
AO ”AO~ S 361 ~*€$ RESLAACH LAU MALIBU CALIF F/I 10/12SCUD PHASL £PITAXIAs. IROWTH. (U )
OCT 77 d A ROTH. C I. ANDLRSCN HOO O 1~ —75—{—O957I UNCLASSIFIIO NI. up- !U~;D~T!

I _

~

flAD

~

UEU

~

iJ



II 1.0 ~ 
5

_ _  
2 2

I.

1 . 1 2 0

I .25 ~~~ ~~

• U • I ~~



• -

-~~~~ ~~~~~~ ~ -~TT
‘ 4~~~ , —~~~

- .

\\~\
\ \ &

,~~~

~~SOLID PHASE EPITAXIAL GROWT H

C.L. Ander son and J.A. Roth

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu , CA 90265

October 1977

Contract N 00014—75—C—0957
Annual Progress Report D c1 May 1976 through 30 April 1977 

~T’
4 ~9TB \ \

~~~~~~~

. l~l]~ U
_________ 

Prepared For 
A —

OFFICE OF NAVAL RESEARCH

Arlington, VA 22217

> • I ui~ - -~~ 
~~~~~~~~ A l

~~~ ~~~~

D~~~L u o n Un~~~~ d

i-u
I 

_

_ _ _  

— 

- 

— -

~ I 

-

~~~~~~~~~~~~



~1 ’ l AS’-~ I F l  El)
~~~~~~ SECuAI I ’ V CL A%Si ~~IC A T I O N  OP T H I S  PAC,P ~Wh.n I’ .t. Fnl.,.d)

REPORT DOCUMENTATION PAGE
~t•o~

y w U ~~ SEn 1 ooV T A C CE S S I oN  NO 3 A P C I P I ~~ N T ’ S  C A T A L O G  N U N S E A

SOLID PHASE E P TTAXIAL GROWT H 9 Annu a 1~~~~ogress e~~~~~~~\
-
~~ _______

t ~~~~~~~~~~~ 
) A C  C , R A N T  N U M B E R ( . )

(L ~~~~~~~~ ~~ 
NØ’ØØ14-75-C-~~~~~7~ --

~~. PEAFOAMIN G O R c . A M I Z A T I O N  NA N !  A N D  A D L ~ RF 5’, 10 ~~~~~~~ [MINT P R J T

Hughes R e s e i r c h  L a b o r a t o r i e s  ~~/ 
A H I A  A W O R k  U NIT  N u M e ~~ R S

3011 Malibu Canyon Road
f t i l i b u , C a l i f o r n i a  90265 

- - ~73”~T~ 937 )
Ii CON~~ RO LL ~~NG O P F IC [  NA M I  A N D  A D DI~~I • -, 52  ~~i i ’  q~ i~~

O f f i c e  t t  Naval Research 
~~~~~‘~&r 1977

Depar tment  of t h e  N a v y

A r l i n g t o n , VA 2~~~~~~~~~~_ _ - 
~~~~~~~~~

4 MONITo RING A G [ P ~c ’ S  N A M I A * ‘  .~ r ~~~~~ iI~~~
., ’ t .  . t ,  ,., - I’, -~ • j R ’~~

Unclassified
“ n r m* .  t ; . T , op . Do * N GR A O I N G

‘ - S t )  . 5

14 OISTAI•u ?I ON S T A T E M E N T  (,d F?t ln  R.p .,~

—. 

;~~~
. s . ,, - -  ~ tie;

I?  O I S T R I S 0 T I ON ST A T E M F N ’  •T.- .T , ’,,, . , U . - , . I ,~~ FtI , ..~ • 0 , I f ,  ‘ I , , , ~~, ’ U ,  N , , , . . ’ 
- - — - - — —

i~ S U P P L C M T A N D ’ I S

i~ X C V  WO A DS fConr,nu• on s.,... .,dp ti nt,., ‘0 ,~ 
f t , f ’f ,  It, I.!. , ..,, I... 

-

Ep itaxy
Silicon
Thin films
Crystal growth 

________

A SITSA C V (CO.Ifin,*..W on 0~~ASOO •,dt Si n., ...a. r ond Id.,...f, A. bI,.t

Low—temperature ep l taxial  growth of Si by the solid—phase ep itaxy (SPE)
process has been s tud i ed  to determine the effects of contaminants upon
the growth p r o c e s s .  The major sources of process—induced contaminants
in SPE have been reviewed , and methods f o r  eliminating or minimizing
these have been developed . ~e show tha t under clean conditions an
evaporated (amorphous) Si fil~~,.4~ll1 crystallize epitaxially on a Si(100)
substrate when heated to 525 C, but that the growth is very sensitive ._- -P
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o inhibi t ion by atmosp heric contaminants. S imilarly, SPE growth in the
sys tem Si/Pd’~Si/Sl(a) has been found to proceed very differently under

clean conditions as compared to the standard processing used in previous

work. This difference is tentatively attributed to affects of contami-

nants on the Pcf2Si interlayer , not on the Si(a) film as was previously
believed .
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SECTION 1

INTRODUCTION

Solid—phase ep itaxy (SPE) is a unique low—temperature process for

growing epitaxial , single—crystal semiconductor films . SPE differs from

the more familiar epitaxial growth methods, such as vapor—p hase epitaxy

(VPE) and liquid—phase epitaxy (LPE), in that the source of atoms in the

disordered state is a solid amorphous film , and that crystal growth pro—

ceeds by totally solid—state processes. For Si, with which we deal ex-

clusively in this report, epitaxial growth by SPE occurs at temperatures

in the 400 to 600°C range, about one—half the temperature used in conven-

tional Si epitaxy (e.g., pyrolysis of silane at 1000 to 1200°C).

The simplest type of SPE is done by depositing an amorphous Si film

onto a room— temperature single—crystal Si substrate and then heating it

to induce epitaxial crystallization of the deposited film. But because

this process is extremely sensitive to substrate contaminants, however ,
nearly a ’l reported examples of SPE growth of Si (Refs. 2 through 5) have

used a different process which we will refer to as metal—interlayer SPE.

In this process, shown in Figure 1, either a solid solution or compound
is formed by reacting a metal interlayer with the adjoining Si layers.

This initial step generates a clean substrate for subsequent nucleation

and growth of an epitaxial film (as shown in Figure 1 (c and d)).

Although using a metal interlayer in SPE does reduce substrate con—

tamination problems , there is strong evidence that other contaminants

introduced during film deposition or subsequent heat treatment can sub-

stantially affect the SPE growth process and the physical microstructure

of the resulting epitaxial layers. The electrical characteristics of

such layers may also depend partially on the introduction of contaminants
during the growth process. An obvious example of this would be the in-

corporation of metal atoms from the metallic interlayer into the grown

epitaxial film. More subtle effects related to the generation of crystal—

lographic defects caused by impurity complexes or inclusions are also

possible.

7 
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Two characteristics of SPE, low temperature and totally solid—phase

reac tions , will probably cause the sensitivity to contaminants to be

higher than in LPE or VPE growth. Therefore, it is important to identify

and control process—induced contaminants or their effects if SPE is ever

to be useful for growing device—quality epitaxial films. Additionally,

there Is substantial experimental evidence that the reaction kinetics ,

physical structure , etc., of SPE films grown by the metal—interlayer

approach are seriously aff ected by contaminants.

We have followed a two—fold approach to studying the effects of

process—induced contaminants: (1) establish the capability to grow

epitaxial films under non—contaminating conditions and then (2) selec-
tively add impurities or relax the processing conditions until contami-

nant effects become observable. Nearly all of our efforts have dealt

with the first phase of this approach (i.e., the growth of uncontami-

nated SPE films). The results have been rather dramatic : (1) for the

first time , epitaxial Si has been grown by SPE without a metal interlayer ,
and (2) important differences between metal—interlayer SPE carried out

in UHV and all previously reported SPE have been observed.

Intentional impurity introduction has so far been limited to

examining the effects of exposure to two grossly contaminat ing ambients ,
room air and vacuum furnace ambient (l0~~ Torr). This exposure dra-

matically affects metal—free SPE, and experiments are in progress to

determine the contaminant effects in detail. In the case of SPE using

a Pd
2
Si interlayer , however , two different behaviors with respect to

contaminants have been observed , depending on the specific details of

the processing sequence used . The available data suggest that the

microstructure of the Pd
2
SI in terlayer may play an important role in

determining the susceptibility of the SPE growth process to contaminant

effects. This area has not previously been explored ; but it is possible

to rationalize some previously unexplainable results by considering the

role of the interlayer in SPE.

9 
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We will discuss some of the major sources of contamination in SPE

and review the published evidence that contaminant effects are important

in determining the outcome of the SPE process. We will then briefly

summarize the expetimental techniques and apparatus used in studying

contaminant effects and present the results of our work. The experi-

mental results will be discussed in terms of a crude model of Si SPE in

which contaminants are assumed to be absent. We will also present some

preliminary thoughts on the possible mechanisms by which impurity effects

could be manifested in SPE, and suggest further experiments to advance

our understanding of the SPE growth process.

10
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- SECTION 2

SOURCES OF t:ONTAIIINA !l ON IN SPE

At least three major proct-ss steps in .PE may Introduce contaminants:

(1) preparation of thu Si substrate , (2) deposition of thin films , and

(3) heating to induce growth. Additionall y , between each of th ~ v

steps the sample may he exposed to room air. In this section we briefl y

review these sources of contamination and indicate , where appropr iate ,

the evidence for contaminant effects in prior work on SPE. We also sum-

marize our approach to eliminating those effects.

Contamination on the substrate Si wafer surface already has been
mentioned as the major impediment to achieving SPE by simple amorphous

Si deposi t ion followed by heating. Consequently, all reported processes

for successful SPE have of necessity incorporated some means of elimi-

nating this internal source of contamination . In all work on Si SPE

except our own , a predeposited metal film has been used to disperse the

substrate oxide and produce a suitable environment for nucleation and

growth. Some of the earliest work invo lved using simple metals such as

Ag, Au, and Al deposited on the substrate before the deposition of

amorphous Si. The metal was thought to function as a traveling solvent

for Si atoms that had dissolved from the amorphous f i lm and which wer e

supp lied to the substrate/metal interface.
2 

The nucl eation and growth

of Si was often sporad ic and nonuniform , and this result was attributed

to the presence of a thin native oxide on the substrate.
2 Apparently,

the reaction between Si and nontransition metals at low temperature Is

not vigorous enough to break up t~io native oxide uniformly. One method

of overcoming this problem is to use d t. 1tnsition metal interlayer (Pd

works well) that reacts durin~. ,~ t ial heating with the Si on both sides

to form a compound (e.g., Pd
2
S1).

6 
This reaction apparently has the

beneficial sid e effect of dispersing the substrate contaminant layer ,

thereby providing a “virgin” interface for subsequent epitaxial growth.

L 
11 
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Another approach to  e l im i n a t i n g  subst  raL t -  con t aminan t s  h~ s been

succes s fu l  w i t h  Au on S i .  The s u b s t r a t e / m e t a l  c o m b i n a t i o n  is h e l d  nea r

the e u t e c t i c  temperature during Si deposition , wh ich presumabl y ca uses

the  s u b s t r a t e  con taminan t s  t o  go in to  s o l ut i o n  in the me ta l  (or e u t e ct i c )

f i lm. ~~~‘ ~

A variant of the metal—interlaye -r method was used by Ottavian i

al.
8 

to achieve SPE growth in the Ce (x)/A1/Ge(a) system. They emp l oyed

Ar
+ 

back—sputtering in a sputter—deposition chamber to partially clean

the Ge substrate before the metal film deposition . However , sputtering—

induced surface damage to the (e was not annealed. Also , there was no

direct evidence (such as Auger spectroscopy) to confirm that the sputter-

ing actually had a net cleaning effect. Since sputter—deposition systems

typ ically have relativel y poor vacuum , the samp les prepared probab ly con-

tained at least monolayer coverage of contaminants at t h e t ime of film

deposition .

In our experiments , we c lean the subs tra te by low—energy ion sputter

etching and thermal annealing in an ultrahigh vacuum (UHV) ambient. This

techn ique f or produc ing an atomically clean and ordered sur fa ce , although
w idely used in other fields , had not been used before in SPE experiments.

This is partially because the sputter—anneal sequence to be ~~mp letely

eff ective as a cleaning techn ique , must be carried out in an ambient as

free from reactive gases as possible. Otherwise , the substrate will be

recon taminated after the sputtering is comp leted hut before the ensuing

film deposition can be initiated. This recontamination can be avoided

by performing the deposition under UHV conditions .

Contaminants can also be introduced during metal or Si film deposi-

tion. In a vacuum evaporation system , there are several sources of these

Impurit ies . The simp lest is gas atoms in the vacuum ambient. The flux

of such atoms incident on the fresh film surface Is approximately one

monolayer per second for each XO~~ Pa (10 6 
Tort) of pressure during the

deposition. Since it is virtually impossible to determine the actual

pressure in the vicinity of the substrate during film deposition , this

parame ter is usually not known. However , in our experiments the

12
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evapora t ion  source  is  th rI ighly outgasscd  hef ~re t h e  samp le  p r e p a r a t i o n

sequence is begun - ~
‘e Live good vi deuce that fil ms deposited in our

sy s t em are  f r e e  f r o m  ~- n t a n i n a nt s  to less t h a n  500 ppm.

W i t h  r espec t  to  t he  p u r i t y  of f i l m s  depos i t ed  in p r e v i o u s l y  r epor t ed

SPE e x p e r i me n t s , no d a t a  had be t- n  r ep o r t e d  on t h i s  aspect  of SPE u n t i l

very recently. However , we now know that nearl y all the reported results

on g r o w t h  in the SI crystal/Pd
2
SI/Si amo r~ hous system involved samples

with substant iall y contaminated amc )rp hous  Si f i l m s . 9 The principal in—

purit y det e cted In those experiments was carbon at a level of ~O.l at.%.

The sourco of C was thought to be the vitreous carbon crucible used to

contain the Si charge during electron-beam evaporation of the amorphous

f i lms. A definite correlation between the level of C impurit y and the

growth rate and amount of trapped Pd in the grown layers has been noted .1°

Most prior work on SPE involved exposing the sample to room air

after the necessary th in films (e.g., Pd and Si) had been deposited .

This was usually foll owed by heat ing in a vacuum furnace to induce sill—

d d e  formation and Si SPE growth. Our work on UHV—deposited films m di—

cates tha t the combination of exposure to room air and annealing furnace

amb ients can Introduce surface and/or bulk contaminants that will impair

the SPE growth process . Al though we do not know whether room air exposure

or furnace annealing is the critical step in SPE , both have the potential
for introducing imp urities on a large scale . For example , Auger electron

spectroscopy (AES) shows that exposing a freshly deposited Si film to

room air will produce a thin (10 to 20 A) surface oxide layer containing

adsorbed oxygen and hydrocarbons. During subsequent heating, these sur-

face contaminants may be redistributed by diffusion into the bulk o~ the

amorphous Si film. The impurity level due to this source could be sub-

stantial (e.g., “~ 1 at.% for a 10 X oxide on a 1000 A Si film) If all the

oxygen were incorporated in the  f i l m .  It  was recent ly shown that 1 at.Z

of eithe r 0 or C caji redu &- the rcrrystallizat ion r a t e  of an amorphous

Si layer to about 0.01 of the rate for uncontaminated samp les.’1 Thus ,

the surface layer is a very potent source of contaminants in SPE when

samp les are exposed to room air prior to annealing.

13



Another important source of contamination is the residual background

of gases wi thin the annealing furnace. Even at 10
—6 

Torr , one monolayer
per second is incident on the heated sample , providing the equivalent of

roughly 10,000 ~ of available contaminants hitting the surface of the

sample during a 1—hr anneal. Of course , the Inciden t atoms do not all

stick on the surface , nor does the furnace ambient consist entirely of

reac tive gases. Nevertheless , the flux is considerable and is a poten-

tially important source of contaminants. Recent work by Chang and
12

Qu intana has shown that even inert gases in the furnace ambient must

be considered in solid—state reactions. They found that the rate of

di r fusion of Au through Pt thin films is substantially increased in

nominally inert (N2, Ar) gas ambients in comparison with heating in

vacuum. Although they were unable to identify the mechanism responsible

for this effect , their findings emphasize the importance of considering

all species of foreign atoms as potentiall y influential in low—temperature

processes. The effect of inert gas atoms on SPE is , of course , an im-

portant consideration when film depositions are done in a sputtering sys-

tem (as in the work of Ottaviani et al.
8) or when heating is carr ied out

in an inert gas furnace ambient.

In our work , the possible effect of contaminants introduced during

annealing was minimized by performing the heating within the UHV chamber

at pressures ~ 2 x l0~~ Pa. This is at least a factor of 100 improvement

over typ ical vacuum furnaces and also avoids contamination from exposure

to room air. As discussed below , processing compl etely under UHV has led

to several resul ts tha t had been unattainable by conven t ional process ing

methods. We are investigating the extent to which processing conditions

can be relaxed while still obtaining good single— crystal ep itaxy . This

question is central in determining whether SPE can be made compatible

with the production—line environment.

14



SECTION 3

EXPER IMENTAL APPARAT US

The goal of the first phase of our program , to establish the capa-

bility of growing films under uncontaminated conditions , was met by pro-

viding an 111W env ironmen t for all phases of the SPE growth process (i.e.,
substrate cleaning , film deposition , and crystallization). Since the

vacuum system and fixtures assembled for this purpose were described in

detail in Ref. 13 , they w ill only he bri e fly sununarized here.

In a typical SPE experiment , combinat ion of ion pumping, Ti subli-

mation , and I N ,, ( - r v (~pump ing are  used to h t  u n  p ressures  below io 8 
Pa.

The Si substrates , mounted loosel y on Ta pads , are cleaned by 2 kV Ar+

bombardment and then heated to 900°C to produce an atomically ordered

contaminent-fret- surface. AES and low-energy electron diffraction (LEED)

are used to monitor surface cleanliness and crv~~tal1in ity. Thin films

are deposited from an electron-beam ev .up o ra t r with unlined crucibles ,

using the highest purity sour e mat erials available. Conventional sha-

dow masks and shutters define the deposition area on the samp le , and

film thicknesses are determined with a quartz crystal oscillator , cal i-

brated by Dektak and Rutherford ha k.-~ attering me;u-~urements.

Annealing to induce ep ita xial layer growth can be performed within

the ITHV chamber by plac ing the sample cl ose t o  a hot W disc . This method

of heating results in uniform temperature distribution on the Si wafer ,

but limits determination of the absolute sample temperature to about

±25°C.

The chemical composition and crystallinity of the samples is

analyzed after various stages of processing by Auger depth profiling and

LEED. For more specific information on the orientation and crystallo-

graphic perfec tion of the samples after they are removed from the UHV

system , w e use Rutherford backscattering (RES) channeling-effect measure-

ments and, occasionally, glancing angle x—ray diffraction and transmis-

sion electron microscopy (TEM). Some samples also were examined by

15
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scanning electron microscopy (SEll) combined with energy—dispersive x—ray

(EDX ) imaging .
To facilitate studying the effects of contaminants , our IJHV sys tem

was equ ipped with a gas inlet system that can be used to admit controlled

quantities of gaseous species at any stage of the SPE process. Addition-

ally , to achieve a comparison with published work on non-UHV processing

of SPE, a vacuum furnace wa s some t imes used for annealing and to induce

silicide forma tion or epitaxial growth.

16
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SECTION 4

RESULTS AND DISCUSSION

A. Si SPE WITH A Pd
2
Si INTERLAYER : UNCONTAMINATED

in study ing the SPE of Si in the system Si(crystal)/Pd
2

S i /S i (a) ,
we used two slightly different sequences of fHm depositions and heatings

to form the initial samp le st ructures. In one , the su icide interlayer

is formed a f t e r  b o t h  the  Pd and amorp hous Si lilms are deposited. in

the othe r , the su icide reaction is carried to completion before the Si

layer is deposited. We wil1 refer to the forme r sequence as “conventional”

since it is the process emp loyed in a l l  previously published work. The

other sequence will be called “pre—si licided ” since the su icide is

forme d pr io r to amorp hous Si deposition . l’he latter process was used in

most of our work on uncontaminated samples. ln some instances , howeve r ,

a direct comparison between the two processing sequences was made , and

the results are discussed where appropriate.

The pre-silicide process can only be imp lemented in an oxygen—free

deposi t ion sys tem equipped w ith a s ample heater , since f orming the
Pd

2
Si layer in an oxygen—containing ambient will produce a silicon—oxide

layer at the uncovered silicide surface . If Si is deposited onto such

an oxid ized surface and the sample is heated , SPE will not occur. The

oxide presumably inhibits the transport of Si through the s ilic ide and

thus interrupts the supply of Si atoms to the growth interface . For-

tunately, in UHV the su icide can be formed with no detectable surface

oxida tion.

For most of our experiments on SPE using Pd
2
Si , both (100)— and

(111)—oriented Si substrates were tried. For samples processed entirely

in UIIV , no gross diff erences in the behavior of SPE on the two substrate

orien tations were observed. As discussed in more detail below , this

insensitivity to substrate orientation is in sharp contrast with other

reports of SPE using Pd
2
Si (Ref. 14) where huinoepitaxial growth could not

17
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be achieved for the (ill) orientation . It is not known whether this

radical difference in behavior for (11l)Si substrates is primarily the

result of different contaminant levels or the difference in processing

sequence (pre—sil icide versus conventional treatment).

In Figure 2 we have illustrated the pre—silicided process used in
experiments to determine the nature of SPE performed under uncontaminated

conditions. The surface layer after growth consists of a mixture of

Pd
2
Si and SI , rather than a pure layer of Pd2SI. This finding represents

a major point of departure of our results on clean SPE compared to prev-

ious non—IJHV work on SPE using Pd
2
SI. Next we present data from various

analyses which help to define the nature of the SPE samples processed in

UHV.

In—depth composition profiles showing the outcome of SPE under non—

contaminated conditions were obtained by a combination of AES and ion

sputter—etching. Typical results for a <ll1>Si substrate are presented

in Figure 3. To arrive at the atom fractions of Si and Pd shown in the

f i gure, the raw Auger derivative peaks were individually normalized to

the signals from pure standards of freshly deposited Pd and Si films in

UHV . The conversion of sputter time to depth in the specimen was done

by independent Rutherford—backscattering analysis of the sample. Compar-

ison of the upper and lower panels of Figure 3 shows that annealing causes

an interchange of Pd
2
Si and amorphous Si layers, indicating that SPE has

occurred . But after SPE growth , the region containing Pd
2
Si is about

50% thicker than the original silicide layer , and the Pd atom fraction is

only 43% , instead of 67% for pure Pd2
Si. One possible interpretation of

this result is that the outermost layer is not laterally homogeneous ,

but consists instead of regions of Pd
2
Si interspersed with regions of Si.

This has been confirmed by a combination of SEll, RBS, and LEED analyses

(discu8sed below).

Figure 4 presents SEM micrographs of SPE samples processed entirely

in UHV. Figure 4(a) shows the surface of an Si <111’ SPE sample that

had been heated for 8 hr at 525°C in UHV. The white areas in the upper

18
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Figure 3. Auger sputter profiles of uncontaminated
SPE growth using a Pd 2SI interlayer on
51(111).
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photo were shown (by energy—d ispersive X—ray imaging) to contain Pd; the

dark areas were shown to be pure Si. Thus, the light areas must consist

of Pd~ Si since the occurrence of free Pd is highly unlikely considering

that the sample had been subjected to long—term heating.

The micrograph in Figure 4(b) was taken after the sample had been
etched briefl y in aqua regia to remove the Pd

2
Si. The large pits left

by the etching show that the Pd
2
Si had been totally interspersed with the

S~ in this sampl e after SPE growth. This explains the low Pd fraction

indica ted by Auger profiling: since the area analyzed with our Auge r

instrument was at least 2500 times that shown in the SEN micrographs,

the Pd fraction is deduced from a lateral averaging over Pd
2

Si and Si

regions.

To find out how deeply the Pd
2
Si penetrates bt n -ath the surface of

the UHV SPE samples , 2 MeV RBS analysis has been performed. An RBS spec-

trum of the sample shown in the SEN photos is presented in Figure 5. For

comparison , we have also included a solid line showing how the spectrum

would have looked if the Pd
2
Si layer (originally 1350 A thick , beneath

3700 A of amorpho~ts Si) had been uniformly displaced to the surface dur-
ing growth. By carefully considering the relationship between energy

loss and depth for Si and Pd
2
SI , we showed that the Pd

2
Si reg ions extend

to “3160 A be l ow the surface , which leaves about 1540 A of grown Si free
of undet ectable Pd. This Pd—free region was also examined by AES dep th

prof iling, where the sensitivity for Pd is about 0.05 -it.Z and no Pd has

been detected .

Thus, SPE carried out under clean conditions produces a grown layer

sligh tly thicker than the original Pd
2
SI layer . Pd trapping in this layer

is below 0.05 at.%. This finding is conmion to all UHV—processed samples

so far examined , whether <100> or ~lll > oriented . The sample beyond the

Pd—fr ee region consists of spires, or columns , of Si leading to the sur-

face and surrounded by Pd
2
Si. Examination with RBS channeling-effect

and LEED measurements of this outer region showed that the Si is every—

where epitaxtal in spite of the complicated topography.
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Figure 5. Hackscattering spectrum from a Pd 2Si—in terlayer

SPE sample grown In UHV .
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Figure 6 gives eviden e that the SI in non—contaminated SPE samp les

is ep itaxial. The Pd
2 SI on S t( l 0 0 )  does not  ex h i b i t  a LEED pattern ,

which indicates that long—range  order  is l a c k i n g .  However , a w e l l —

contrasted LEED p a t t e r n  c h a ra c t e r i s t i c  of s ing l e — c r y s t a l  Si( l00)  is seen

on the surface of the SPE region. This pattern is in perfect orienta—

t ional registry with the LEED pattern fr ni the uncovered Si substrate .

Since LEED samples primarily the outer 1 or 2 atomic layers of a speci-

men , the observed pattern can only arise if the surface Si Is part of an

epitaxial layer extending all the way down to the substrate. This is

further confirmed by the RBS channeling—effect spectra shown In Figure  7.

The sample used to obtain these spectra is not the same one shown in the

earlier f igures , but is similar in all respects. The channeling spectra

show clearly that the Pd
2
Si is not epitaxial (no difference between ran-

dom and aligned spectra in the Pd region), but a distinct reduction In

yield is observed from the Si (at energies below 1.1 MeV). The height

of the Pd hacksca ttering signal at the surface in compar ison wi th that of
Si shows that the surface contains only about 55% Pd instead of 67% for

pure Pd
2
Si. It follows that this results from a surface 82% covered by

Pd
2
Si and 18% by crystal Si. Thus, ou t of a’~l the Si present in the

su rface region, on ly  40% is crystalline. This means that dechanneling

caused by the noncrystalline Pd
2

Si accoun ts f or a yield which is 60% of
the random yield observed on the layer. Since observed channeled yield

near the surface is about 64% of the random yield , the remaining 4% de—

channeling Is the contribution from the epitaxial Si.. This is a very

respec table figure , and it shows that within experimental error , the Si

has good epi taxial crystallinity all the way to the surface , as had been

indicated by LEED analysis.
Given , then , that SPE in uncontaminated samples causes epitaxial Si

protuberances that reach the surface , what is the sign i f icance of this

finding? Referring to the schematic of SPE on (lOO)Si shown in Figure 6 ,
it is apparent that epitaxial growth of Si occurs both where there Is

Pd
2
Si and in regions where amorphous Si Is in direct contact with the
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crystalline substrate. This result (discussed in greater detail below)

demonstrates that the tendency of a~io rphous Si to  fo rm a s i n g l e — c r y s t a l

layer is ve ry strong when contaminants ar c absent. This raises the

possibility that Pd
2
Si mi ght actually obstruct the crystallization pro—

cess in c o n t a m i n a n t — f r e e  s pe c im e n s .  That  is  to  say ,  given c lean  enough

cond itions , amorphous Si will grow epitaxially on a sing] &—rys t al sub-

strate. Thus, fo r samples having a Pd )Si interlayer , once a gap is

opened in the silicide , c r y s t a l l i z a t i o n  ma-- proceed q u i t e  rap i d l y ,

forming col umnar re gions that reach to the surface. Q u i t e  poss ib l y,

the initial stage of growth prior to  su icide breakup consists of nucle-

ation and island formation similar to the “ f i r st  t r a n s i e n t ” g rowth  stage

envisioned by LI a u . ’5 However , the  Pd 2 Si layer must develop “holes” at
some time during heating to exp la in the  growth  out to the su r f ace  t h a t

we described above . The growth  of columnar  “gra ins” t h r o u g h  openings  in

the Pd 2 Si may occur simultaneously with a dissoc ia t ive  growth  mechanism

(as suggested in Ref. 16) t ha t  op e r a t e s  in reg ions s t i l l  covered b y Pd 2 Si .

In f ac t , some mechanism of t h i s  t y p e  must occur to account f o r  the dis-

placement of the Pd
2
Si to the surface. Without such a mechanism , the

l a t o r a l  development  of t h e  columnar gra ins  would  be expec ted  to cause

the  en t r apmen t  of the  s i l i c i de  below the  s u r f a c e  (which is c o n t r a r y  to

the experimental findings).

This exp la ins why the ratio of Pd
2
Si to free Si in the surface

layer of SPE samp les does not  approach the pure Pd
2
Si ratio as anneal time

increases. Once all free Si in a sample has been c rystallized ep itax—

ially (includ ing columnar protuhurances), the overall free energy of t I e

sample is very nearly minimum . Thus, the rate of conversion to a un i-

fo rm Pd
2
Si l ayer sitting atop a uniform Si single crystal will be ex-

tremel y slow. Thus , a surface mixture of Pd
2
Si regions and t- p lta x i a l Si

regions is effectively a stable state.

Further investigation Into the mechanisms of growth in uncontami-

nated SPE ;ising Pd
2
Si is needed. By varying the growth temperature , it

mi ght be possible to reduce the rate of columnar Si crystallization to
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c o n s i d e r a b ly  below the rate of  t h e  p arall e l process of ‘ }‘d , Si disp l a c e m e n t ”

g r o w t h .  Thi  o would  pr csumal ly a vor  c un it corn displacement of Pd Si to

the s u r t a - i and rcsult In a final c o n f i g u r a i i o n  c lose r  to t iic published

r e s u l t s  on out ami~iatcd SIL , but wit h o u t  trapped Pd in the ep it ax ia l  Si

l a y e r .  The e a r l y  s t a ge s  of columnar growth should be observ il le by LLE[)

analy sis once enough column s reach the surf a c .  This kind of analysis

could be used in conjunction wit h Auger depth profiling t o  d e t e r m i n e  the

e f f e c t  of  g r o w t h  t e m p e r a t u r  on t h e  b a l a n c e  be tween  the  d i f f r e nt  processes .

The g r o w t h  ot much t h i ck e r la~ ors than t hose  examined  so f a r  also

should  be s t u d i e d .  It is p o s s i b l e  t h a t  a thi cknes s l i m i t  e x i s t s  beyond

w h i c h  the  l a t e r a l  g r ~~~t i i  ot  columns w o u l d  r e sult in entrapment of Pd 2 Si

b e n e a t h  the s u r f a c e .

F i n a l l y ,  the  s t u d y  of c o n t a m in a n t e fi  c c t s  on the c h a r a c t e r i s t i c s  c~
SPL g rowth  has j us t begun , and w i l l  c e r t a i n ly p rov ide  a d d i t i o n a l  insig h t

i n to  Llie mechan i sms  respons ib le  f o r  the  wide v a r i e t y  of behavior  seen in

samp les processed  under  d i f f e r e n t  condi t ions . in p a r t i c u l a r , we want  to

u n d e r s t a n d wh y samples p repa red  unde r c o n t a m i n a t e d  cond i t i ons  sometimes

e~h i ib i t  u n i f o r m  layer  growth 15 w i t h o u t  the l’d 2 Si layer los ing i t s  p i t y s i —

cal c o n t i n u i t y ,  whe reas in u n c o n t a m i n a t e d  samples t h e  Pd 2 Si is p e n e t r a t e d

by Si i s lands , wh ich  lead to n o n u n i f o r m , columnar  g r o w t n .  R e s u l t s  dis-

cussed in the  f o l l o w i n g  sec t ions  I n d i c a t e  t h a t  c o n t a m in a n t s  can pene-

t r a t e  an amorp hous Si film d u r i n g  room a i r  exposure  or f u r n a c e  annea l i~~g,

and thus  may also be i n c o r p o r a t e d  i n t o  the Pd 2 Si layer dur ing  i t s

f o r m a t i o n .  I t  is  poss ib le , therefore , t ha t  the PD 2
S1 layer  i t s e l f  p lays

a c ruc i a l  role in d e t er m i n i n g  the e f fe c t s  of c o n t a m i n a n t s  on SPE g rowth

in the Si/Pd 2 S i/ S i ( a )  s y s t e m .

B . ML1AL—FREE SPE

As pr evi ousl y noted , SPE crystallization of amorphous Si films has

been observed on (lOO)Si that lacked a metallic interlayer (cf. Figure 6).

I hils has been rep licated several t imes, even with samp le s on which no

Pd 2SI whatsoeve r was present . i bi s  leads t o  t h e  conclusion t h a t , in the

absence of impurities , there are no s ign I t  icant  energy or k i n e t i c

ba r r i e r s  to  the s i n g l e  c r y s t a l  i i  z a t  ion of amo rphous Si on (100)—oriented
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substrates. In retrospect , t h i s  conclus ion  seems i n t u i t i v e l y  obvious ,

s ince  it is what  one would expect based on s imp le c ois ide r a t l o n s  of

f r e e — e n e r g y  gain as a “d r i v i n g  f o r c e . ” Howeve r , p r a c t i c a l  problems ,

part icularly the presence of contaminants , greatl y complicated the

demonstration of this “simple ” result. With one e x c e p t i o n  (Jona ’s17 work

on 10 to is A films), we know of no other instance in which the direct

epitaxial crystallization of deposited Si films has been observed.

M e t a l — f r e e  SPE p rov ides  the i dea l  s i t u a t i o n  in which  to begin  a

s tud y of con taminan t  e f f e c ts , since even the metallic interlayer has

been removed as a possible contaminant. Consequently, we are presently
devot ing cons ide rab le  a t t e n t I o n  to th i s  growth  process .  I n i t i a l  experi-

ments have focused mainly on determining the c r y s t a l l o g r a ph ic  q u a l i t y  of

ep itaxial layers grown by this method. Details of the work performed so
far in t h i s  area are prese nted in Append ix  A.

The principal conc lusions of our work on metal— free SPE are that

ep itaxial layers exhibiting a high degree of crystallographic perfection

can be grown by heating amorphous Si films to about 500 to 600°C in 12EV.

The growth rates observed on (lOO)Si substrates are consistent with the

rate  of r e c r y s t a l l i z a t i o n  of ion—imp lanted layers ,
18 which  suggests a

similar growth  m, hanism.  Neithe r deposition rate of the amorphous f f lm

nor temperature control during growth seems to be important to the

achievement of ep itaxy . Impurity effects , on the  o t h e r  hand , appear to
be critical. To d em o nn t r a t e  t h e  e f f e c t  of contaminants , samp les were

prepared in UI{V but removed for annealing in a vacuum f u r n a c e

(P ~ 5 x l0~~ Pa). Afte r 9 hr  heating at 525°C, examination by 280 keV
He~~ channeling showed no evidence of ep itaxial crystallization . Similar

samples annealed in UHV usually crystallize comp letely in 1 to 2 hr.

Evidently, either the exposure to room air during transfer to the

f u rnace or the background contaminants in the furnace ambient is suffi-

cient to inhibit the crystallization process. Experiments are in prog-

ress to isolate the critical contaminant and to id.-:~tify the processing

step in which it is Introduced. It is clear , however , that substantial

penetration of the amorphous layer by contaminant atoms must be occurring
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to exp lain the l a l  of ep ita xial crystai l iza t ion . I! onl y t he- surf a t

we re aft ted b y c o n t a m i n a n t s  we sl ot I d  s t  i I t i e  observ, -d cha nn el lug

in the  underl y ing ep it ax i al layer , but none was observed.

The disrup t ion or i n h i b i t  i o n  of ep itaxi * l growth also nas he- e n

observed tot Pd S i  i n t e - r l a c r  a t - k i u s  remov&~d f rom L I I V  for furnace

a n n e a l i n g . A l t h o u g h  the  m e t a l — t r e e  samples  s - r n  mor e  sensitive to this

type of h an d l  lug, t he  c i  f,- t s on Pd
2

S i SPE n e v e r t he l e s s  a r t -  d r a m a t i c ,

and are r e v i e w e d  iii the f o l l o w i n g  s e ct i o n .

C. EFFECTS OF ROOM AIR EXPOS URE AND/OR V A C U U M  FuRNAcE
ANNI ;AL INC

As a l r ead y m e n t i o n e d , m e t a l — f r e e  SF1 samp les fail to crystallize

epitaxiall y if transfe rred from UHV to a vacuum furnace for annealing.

Simi lar  behavior  has bee- n obse rved w i t h  Pd
2
Si interlayer samp les pre--

p a r e d  by the nonp r e s i l i c i d e d  process and annealed in a vacuum furnace .

In this type of samp le , a large- fraction ol the Pd
2
Si layer remains near

the or iginal Pd
2

SI/am orphous Si interface instead of being displaced to

the surface during annealing. This is shown schematicall y in Figure 8

and i l l u s t r a t e d  by RBS sp tra in Figures 9 and 10. There is a very

funda r ~en tal  d i f f e r e n c e  be tween the  “sp l i t ” d i s t r i b u t i o n  of Pd f o u n d  in

the  conventionally processed samp le shown in Figure 9 and the gradual

tapering of Pd
2
Si regions found in the u n c o n t a m i n a t e d  SPE samp les dis-

cussed earlier (se-c Figure 5). This difference is more easily appreci-

ated by referring to the RBS spectrum in Figure 10. This spectrum was

obtained after removing the outer Pd—containing surface region by using

ion sputter—etching. The figure shows that the b u r i e d  Pet d i s t r i b u t i o n

is physically separate from the surface distribution , as ev idenced by

the very low Pd concentration at the surface of the ion—milled specimen.

The grown Si layer is mostly polycrystalline when clean Si/Pd/Si

samples are annealed in a vacuum furaace . However, good e-pltaxial

growth can be reproducibly obtained on furnace—annealed specimens if C

is introduced into the amorphous Si layer during depos ition.
9 This

find ing combined with the data of Kennedy et nl .,
1
~ wh ich shows that C

impuri ties decrease the crystallization r a t e  of amo rp hous Si , led to the
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SPE sample before and after inducing epi
growth by vacuum furnace annealing at
560°C . Energies of ions backacattered
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suggest ion9 tha t  C may a f f e - c t  SPE g rowth  b y i n h i b i t i n g  p r e m a t u r e

c r y s t a l l i z a t i o n  of the amorp hous Si layer b e f o r e  or during the desired

transport process. In this mode l, C acts to slow down the  u n w a n t e d

process of crystallization within the amorphous Si layer sufficientl y to

allow the des i red  ( t r a n s p o r t )  process to domina t e .  We r e c e n t l y pe r fo rmed

experiments , however , that indicate that this effect is not in Itself

sufficient to explain the effect of C on SPE.

Several samples were prepared in UHV by the pre—si licide process

in which Pd
2
Si is formed before Si(a) deposition. These samp les were

removed from the CDV system and placed into a vacuum furnace for anneal-

ing to  allow a comparison with the non—pre—silicided samples discussed

above. We found that the pre—silicided samp les behaved very similarly

to their UIIV—annealed counterparts , but quite differently from non—pre—

silicided furnace—annealed samp les. That is , epitaxial growth occurred

f o r  the pre—silicided specimens in spite of a lack of C in the Si(a)

layer. The outermost region of each sample, however , was laterally

mixed in the same way as was the outermost region of each total UHV

sample.

Comparing t h i s  resu l t  w i t h  the result fo r  n o n — p r e — s i l i c i d e d  samp les

the pr inc iple di fference between the two is whe the r  Pd 2Si f o r m a t i o n  is

performed in IJHV or in the vacuum furnace following air exposure. Since

furnace-annealed samples may have already acquired contaminants in the

amorphous Si during air exposure (recall the effect of air exposure on

metal—free SPE), there is a good chance that these contaminants may be

incorporated into the PI-1
2
S1 layer during the su icide reaction . Samples

pre—silicided In IJI-IV , however , contain a contaminant—free Pd
2
Si layer.

Thus , the different behavior of the two types of SPE samples might be ex-

pla inable In terms of different su icide properties caused by con taminan ts

in the amorphous region.

One par ticularl y important question is how C can offset the deleter—

b us effect of the other contaminants introdu :ed during air exposure .

Although the question remains unanswerable , there is a crucial difference

in the behavior of C—free versus that of C—containing samples : the
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apparent cohesiveness of Pd
2
Si in the latter. That is , the Pd

2
Si inter—

layer does not eppear to lose its structural continuity in C—containing

samples , but clearly breaks up in the nominally contaminant—free or C—

free samples . Therefore , it appears that a particularly important area

to investigate is the effect of C in Pd
2
Si on the su icide unicrostructure

and physical properties. One way to approach this issue experimentall y

would be to ion— implant C into a Pd
2
Si layer on Si , then return the sam-

p le to U}IV for clean Si. deposition and subsequent transport. If the

Pd
2
Si fails to break up under these conditions , the effect of C would

be clearly established. The next step would then be to find out whether

C goes into the grain boundaries or other sites in the Pd
2
Si. This type

of experiment is presently being pursued .

35

_ _ _ _ _ _ _ _  

________________________
_________________________________ ________________________________ — -~, V -

- 

— — —~~-.----- 
.
~~ — — . - - -I- -‘—

~~
~ •



SECTION S

PLANS FOR FUTURE WORK

We will continue to study the  growth of Si by metal—free SPE to

determine the effect of contaminants on the process. Two particularl y

important questions are how contaminants enter the amorp hous Si f i lm

after the samples are removed from the UHV system and how the crystalli-

zation process is inhibited. There seems to be a discrepancy between

our find ings on deposited amorphous Si and those of other workers on

crystall ization of ion—imp lanted amorphous layers. The other work did

not find that exposure to room air and furnace annealing inhibited

crystallization whereas we have been unable to obtain crystallization

of deposited films under nominally identical conditions . It is extremely

important to understand this apparent difference in susceptibility to

contaminants , since it would obviously be much more convenient to anneal

samples in a vacuum furnace than within the U}IV system.

We also hope to soon begin to grow doped layers by the metal—free

SPE process. This will probably be accomplished initially by using a

doped Si source in the electron—beam evaporator , instead of the h igh -

purity SI presently In use. Alternatively, it may be desirable to in-

stall a separate source of dopant atoms in the UHV system.

In the area of SPE with Pd
2
SI. interlayers , we plan to c o n t i n u e

study ing UHV—prepared samples. Since the results obtained so far seem

to indicate that the Pd
2
Si interlayer plays a key role in determining the

susceptibility of the interlayer SPE process to contaminan t effec ts, we

will beg in looking “- re specifically at the properties of the silicide.

Intent ional introduction of impurities into the Pd
2
Si will be investi-

gated. We will also examine how contaminants present in the amorphous

Si layer may be incorporated in the Pd
2
SI when the sUic ide is formed

while covered by Si(a), as in the conventional process. It will probably

be necessary to use SIMS analysis for several of these studies , since C



cannot be detected by AES in the presence ‘~~ Pd because of the unfortunate

overlap ot~ their spectral features.

In view of the  complex ities of behavior already found In SPE with

Pd
2
Si Interlayers , It does t~ot seem prudent for us to Investigate other

interlayer systems at t h i s  t ime .

I
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A P P E N D I X

S i l i c o n  E p i t a x y  b y S I  i d — P h a s e  C r v s t  i l l  i z a t  i n

of Deposited Amorphous F I ins
3

John A. R o t h  and C. Lawrence Anders on

I l u g h o s  R e s e ar c h  1.ab ora to r i& -s , Ma 1 ihu , CA 9026 5

ABSTRACT

We repor t  t he  s o l i d — p h a s e  g r o w t h  of ep it a x i a l  Si t h i n  f i l m s  by t h e

heating ~ f amorphous Si deposited onto a t o m i c a l l y c l e a n  ( 100)Si sub—

s t r a te .  a t  room t e m p e r a t u r e .  E p i t a x i a l Si l aye r s  r ang ing  in t h i c k n e s s

f r o m  1000 t o  5000 A have been grown by h e a t i n g  the amorphous f i l m s

in  u ltrahi g h vacuum to temperatures of 500 to 600°C. Good crystal

qual it y of the l ivers grown by this method has been demonstrated by

Rutherford hack scitter lng arid transmission electron microscopy .

awork supported by the Office of Naval Research.
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I n t e r e s t  In  s o l i d — p hase g r ow t h  of op i t ax  i a l  Si l ;iv -rs  f or  d e v i c e

purposes -Irises primaril y from ti c low tu-np ~-rat u r - ~ is d (400 to

600°C) compared t o  c o n v e n t ion a l  ep i t a x i a l  g r o w t h  t e c h n i q u es (e.g.,

i l a n e  p y r o l v s l s ) ,  w h i c h  use t e m p e r a t u r e s  i n  t h e  900 t o  1200 °C r a n g & - .
1

H -  I u i s e  the .1 if f u s  l v i  ty  of m o n  dop a n t s  and of l i f t i rn - —d -p r i l i n g

impuriti es is reduced during growth at low temperatures , low—temperatur e

pro t s e - -~ ar e  i d v i n t  igeous f r  the product ion of ext remel y th in , unif orm

e p i t u x i a l  layers with abrupt doping profiles. An important app l icat ion

for epitaxi al Si having these properties is in the field of microwave

devices , where  t h e  desire to achieve hi gher  f r e q u e n c y  o p e r a t i o n  d i c t a t e s

using submicron—thickness active layers with abrupt doping changes it

l ayer  b ou n d ar i e s .  The g rowth  of such layers b y h i g h — t e m p e r a t u r e  OF 1—

t a x i a l  t e c h n i ques i s  ex t remel y d i f f i c u l t  because of dopan t  i n t e r d i f f u i s i o n

d u r i n g  g r o w t h  as w e l l  as the  problems a s s o c i a ted  w i t h  g rowing  t h i f l  l i v e r s

at high growth rates.’ Solid—p hase epitaxv ( S P E ) ,  by v i r t u e  of i t s  I e ~~cr

t e m p e r a t u re s  and imp l i c i t  t h ickness  cont ro l , has the  p o t e n t i~~1 f o r

e l i m i n a t i n g  these  d i f f i c u l t i e s .

Idea l l y ,  SPE should be p o s s i b l e  b y d e p o s i t i n g  an amorp hous f i l m

onto a single—crystal s u b s t ra t e , then annea l ing  to  a isc the d e p o s i t e d

f i l m  to he conver ted  I n t o  a m o n o c r v s t a l l i n c  l a y e r  i n  r eg i s t r y  w i t h  the

substrate . The bas ic  “ d r i v i n g  f o r ce ” fo r  such .u r e a c t i o n  is the  lower

f r e e  energy  of the  ordered single—crystal compared t o  the a t n cr p h o u s

state . However , h e a t i n g  an amorp hous Si film which has been deposited

onto a typical singl e— crystal wafer will not produce this result. The

native oxide and other contaminants present on the substrate surface

before film deposition remain at the substrate/film Inter t ice and
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obscure the crystalline “temp i - ite . ” When such  a specim en is heated ,

nuc l i- - i t  Ion and g rowth  of m d  i v id t i a  I g r i  ins  n - c u r  in d e p e n d .-u t  l y ,  w i t h out

o r ien t ~i t i o n a l  coherence  be tween g r a i n s .  This  p rod i i - i- ~ a t  best a

p o ly c r v~~t u 1  l i n e  f i l m .  i i n i ~~ , one p r c r e q u i s i  t i  f o r  su - e s s fu l  SPE is the

removal  f c o n t a m i n a n t s  f r o m  the substrate.

In p rev ious l y p u b l i s h e d  r e p o r t s  of successful Si growth by SPE ,

remova l of substrate contaminants has been achieved through using a

met al film deposited onto the substrate before the Si depositi on. 2 5

T h i s  m e t a l — i n t e r l a y e r  approach , a l t h o u g h  e f f e c t i v e  in g e n e r a t i n g  an

a d e q u a t e  g r o w t h  in t ~- r f a c e  f o r  SPE , u n f o r t u n a t e l y p roduc es  e p i t a x f i l

l a yer s  h e a v i l y  c o n t a m i n a te d  ( >  0 . 1  a t . % )  w i t h  me ta l  atoms f r o m  the

2— ~i n te r l a v e r . S i n ce  t h i s  background  of m e t a l  i m p u r i t i e s  would s e r i —

oui sly limit the ti ti lity of sn-h layers for device app lications , it is

highly de sir abl e to find in alternative to the metal—in terlavi- r approach.

In this paper , we show that ep it a x i a l Si layers can be grown by

SPE wit hout a m et a I i nt cc layer , p r y  ided that the siub st rate siirfa -e is

prop erl y pr cj i r c l  in an atom ical lv c 1c m and ordered condition (using

ultrahig h vacuum (UHV) process ir i~ ) before the amorphous Si t jim is

dep osited . By annealing Si films to t emperatures in the 500 to  600°C

range , wi have grown 1 000 t 5000 A epit i x i u l  layers having low defect

d uo- it I es . Furth . r~ orc- , th e -rowth p r o ce s s  used dot-s no ’ app ear  t o

require p r -  iso t e m p e r a t u i r m ~ or deposit Ion rat~- cent rol . Epitaxial layer

ti C k u i t - s s  is d et-ro f ned solel y by the thickness of the dopes ited amor-

phous fi lm , whi ch can easi l y be controlled by conventional techniques.

‘4 3
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In th is work , substrates of 0.2 ~—cm p — t y p e , boron—doped ,

float—zeut - (100) Si were chemically cleaned , then  Loaded i n t o  a UHV

chamber. After bakeout of the vacuum system , a base pressure of .-io
8 Pa

w;is m c h i ~~v~ cI . Ox ide  and hvdro - ;mrhon c o n t a m i nan t s  w -r e  removed from the

Si s um rf ; ui - &- by sputter—etching with 2 keV Ar
+ 

ions at near—norma l incidenc e

f i r  ,i time suft icie nt to  remove —50 A of Si. Sputt &-r- c lean ing damage

was annealed b y h e a t i n g  t h e  samp les to approximately 900°C for 2 mlii .

The su rfm ct-s produced in this manner  e x h i b i t  a Si(l00)—2 LEEI) pattern ,

and have been verified t o  he free of contaminants to  below 0.001 mono—

l iver by Auger e l e c t r o n  spec t roscopy  ( A E S ) .

Si was deposited onto the atomicall y i-lean and ordered substrates

1w electron—h im evaporation at rates vary ing from 5 to 25 A/ se c . The

evaporant source material was p olvi iy slall in e Si of Lla~ highest available

purity. Vacuum system pressure during deposition was below i0
6 Pa.

The films prepared under these conditions were free of contaminants as

measured by AES .

Epitaxial e rvo t - il liz a tion of the deposited films was induced by

heat ing the samp les in the (1KV chamber to  a temperatur e in the- 500 to

600°C range. During this heating, the system pressure st mvc -d below

2 x lO~~ Pa. This minimized the possibility of impurity indiffusion

durin~ growth. Heating for 1 to 2 hr was usually sufficient to cause

comp lete ep itax ial crystallization of Si films 1000 A to 5000 A thick.

Information concerning the degree of crystallographic per fec tion

( i f m e t a l — f r e e  SPE f i lms was ob tai ned by transmission e l€ - - tron microscopy

(TEM) and Rutherford backscattering (RBS) channeling—effect analysis .
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In F i g u r e  1, we present RRS channeling s p ect r a  f rom a 4500 A SI layer

gr own on (100) Si by heat  ing for 2 hr i t 525 25 °C (is d -se r lbed a b o v e ) .

The solid dots arm t h e backs~ it t m - r i n g  y i e l d  fo r  random i n c i d e n c e -  of t he

4
He
+ 

analysis beam , and t h e  open c i r c l e s  ire t he  c h a n n e l i n g  y i e ld  o b t a i n e d

w i t h  the beam a l i g n e d  p a r a l l e l  t i  a substrate [ lOOJ  d i r e c t i o n . The i m r g e

r e d u c t i o n  In 1 - o k s - i t t e r e d  v u - i d  c u u i s m - d  by c h a n n e l i n g  of the He
+ 

beam

( — 2 5 : 1  c h a n n e l I n g  d i p )  i s  s t r o n g  ev idence  f o r  t h e  ep i t ax i a l  orientation

of t h e  grown f i l m .  E n con t ras t , e p i t a x i al  Si  f i l m s  grown by the  m e t a l —

i n t e rl ay e r  method  tv p i - a  l i v  e x h i b i t  a c h a n n e l i n g  d i p of only l4 : 1

(Ref. 3). his comparison shows the improved crysta lli n itv achieved by

the present technique. Indeed , channeling data for the grown layer shown

in Figure 1 ire identical to spectra taken on an exposed portion of the

sing le—crystal substrate.

i- i-:~i ana lysis also i n d i c a t e d  the quality of the Livers grown by

metmI —free SPE. Fi gure 2 shows a bright—field micrograph from a typ ic-al

ar ea on a (100) Si epitaxial film and the corr e sponding selected—area

diffr act ion pattern. The micrograp h shows several groups of straight

dislocations of approximatel y equal length and numerous very small

blemishes of unknown origin. Detailed examination of the dislocation

Images has shown that they ori ginate at or near the substrate/film inter—

f ace and extend through the e p i t i x i u l  layer , inclined relative to the

su rf ic e normal. This type of behavior is suggestive of dislocat ion

generation at the s i t e  of substrate imperfections .

Additionally, stacking faults and twins are not present In the

Figure 2 micrograph. For conventional Si ep itaxy, these types of defec ts

have been shown t o  result from substrate contamInation.
6’7 Their
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absence in the present sample can probabl y be attributed to  the excellent

substrate cleanliness achieved by the UHV sputter—annea l techni que.

An interesting comparison can be made between the SPE growth

process and the recrys tallization of amorphous Si layers created by high—

dose ion imp l a n t a t i o n .8 The s i m i l a r i t y  in the  g rowth  r a t e s  of the se-  two

processes suggests that the mechanisms which determine the kinetics of

ep it ixi al crystallization are the same in both cases. In the vicinit y of

the substrate/film interface , an ion imp lanted sample- and a deposited

film may not differ significantly in physical structure. Ion imp lantation

creates an extended region (typicall y several hundred Angstroms wide)

over which the crystalline—to—amorp hous transition occurs; deposited

films may also contain such a transition la yer. Jona has shown that

extremely thin Si films (—15 A) deposited on atomically clean , ordered

Si surfaces exhibit crystalline order even when the substrates are held

at room temperature during deposition. 9 Extending this finding to the

case of thicker films such as those used in our work suggests tha t a

region of intermediate crystallinity could exist near the substrate , but

it would be covered eventually by a totally amorphous film. Sufficient

data does not exist to permit estimating the thickness of this “transition

layer ,” but work in this area is in progress.

In summary, we have demonstrated the growth of Si epi taxial layers

of good crystallographic quali ty by the process of metal—fr i-i- SPE. The

combination of low—temperature growth , implici t thickness control , m d

compositional pur ity possible with this growth method should offer a

unique capabili ty for the fabrication of solid—state devices requiring

extremely thin electrically active layers and/or sharp interfac ial
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doping profiles. Further investigations of the SPE growth process and

of the electrical properties of layers grown by this technique are

In progress.
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of the California institute of Technology, who performed the TEll analysis ,
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Figure 1. 2 MeV 
4He~ channeling spectra of an epitaxial Si

layer grown by solid—phase epitaxy at 525 25°C

for 2 hr. [100]—aligned (channeled) data are
shown by open circles, the non—channeled (random)
yield by solid dots.
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F I g u r e  2.  h r l g h t — f i e l d  t r a n s m i s s i o n  e l e c t r o n
a i c - r o g r ap h  of a 4500 A (100) S i
f i l m  grown by solid—phase epitaxy

~t 525°C. Als o shown is the cor—
rm- spoii d ln g selected—area diffract ion

P a t  tern.
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