (111) plane were grown at extremely slow
growvth rates of 0.1 micron per minute. In general, few surface
defects or stacking faults were observed but, on a few slices,
growth p_yra.mids showing a growth step appearance were noted
(PLate 8). »
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3.5.4 STACKING FAULT DENSITY VS.

SUBSTRATE DISLOCATION DENSITY .

In spite of the results found in Section 3.5.2 that stacking
faults a.re. not always propagated directly by dislocations , &
rela.tionshi\; between fault density and substrate dislocation den-
sity ha; been nofed.'

A series of dislocation free substrates (Note 1) were plaéed )
in a horizontal deposition system whereby the slice positions
alterna.ted with other slices whose dislocation density was found
to be approximgtely 3xlO3 per square centimeter. For all other -
¢ircumstances, the slices were -exactly alike and were prdéé’s"é%d -
mechanically and chemically at the same time. The resultant stack-
ing fault densifies for the two series_df substrates were deter-
mined as & function of chamber position and are ého'wn in Figure'6.
The dependence of ciénsity on position is related to the effective
growth rate discussed in Section 3.5.3 and a_relstion of stacking
fault density to dislocation is definitely seen. In all cases,
the dislocation free su‘bstrates produced layers with grea.f,er stack-

ing fault densities. Subsequent duplicate runs produced similar

results. o L -

-
\\

- - - - - - - .- - - ' - - - - - ] - - - -‘,. on \-

Note l Dislocation free material may /be defined as material in

Whlcfk no dlSlOCatiOIlb appear parallel +0 the crystal growth axis |

and in which the dislocatlon loops" are smaller than a given arbi-

trary size,




3.5.5 STACKING FAULTS VS.

PREPARATION AND CLEANING PROCEDURES

w

&

The effects of substrate preparation and clea.‘ning procedures

on stacking fault density were investigated and were found to have \
a definite influence. Four* runs were mé.de in a vertical deposi-
tion syst_em and the follow;ing poi‘nt's' were investigated:
(1) The effect of mechanical polishing the sdbst;;te to an
optical finish‘a.s compared with chemical polishing.
| (2) The effect of clea.ning slices in hydrogeﬁ prior to
deposition. T '. ., l
(3) The effect of sqbstrate cleaning in HC1 immediately
// before deposition. |
\' \ o The results of these experiments are tabulated in Table 3 \v
. > - and it may be stated that, in ge?eral, | |
. (1) Chemically polished slices produce lé.yers,with lofrer |

stacking fault densities than mechanical polished slices.

(2) Slices cleaned in hydrogen produce layers with lower
stacking fault densities than slices which have not been cleaned.
“(3) Substrates precleaned in HC1 produce layers with lower

stacking fault densities than those which have not been precleaned. ~
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o . 3.6 CONCLUSIONS AND DISCUSSION

< - The relation of dislocations in the epitaxial layer to those

in the substrate ahd the relation of epitaxial stacking faults to

.—\ e\'\ ‘ ’ ' . |

substrate dislocations have been investigated by many authors |
(k2,4k4,46) and the experimental results obtained.in this investi- | | Z

gation are in good agreement with v}ork performed before. In

general, the statements may be made that,

(1) Stacking faults and dislocations present in the layer

S YR AT L e B B e R SN b oSl

are generally not directly propogeted by imperfections in the

—

 substrate, and | | ' {

(2) Stacking faults appear to be originated at the epitexial

ye o
- ,

P

interface.
Substrate handling and preparation were shown to have a sig-

nificant effect on the stacking fault density. Increased surface

X

perfection of the substrate /sJ\ice , as indic_:ated' l&y lower stacking

fault densities present on chemically polished substrates rather, "
than mechanically polished substrat;as , 18 ,definitely desired.

Also, the removal of surface or oxide films, as indicated by de-

| >\ creased stacking fault density layers in hydrogen baked or HCl

cleaned substrates, seems to be good practice. These surface

characté“ristics have been proposed by many @9 ,T1,78) Ito be the
major cause of stacking faults. -

Because of the many proposals (69,71,78) and contradictions

(79) vrought forth, it séems that most of jbhe\‘_mecha.nisms proposed i

-

-
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so. far are sufficient for the production of stacking faults, but

yet are not necessa.ry conditions The picture.of eplta.x:La.l growth

developed tq-:aoretlcally by Blisna.kov (33) and Baur (34) and exper-

imentally by ashley ( 36) and Kurov (40) in which growth is initi- -

ated by dom nuclei extended by high surface atom migration
rates, and propagated by the formation of new layers before the
preceding layers have necessarily been completed has recently
been considered by Charlg and Joyce (96),1:0 be applicable to the
silicon epitaxial system. Based on the experimental relatlonships
between stacking /fault densrcy, substrate dlsiation den31ty and
growth rate deterin{,ned in this report, it is proposed that, for
an ep1ta.x1al system as described by Charig and Joyce , the forma- -
tion of stacking faults is controlled by the kinetics of the
epitaxial process.

Jaccodine (97) has recently estimated the stacking fault
energy of sildcon to be less than 100 ergs/ cm2. He has thni{ pro-

posed that the nmechanism of stecking fault formation arises

'Vna.turally from a collapsed vacancy clustcr because the sta.cking

fault should be the stable configuration in this low fault energy

materia; o N

The experimental results which indicate an increased stacking

fault density with growth rate may be evaluated in the light of

Jaccodine's (97) and Charig and Joyce's (96) proposals, and are

seen to be in good agreement. As the deposition rate vi/g increased,

the surface mucleation rate is incrsased and a greater deviation

s -mm..m

&‘&“Q
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from an equilibrium growth condition occurs. This devidtion

creates a higher vacancy density because of the limited smdunt 6f

surface migration of the epita;yial atoms and thus an increased

. V2
number of vacancy clusters which are capsble of collapsing into
b

stacking faults,

-

The Increased stacking fault densities observed on disloce-

¢

tion free substrates may also be explained by the same mechanism.

The dislocation free surface provides no sites of easy nucleation

. for the epitaxial growth system.. This lack of nucleation sites

increases the surface vacancy density of the interface and creates
a situation similar to that described before. This is confirmed
by the reverse situation where extremely slow growth rates formed
layers with few étéckiné faults but also produced pyramids which
showed the presencé of growth s;:e'ps. In this case, epitaxial
growth was a.ccompiished Pby growth on ;:ly a few easy nuclei which
| then formed pyrainids and by low surface vacancy saturations which

then g;l.lowed the rate of atom migration to exceed the nucleation

rate. |

A

If the rate of atdm migration becomes the controlling factor,
then the atoms will migrate to easy nucleation sites, such as
| *
Frank screw dislocation sources. . The layers formed by this type

of growth might be expected to be free of stacking faults but show

)
py'ra.mids at points of easy nucleation, or growth steps at points on

the surface vhere-atom layers were allowed to grow by extension

rather than by the simultaneous nucleation and growth of new layers.

EORE)
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4.0 APPENDIX A

o~ INTERFERENCE CONTRAST MICROSCOPY

In 1955, Nomerski and Weill (88) developed an interfercmetric

" method for producing large variations in opicﬁal contrast for sur-

faces with height variations less than one order of interférence.
In this method, plene wave illumination is reflected from a surface
with phaée variations created by the surface profile. Th:,LS wave
is then passed through a double quartz prism and split into two
coherent waves whoée .phése relation may be altered by adjustment

of the doubleu prism a.ngie. These split waves are then recombined
with a sma]_l lateral displé.cement at the microscope image plane,
which i‘ésults in the observation of an interference pattern between
the two iﬁéges . It should be noted that surfaces of constant

slope would produce uniform intensities , While changes in slope

55

would result in intensity variations. Because different slopes

By,

- produce color changes which pass through the ra.nge of Newton inter-

ference colors, slope comparisons may be observed by color varie-
tions. Nomarskl and Weill reported sensi:ci'vities of the order of
104 when measuring the step heights of growth spirals in sili‘c'orjl
ca.rbide‘, ‘ | ,ﬂ - ‘ /

LeMehaute ( ~8W9m)*\i°;ports the .use of this;'. method for observing
(1) defects in evaporated metal films, (2) localized areds of

ferrite and austenite phases in hardened Ni-Cr-Mo steels, (3)

slip-line networks in cold-worked structures, (4) structural phase

£ T e T R E S Rl i A Ao R T e 52 R e b D R
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changes produced by diffusion processes, and.(5) substructures in
sintered iron compacts. Eland (90) has applied the method to the

study of corrosion patterns, and Jacquet (91) has attempted to use

,,, 1t as a tool for the observation of Qislocations. The Nomarski

Interference Con't;rast method has most recently been used by Dudley

(92) as a means of observing stacking faults in epitaxial silic_on"

/

. | layers.
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5.0  APPENDIX B

INFRA-RED INTERFERENCE THICKNESS MEASUREMENT = '
.

. ) |
Spitzer and Tapnenbaum ( 93) have proposed that the interface

* between the subs*bra:te end deposit of an epitaxial growth system

might act as s reflecting surface t0 infra-red light 1f the doping

impurity levels of the deposit was signifiea.ntly different »from

that of the substrate and thus affect the index ef x{ef“x'aetiqn 5

could then be measured. Extensive revision and modification of

- this method has been made by Albert and Combs (94).

If an incident beam of light, 1, (Figure T) strikes the

-through the use of reflectance interference fringes, the thickness

surface of the epitaxial film at an angle I from the normal, paxrt

of this beam is reflected at the epitaxial layer surface as beam
2. The remainder is refracted by the £ilm layer, passes through
' ¢

the film, is reflected at the epitaxial interface and'finallg\

energes from the layer as beam 3. The combined intensity of the

net >eflected ray at a given wavelength is a function of the phase |

difference between the two reflected rays. For comstructive”

interference to occur, it can be shown that the thickness .of the

film and the wavelength must be related by

<@,

N

‘otpcos I' = MM o

Where t = thickness of £ilm

A

Il

internal reflectance angle

K = index of refraction

Rl
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M = any positive integer

l = wavelength of light .
~  Since M may be any whole ‘number, therVin be a series of
- values of A for which constructive 1nterference will occur, and

although M cannot be determined, the difference between any two

integer values may be easily found. Thus, for constructive inter-
ference at wavelength ) , - v 1
2th cos I' = M) A4

and at any other maximum, i. e .y 7\2}

2tk cos I' = MyA ,
The difference M)-Mo is Just the number of maxima between )1, and

AQ and may be written as:

| 2ty cos I' 2ty cos I S ( )
M1-M> = n = - = 2tk cos I
Ho AL A2 Al 7\2

and solving for t, we obtain: L

R
e o2 (A1 A3
- 2n cos I \x2'51

A graphic representation of per cent transmission _vérsus wavelength

4

would thus provide an interference type curve from which consecu-
tive maxima may be ‘chosen to calculate thickness. The Beckman
IR-5A re'flgcta.r;ce attachment has an incident angle o‘fw I = 30°
and, if the index of refraction for”silicon .(95)\13 taken as

= 3.42, then b}iSnells Law we may find I'= 8.4° or cos :I' £ .99 :.,’l..
The thic;kness of an epitexial silicon layer may thus be calculated

fram any two consecutive maxima, (n=1) according to the equation:

i
& < )\1 x2 . 1,
~ 6.8 (A -AL) o o | \
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TABLE 1

Comparison of Layer Thickness Values Calculated

From Fault Edge and Infrared Techniques —

i ; P
i

Fault Edge - Infrared
Layer Thickness, Layer Thickness. :
Slice No. Fault Size, mm. microns microns |

ST e es R < e

LT

it aitm T

'EA297-6 0.0110 8.95 . 8.9 j

EA297-17 0.0100 8.5 -+ 8.2 | f

EA297-8 . 0.0100 f§,15. o 1f8i3.' |

- EA297-9 0.0088 - T.20 T - 1

'\/)// N EA297-10 0.0088 7.20 7.0 _ |
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TABLE 2

RADIAL VARIATION OF STACKING FAULT DENSITY

Slice No.  Center Fault Density, cm™2  Edge Fault Density, cm=2

\
J

; EAT64-1 0 | 2.1 x 10°

e A i R R T A R

SR,

. - EA764-2 | 1.6 x 103 4.8 x 103
| EAT64-3 0 1.1 x 102

EAT6L-L4 . 3.0 x 103 2.9 x 103

EAT65-1 0
BAT65-2 B T kb x 103 z

é | RAT65-3 0 | 1.9 x 102 |
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COMPARISON OF PREPARATION TECHNIQUES

ON STACKING FAULT DENSITY

\

Density, em™2

—

Run No. 1
Mechanical
Polish

Slice

& W D

No.

-

1.06

106_
5.8 x 107
108

.1 x th

Run No. 2
Chemical
Polish

5.1 x th

8.8 x 10%

1.2 x 109

100

6.0xlu'

~>..

Run No. 3

Chemical Polish.

Run No. 4
Chemical Polish,
Hydrogen Bake,
HCl Preclean

& Hydrogen Bake
8.0 x 105
5.1x 1oj*
5.9 x 10*

3.2 x 10%

7.2 x 103

2

oaan

2.5 x 10°
3.6 x 109 -

1.2x108

8.3 x 10 o

8.1 x 103
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