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PREFACE. This technical report contains a progress su~~ary of
recent activities in IC process modeling of silicon epitaxy and
oxidation. The report builds from the most fundamental process
models and ends with details of work in progress. Furt~~~• details appear in technical reports under DARPA contracts DAA—B 07-
75—C—1344 kind DAA—B07--77—C—2684 .

ABSTRACT . The f irst  order process models for silicon epitaxy and
oxidation are described . Epitaxial dopan t inclusion , autodoping
and transient effects are discussed , and experimental results are
presented. Silicon orientation, surface doping, and ambient
effects are considered for silicon—oxidation rates.

1. INTRODUCTION

Epitaxy and oxidation are two critical steps in IC technology.
Process models date back to the mid—1960’a. Epitaxy often controls
bipolar circuit performance and yields. Oxide growth is essential
in all IC technologies, and segregation frequently dominates
fabrication limits and the process control of surface effects. The
following sections will review the basic models and introduce
considerations for more recent experimental work.



2 .  SI L I W N  ~‘PITAXY

• 2 . 1 I n t r o d u c t i o n

There is an extensive literature on the chemist iv and reactor dy—
m u ni c s  of silicon epitaxy [1] and polyc rystalline deposition [21.
FRe recent advent of low—pressure CVI) systems will undoubtedl y add
substantially to this body of knowlodge [31.

The focus of this discussion is on process modeling for silicon
epitax y in a horizontal reactor (41 . This em phasis is based on the
experience at Stanford Unive rsi ty and , in large part , on that of
technolog ists using comme rcial equipment. Figure 1 is a schematic
of a typical reactor. Table 1 describes the various source gases
and their functions , and Table 2 summarizes the key features of
several silicon gaseous sources . Table 3 presents a typical re—
act r sequence used during epitaxial silicon growth. Thu follow —
in~ sections will elaborate on the lundamnental models that describe
thi kinetics of silicon growth, dopant inclusion , and transient
s V st ~~ Tfl response .
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Table 1

GASES USED IN EPITAXIAL DEPOSITION

Gas Function Comments

N2 
ma in flow Purges out ernlosive/polsonous gases

prior to opening the reactor tube to
air

H2 
main flow Most common ambient for growth or ep i—

taxial layers

SIC14 Si source Common liquid Si source
Vaporized in an H2 bubbler
Corrosive vapor

S1134 Si source Common gaseous Si source
Pyrophor ic gas

HCL Si etchant Most common Si etchant used for substrate
prepara t ion
Corrosive poison gas

PH
3 

Si dopant Most common phosphorous source for doping
ep itaxial sil icon
Flammable poison gas

AsH
3 

Si dopant As PH
3

Sb (CH
3
)
3 

Si dopant A liquid antimony source used as a vapor
at a concentration of a few hundred
ppm in 11

2
Used because SbH

3 
is uns table- • I Poisonous vapor

B2116 Si dopant As PH3

________________  - • • —~~~~~~ -~~~-•~~~ ---.—•••..-.- ••--— • - .- - • •~~~~~ • • -.— — —--



Table 2

SOURCES OF SILIWN IN EPITAXY

Typical Conditions

Source T~~perature Rate Cosnents Referenc e
(‘C) (p /sin)

SIN 4 1000 to 1050 0.2 to 1.0 Pure gaseous source 1.3 ,4 ,5 ,8
Pyrophor ic gas
Low—te mpe rature deposition 9 .10.12
Low autodoping 13
Moderate growth rates
Su rfac e quality sensit ive to 02

SIC 14 1150 to 1200 0.5 to 1.5 Corrosive liquid source 1, 2 ,6 .11
High—temperature deposition
Moderate autoioping, outd iffusion 13 ,14
Moderate—h igh growt h rateS
Most caisson source for linear
bipolar integra ted circu it s
Easy to obtain good crystal 15
quality on thick layers

SIHC1
3 

1150 to 1200 1.0 to 10 Corrosive liqu id source 1,7
Hi gh—temperature deposition
Moderate autodop ing
Very high growth rates
Most coninon source of poly—Si 20
dielectr ic isolation
Very high purity epitaxial layers 16,17

• used in high—vol tage devices

SiM2Cl 2 1050 to 1100 >1.0 Gaseous source at 7 psi 1, 37
Properties : intermediate SiC14,
S iH

4

SiBr 4 
—— ——— Rarely used source 18

Si(cH 3
) 4 1150 0.4 Rarely used source 19

_____________________ -— - — - -



Table 3

TYPICAL EPITAX TAL GROWT H CYCLE

Gas• Step Time Temperature CommentCon cen tra c ion

N~ purge 2 ’ R.T. ——— Purge out 0
2

H
2 

purge 2’ R.T. ——— Charge to H2 
ambient

Heat 2’ 1200°C — —— In H2 ambient

HCL etch 2’ 1200°C 1% Etch 0.26 ~i of silicon

H
2 

purge 2 ’ to 1050°C ——— To lower temperature
and remove HCL

Growth 8’20” 1050°C 0.05% S1H4 Gr owth of 5 ~i , I —cm
• 0.3 ppb PH

3 
P—d oped Si layer

112 purge 1’ 1050°C —— — Purge reactants pr ior
to cooling

Cool 4’ R.T .  — — —  In H2 amb ien t

N2 
purge 2’ R.T. —— — Before  open ing to air

2.2 Film growth

For the kinetics of f i lm growth , the silicon source gas reacts and
decomposes as described by a typical equation for silane ,

1000°C
SiH4 

4 Si + 2H~ (1)

The silicon growth rate is proportional to the partial pressure of
silane,



V = K1(SiH4)1 
(2)

where V is the growth rate , K1 is the surface—reaction rate con-
stant, and the subscript denotes the surface quantities. For
halide—bearing source gases, there are reactive conditions whereby
silicon etching occurs; however, for model simplicity, these
source gases will not be considered because of the complexity of
the multispecies reaction .

Equation (2) describes growth only under the conditions
of surface—reaction control; that is, surface reaction is the
limiting step . Figure 2 is a typical Arrhenius plot for silane
growth vs inverse temperature with gas partial pressure as a
parameter 14] . The silane concentrations are those of the
turbulent gas stream .
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Fig. 2. Arrhenius plot of SiH
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Figure 3 is a cross section of the react r. A boundary
layer [5] (often labeled a ‘stagnant t’ l i v e r )  exists betvcen the
turbulent gas and reactive wafer interface I ;  also shown are
plots of reactant gas species under two 11mitth~ cases.
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Fig. 3. Cross section of horizontal reactor with thermal and
chemical profiles during growth.

Ep itax ial growth proceed s by tire following steps :

(1) mass transfer of the reactant molecules (such as S1H
4)

by diffusion from the turbulent—layer reservoir across
the boundary layer to the silicon surface .

(2) adsorption of reactant atoms on the surface

( 3) one or more chemical reactions at the surface
(4) desorption of product molecules (such as FI~)

(5) mass transfer of the product molecules by d if f u sion
through the boundary layer, back t~ the turbulent
layer

(6) lattice arrangement of the adsorbed silicon atoms
(may occur as part of 3)

Concentration gradients across the boundary layer are such that
there is a diffusion flux of product noitcules away from the
surface. The turbulent layer is depicted as having no concentra-
tion or temperature gradient .



I:re overall deposition rate is determined by the slowest
of processes (1 to e al iv e ) .  The expected temperature  depend-
ence of t i r e  gro~ t1t r a t e  varies markedly for  d i f f e r e n t  control l ing
~ec i r a n 1srr s . If l i t fu s ion  of either reactant  or product  across

the  s t a~ nant  Liver (so—called mass—transpor t  control)  is the
slowest p a r t  of t i r e  r ac t ion , the growth rate would not depend
on the  tempera ture  to f i r s t  order . On the other hand , if a
s u r f a c e  ci rerr ical  react ion is the slowest process (sur face—react ion
r~it e  c o n t r o l ) ,  one would expect the deposition rate to have the
s i r e  t empera tu re  dependence as the chemical reac tion , which is
at- exponential function of inverse temperature. Furthermore ,
because the various silicon sources undergo different chemical
reactions with different activation energies , one would expect
t~iem to have diverse growth-rate temperature dependences under
s ur f a c e — r e a c t i o n  ra te  control .

The cc -an in Figure 2 displays a low—temperature
reaction ‘hich surface—react ion  rates dominate the
growth r ig i—tempera ture  nonactivated reaction realm
in whi :  ansport  dominates the growt h r a t e .  One striking
featur€ - Luat similar plo ts for  sic14, SjH4 , S1H2C12, and
SiIlcl-~ 

have the same activation energy; (roughly 37 kcal/mole or
1.6 eV/molecule). This common activation energy in the temperature—
dependent reg ion imp lies that the dominant surface “reaction” is
step 6; (the lattice arrangement of the silicon atoms). Indeed ,
the activation energy for  surfa ce d i f f usion of adsorbed silicon
atoms on silicon has been measured to be 36 ± 6 kcal/mole [6].

At higher tempera tures , growth reaction is nonactivated ,
suggesting that the slowest process is mass transport of either
products or reactants. The rate—limiting step is probably react-
ant transfer . This hypothesis is supported by two considerations.
Firs t, in the boundary layer under reactant mass—transport limited
cond it ions , the growth rate is proportional to the diffusion co-
eff icient of the reactant species in hydrogen . This coefficient ,
in turn , is proportional to the inverse square root of the molecular
weight of the reactant molecule . Second , the large tempera ture
gradient in the boundary layer tends to retard the gaseous diffusion
of reactants toward the susceptor and to increase the diffusion of
prod ucts away from the susceptor .

In summary, boundary—layer theory and empirical observations
produce the following qualitative results for the epitaxial growth
ra te of common silicon sources .

(1) The growth rate indicates two distinct regions , a low—
temperature reg ion in which the growth rate f i t s  an
Arrhenius plot and a high— temperature regi.. a in which
the growth rate does not depend on temperature.



(2) In the low— temperature region :

(a) Activation energy is approximately 37 kcal/mole ,
a number consistent with the activation energy
for surface diffusion of adsorbed silicon atoms.

(b) Activation energy is independ ent of source type .
(c) For low source concentrations , the growth ra te is

directly proportional to the input silicon source
concentration.

(d) The linear growth rate/source concentration rela-
tionship applies at high growth rates only for
SiH4. The choloride—containing sources do not obey
this relationship because a reverse reaction, HC1
etching, occurs [7].

(3) In the high— temperature region:

(a) The temperature insensitive growth rate is con-
trolled by mass transport of the silicon source
from the turbulent layer to the silicon interface
by diffusion.

(b) For low source concentrations, the growth rate is
directly proportional to the input silicon source
concentration.

(c) The growth rates for chloride—containing sources
are not linear functions of source concentration
at high concentrations because of HC1 etching .

The changeover between the surface—controlled and mass—
transport controlled realms of SiH~ deposition can be described by
the balancing of molecular fluxes Because no reverse reactions
complicate the Sill4 problem . The growth rate V is directly pro-
portional to the Sill4 concentration at the silicon surface, as
given by Eq. (2). The surface—reaction rate constant K has the
characteristic activation energy of 37 kcal/mole and the units of
the g~owth rate (em/sec) because [SiH4]1 is a unitless ratio of
gas flows. The flux of SiH

4 
atoms across the boundary layer F

1is proportional to the Sill4 concentration gradient across the
layer , which is the difference between Sill4 concentration in theturbulent layer [SIH4]T and that at the interface [Sill4]1,

F1 
— h(S iH

4)E [SiH4]T 
— [SiH4J 1I 

(3)

where h(S iH4) is the mass—transport coefficient for SiH4 and is atemperature—insensitive constant that relates molecular flux to
the concentration gradient; it is proportional to the Sill4 diffusioncoefficient in 112 and is inversely proportional to the boundary—layer thickness. The flux of silicon atoms being incorporated into
the lattice is



F
2 

= Nsi
V (4 )

in which N is the atomic de~i~ Ly of silicon , Ns 
= 5.0 x 10 22 cm 3.

A s imultan~~ us solution of Eqs.  (2 )  through (4) o~ tains the inter-
~ ice silane concentration ,

[Sill
4]1 

= [SiH4]T [1 
+ h ( S I H 4

) Ku

There are two l imiting cases:

Case 1: Surface—reaction control.

At low tempera tures , K1 is small enough so that [SiH4]1 [SiH
4
]~

(See Figure 3). In this case, from Eq. (2),

V = K
1
[SiH

4]~, (6)

Case 2:  Mass—transport  control .

At high t emperatures , K 1 becomes large , and [SiH 4 ] 1 0; then
from Eqs. (2) and (3),

h ( S iH 4
)

V 
N
5~ 

[S1H
4}T 

= K
M
[SiH

4J T 
(7)

The rate constant for mass—transport control is K.~(cm/sec).

Although Eqs. (6) and (7)  predict  a f i r s t—orde r  growth—rate
dependence on silane concentration , the surface—reaction rate
constant K1 is exponentially dependent on temperature and the mass-
transport rate constant K.M has only a linear dependence on tem-
perature (essentially no dependence over the narrow 10000 to
1100°C range commonly used for SIH4 epitaxy).

Experimental SiH
4 growth rate is plotted vs temperature inFigure 2. The surface—reaction region has an activation energy of

= 39 kcal/mole. Transfer to the mass-transport region is
nearly complete at 1000°C for all growth rates from 0.1 to 0.5 U/mm .
From 1000°C , the maximum variation observed is only 10%. Figure 4
is a graph of growth rate vs silane concentration for ‘1’ 1050°C.
The slope of t~e line is the mass—transport rate constant value
K,4 — 7.5 x 10 cm/sec = 450 ~/min. These values for activation
energy [6] and the ra te cons tant [5] are consistent with the
literature.

- - —-- - --_ _-- - -
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2.3 Doping of epitaxial layers

2.3.1 Injected species. Epi taxial layers are mos t commonly
doped by the incorporation of a small amount of dopant hydrides
(PH , AsH , B

2H6
). Phosphine , arsine , and diborane are gaseous

sou~ces t~ at can be diluted to the l0~~ level required for lightlydoped epitaxial layers. The doping of S1H
4 

epitaxial layers with
dopant hydride sources has been described theoretically [8 ,9].
The dopant is transported across the boundary layer by d i f f usion
as described in the previous section for SiH4. Tire analysis is
complicated , however, by the fact that the incorporated dopant is
nonuniformly distributed near the surface of the growing layer.
The relevant dopant concentrations in the reactor and in the wafer
are presented In Figure 5 for PH3. The turbulent layer (input)
dopant molar concentration [PH 3]-ç is the flow ratio PH3/H2. The
concentration of phosphine near the surface of the growing epitaxial
layer is [PH3]1. The concentration of incorporated phosphorous
atoms near the surface of the layer [P]1 is higher than thephosphorous concentration deeper in the bulk material [

~
]B [~~,9].

All of the incorporated phosphorus is considered to be ionizeu .
The solid—st ate phosphorous concentrations [P]1 and [

~ ]B have units
of (atoms P/atom s Si) and must be multiplied by the atomic density
of silicon (N si 

— 5.0 x 1o22 atoms/cm 3) to obtain the conventional
doping concentration.



( a )  PH 3
’ 

-

_________________ 
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~
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—
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~~~~

Fig. 5. Dopant conei nt rat I ins in t hi reactor and in t h e  wafer.

(a) Dopant concentrations near an epitaxial interface

(b)  Band bending near a growing silicon sur face

(c) Dopant and free—electron concentrations near a
growing silicon surface

T he goal of this analysis Is to predict the solid—state
doping 1

~~
]B from the turbulent—layer phosphine concentration [PH3]T

as a function of temperature and growth rate . The effective
segregation coefficient ‘

~EFF relates these two variables as

______ 
1

[PH
3]T ~EFF 

(8)

For doping concentrations lower than the concentrati~rr of free
electrons in silicon at epitaxial temperatures ( 10 ~ cm 3) ,
the segregation coefficient is a function of only tempevature and
growth rate , but not doping level [8]; that Is , for a set temperature
and growth rate, solid—state doping is a linear function of gas-
phase dopant concentration. With respect to the dopant concentra—

4 tions defined in Figure 5a , Eq. (8) can he expressed as

e
~
j  

_ _ _ _ _ _ _ _  _ _ _  

_ _ _ _ _ _ _



______ _____ ~‘~ B [P ] 1 [PH 3 ] 1
[PH 3],1 

— 

EI~ 

— fl,~~] tPH
3
]~. 

(9)

(a) (b) (c)

The overall partition coefficient 
~EFF can now be evaluated term

by term. Ratio (a) on the RHS of Eq. (9) relates the surface and
bulk solid-phase dopattt levels that may be dit f erent because of
band bending at the growing silicon surface. Ratio (b) relates
the actual solid and gas doping concentrations at the interface.
Ratio (c) is essentially a measure of the boundary layer doping
gas gradient which is the driving force that provides the required
flux of dopant to the surface.

Following the notation in Figure 5 and the derivations of
Rodgers [4] and Bloem [8], the expression for an effective segre-
gation coefficient is

___  =

‘
~~~3

1T TEFF

~S~~~~ B 
vC r  ~S~~~ Bexp kT + exp -v_ L’ — exp 

— 
kt

h(SiH 4 )
+ •—

~ (PH ) [SiH4],1 f (10)

where ~ is the surface potential pinned at one—third the gap
above t~e valence band [8] ,  ~~ is the bulk Fermi potential, and
is a critical growth rate at which trapping starts to occur.
The parameter h(PH~) Is the phosphine transport coefficient similar
to h(Si}14

) ,  and th~ other parameters have their standard meanings.
Figure 5 defines the equilibrium segregation term

[P]
— [PH 3] 1 

(11)

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
- ~~~~~~~~~~~~~~~~ — - —. - . - -  . -  - -



For low growth rates , the effective segregation coefficient is
equal to the equilibrium segregation coefficient y ,  modified to
account for trapping. Reactant incorporation Is surface—reaction
limited . For high growth rates , the effective segregation coef-
ficient is proportional to the input silane concentration [S1H 4]T.Four limiting cases of Eq. (10) exist as a result of combining
the two limiting conditions in the crystal (bulk—surface equilibrium
and complete trapping) with the two limits for dopant transport to
the crystal (surtace reaction and mass transport). These cases are
depict ed schematically in Figure 6 for an arbitrary donor hydride
DH 3.

( a )  [DI

[DH3],

(b)  

~~~[DH3}~~~[DH3}~~~~~~

[D)b~~
[D]S [0H3J

! 3T TDH3TL

_

I 

~~~~~~~~~~~~~~~~
[OH3]

- — -— - - 
p 

SUBSTRATE I STAGNANT TURBULENT
LAYER LAYER

Fig. 6. Limiting—case dopant—concentration profiles for silicon
epitaxial layers.

H
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Case 1.

Surface—reaction limited dopant transport and bulk—surface
equilibrium conditions would occur during growth at moderately
high temperatures, low growth rates, and with a fast diffusing
dopant (1150°C , 0.1 ii/min , PH 3) [ 9 ] .  In this case , Eq. (10) can
be approximated by

_______ — 1 1 (12)(PH
3

]T 
— 

~EFF 5 
—

y/exp 
~~ kT

The effective segregation coefficient is the equilibrium segr ega tion
coefficient modified by band—bending effects .

Case 2.

Surface—reaction limited dopant transpor t and surface dopant
trapping conditions would occur during growth at low temperatures,
moderate growth rates, and with a slow diffusing dopant (1000°C,
0.5 ~ /min , AsH.~). The effective segregation coefficient is then
the equilibriuth segregation coefficient ,

[As ]B 1 1
[ASH)]T 1EFF ~ (13)

Case 3.

Mass—transport limited dopant delivery and bulk—surface
equilibrium conditions would occur during growth at very high
temperatures, moderately high growth rates, and with a fast diffusing
dopant (1225°C, 2 ~/min, PH3). The effective segregation coefficient
is determined by mass transport of dopant across the boundary
layer. EquatIon (10) can be approximated as

[PIB 
— 

_ L 
— 

1 14[PH
3
]T 1EFF [h(SiH 4)/h(PH fl [SiH4

]
T 

(

Case 4.

Mass—transport limited dopant delivery and surface dopant
trapping conditions would occur during growth at relatively low
temperatures , high growth rates, and with a slow diffusion dopant
(1050°C, 4 ~i/min , AsH3). The effective segregation coefficient is
g iven in Eq. (14) .

__________________________ ____  ______________ ____________ -



Al tho ugh a l l  il tie ’ growth conditions dep i c t cd  in Fig. 6 are

• possible , pr ic t 1cm corn- iderations limit Sill 4 F p i t ax i a l  g rowth  to
• th e 1000° t o  1050 ’ C rang and a 0 . 2  to 1 .0  p / m m  g rowLh r a t e .  At

h i gh e r t e m pe r a t u r e s , th e  ~ iH 4 process  has t h e  ( o l l o w i n g  problems .

(1)  ii l i i  g li g r o w t h  r a t e s , S iH ~ tends to dec ompose  in the
b o u n d a r y  I ave r , f o r m i n g  a “ l o u d ” in the r eac t o r
t ha t  q u i c k l y coa t s  the e x i t  end o f  the  r e a c t o r
t ube .

( 2 )  S i l i c o n  d e p o s i t i o n  on the  r e a c t o r  tube  increases
for a i r—~-ooI ed t ubes .

(3)  A u t o d op i n g  and o u t d i f f us i o n  b e g i n  to become p rob l ems .

At t e m p e r a t u r e s  b e l o w  1000 ° C , c r y s t a l  q u a l i t y  s u f f e r s ;  there
is a max imum ep i t a x i a l  g rowth  r a t e  fo r  evey t e m p e r a t u r e  below
which p o ly c r v s t a l l i ne  d e p o s i t i o n  occu r s . Growth  ra tes  below 0 . 2
p / m m  are i m p r a c t i c a l  ( o r  conunon 3 to 20 p layers because long
depos i t ion  t imes a r e  not  o n l y  w a s t e f u l  , bu t  lead to excessi’ie out—
diffusion. Typical silane—reaction conditions are intermediate ,
therefore , to the conditions dep icted in Figure 6a and Gb.
Some s u r f a c e — d o p a n t  t r a p p ing is p resen t ;  an increase in growth
rate leads to an increase in solid doping leve l , all other variables
held constant .

The effect ye seg ri/gat tOn ( ‘ I ci I ic ient has h)eefl measured cx—
perim enta llv over a wide range of condit ions . Bulk  d o p i n g  concen—
t rat ion vs monotoniic gas—p ha s’ (hopant concent  r a t i o n  is p resen ted
i n Fi gu re 7 f o r  a combination of (Iii fercnt dopant sources , sili-
con sources , g rowth  r a tes , and temperatures . The doping  concen—
t r a t i o n  is  c a l c u l a t e d  is tire e ffectiv e flow ratio of dopant gas
to mai n hydrogen  f l o w . W i t h  reference to the  r eac to r  in  F igu re
1, t h i s  ra ’ i i ’  i s

~ x = 
f ( d op a n t )  . f ( m ix . f ( l n j e c t )

3 f(dopant ’ 1 (1s t H
2

) f ( mi x) + f ( 2 n d  H
2

) f ( m ain)

(15)

where  f is the f l o w  in l i t e r s  per minute. The concentration in
the right—h and scale is the norma l concentration per cubic centi-
meter divided b y M~~ . AU the dopants have hi gher concentrations
in the bulk than in the gas phr ase  by a factor of 10 to 200 and
have approximately the same effective partition coefficient
(~~ 0.0l) except for AsH

3
/S iH

4 
at 1050°C and (CH

3
)
3

Sb/S iH
4
.

The fact that the  e f f e c t i v e  p a r t  i t t o n  c o ef f i c i e n t s  are
In d e p e n d e n t  of growth r a t e , t e m p e r a t u r e , and even s i l icon source
fur PH

3 
and B

2
H
6 

suggests a s u r f a c e -— r e a c t i o n  l i m it e d  process wi th

-- ~~~~~~~~~~~~ —- ‘-~~L~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~ - - - ‘ _ _ _ _ _  -
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Fig. 7. Solid—state doping vs gas—phase dopant concentration
for various dopant sources , silicon sources , and temperatures.

bulk—surface equilibrium (Figure 6(a)). Trapp ing is not present
to any appreciable degree for PH 3/S iH4 because of the low 0.25
p/mm growth rate. For PH3/S iCl 4 ,  B2H6/S iH4 ,  the hi gh growth
temperatures (1075° to 1180 °C) e s tab l i sh  s u r f a c e — b u l k  e q u i l i b r i u m .
There is some trapp ing in the 1050°C AsH 3/ S I H

4 
system relative to

the 1180° C AsH 3/SiC1 4 sys tem , as evidenced by the h i g h e r  s o l i d
dop ing concen t r a t ion  fo r  a given input  arsine c o n c e n t r a t i o n .

The t r a p p ing phenomenon in AsH 3/SiH 4 e p i t a x i al  l aye r s  has
been considered as a function of temperature and growth rate.
According to Eq. (lO), doping shoul d decrease as temperature (V

c
)

increases in the presence of trapp ing. This trend is verified
for three growth rates in Figure 8. All the curves begin to
flatten out at 1025°C, indicatIng that trapping is nearl y comp let e,
[As]

B 
[As )1.
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Fi g . 8- R e s i s t i v i t y  of arsine—doped s il ane—grown ep itaxial
laye rs as a f un c t io n of temperature with growth rate and
ar s i n e  c o n c e n t r a t i o n s  as parameters .

2 . 3 . 2  Autodc~p~j~~. One of  t i r e  l i m i t i n g  and most i m p o r t a n t
cons  i d e r a t  ions in ep i t a x i a l  d e p o s i t  ion is the movement of substrate
im p u r i t i e s  i n to  e p i t a x i al  l ay er s .  Two components  a re  considered ——
o u t d i f f u ~, i o n  (movement  caus~~l b y s o l i d — s t a t e  therma l d i f f u s i o n  in
Si  1 i c on )  and a u t o d o p i n g  ( e x i t  a movement of s u b s t r a t e  d o p i n g  i n to
an ep i t a x i a l l a y e r , w h i c h  c a n n o t be e x p l a i n e d  by d i f f u s i o n  e f f e c t s ) .
The f o l l o w i n g  dopant  f l u x e s  f r o m  a w a f e r  i n t o  art e p i t a x i a l l a y e r
mus t  be cons ide red :

( I ) dop an t  ‘ ev ap l i  ra ted’’  f rom the hack ol t he  w a f e r  , which
mixes  i n t o  the turbulent I aver

—— ( 2 )  dop an t  ‘‘ev a p or a t e d ’’ f r o m  t h e  f r o n t  o f  the  w a f e r  i n t o
the  b o u n d a r y  l a y er

( ‘ 3) dop ant  that outd I f t list s I rum t i r e  subst rat t as a r e s u l t
of  t i r e  rma 1 d i i  f us ion a l o n e ’.

For s t a n d a r d  b u r i e d — i l e ’ c f , r  b i p o l a r  p r I t c I s s i r i g ,  a m o d e r a t e l y
doped ( 10~ ‘ to 10 1 6 cm 3) ep i t  • X i  a 1 l a y e r  i s grown o v e r  I t  ‘ t i  I i  zed



bur i ed  I a v e r s .  Tire hacks ide of the wa f~~r is ii s iiill v maskt’d
during the buried— l iver diffusion to eliminate this tutodop I rig
source . The w a f e r  i s  t h e n  s u b j e c t e d  to very  h igh tcniperatiir ’ —
t ime  cy c l e s  to produce j u n c t i o n  i s o l a t i o n ;  in  t h i s  c isc , t h e
sealed—wa fe r  b a c k s i d e  does not  p r o v i d e  an a u to d o p ing  s r i r c r , and
f r o n t s i d e  autodop ing is domina ted  by o u t d l f f u s i o n  f r o m  t i l t  h i gh—
t empera tu re  i s o l a t i o n  s t e p .  C o n s e q u e n t l y ,  f o r  standard buried—

collector processing, outdiffu sion can explain dopant m i g r a t i o n
from the  bu r i ed  L i v e r  i n t o  the  e p i t a x i a l  l a y e r  1 1 0 1 .

For l o w — t e m p e r a t u r e  s ila nc  e p i t a x i a l  growth , e s p e c i a l l y
when h i g h — t e m p e r a t u r e  p rocess ing  s teps do not f o l l o w , t h e r e  i s  a
d e f i n i t e  movement  of  dopan t  i n t o  the  growing laye r from the substrat e-
tha t  cannot  be e x p l a i n e d  by o u t d i f f u s i o n .  F igure  9 is t i re  profile
of an undoped epitaxial layer grown w i t h  s ilane  (1100° C , 0 . 4  p / m m )
on an arsenic—doped sub srrite.* For the 10 mm period at hi gh
temperature , t h e  d i f f u s i o n  l e n g t h  fo r  a r sen ic  is ~~~~ = 0.041 p.
The profile solution for outdiffusion 1101 is

N ( ep i ) = -
~~ N ( s ubs t ra te ) e r f c ( x ) ( 1 6)

2 /Dt

in which x is the dis tance in to  the ep i t a x i a l  l a y e r  measured f r o m
the i n t e r f a c e .  The ca lcu la ted  o u t d i f f u s i o n  curve  is graphed i n
Figure 9.

T~~I OOO C
v ’ 0.5 ~.&/m,n

N0’I.6X10’8 cm 3— 
~~~~~~

N0° ’ 43 x I O ~ cm~~~~
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Fig .  9. Au todop ing  p r o f i l e  for an i n t r i n s i c  s i l ane—gr own  ep i tax ia l
• layer on an arsenic—doped substrate.

*A1 l profile measurements were made using the spreading—resistance
probe technique .



In this case , the dt ’p ii.t mu m ’ i t  ( l i e t ’ , ’ ‘ ‘ m l  l e d  ‘ I I i t l ( i n g ’’ ) is
dominant over the ‘‘ ‘iit d i h it s i on ’’ 1~~- r m . C,- c— , f o r  t h i s  e xpe r i -
ment , the a r s e t i i t — d o p e d  w i t  e r ” w is  i~~ t i t i l  v an , I r s e ’ n i  — d 1i, d
e p i t a x i a l  l a y e r  d e p t ’ s  i t ed  on • i  i i  g u t  I v  b o r o n — d o p e d  w a f e r , t h e

sole component  of a u t  odt  ‘p i rig c e n t  r I h u t  i r ig t t i r e ’  i n ca s  t i r ed p r  ‘I 1 1 i-
was e v a p o r a t i o n  f rom t h e  f r o n t  o f  t i e  w a t e r  i n t o  the ~r w i n g l i ve r .
A w e l l — k n o w n  f e a t u r e  o f  t h e  t r o n t s i de  e v i p r i t  ion  s o l u t i on  i s
t h a t  the  e v i p t r a t  ion r a t e  i s  p r o p o r t  i m m i l  i the  ~~ m r  i c i l ’ e f l —
t r a t  ion  [ 1 1 ]  . As the  su r  ( ice con c cn t  r a t  iofl , r e s u l t i n g  r c l I l t  0~
d op in g dec r eases , t h e  evirporat ion rate’ decreases which , in turn ,
reduces  c o n c e n t r a t i o n  in t h e  g r o w i n g  la y e r; the doping prof j ic ’
is a simple d e c a y i n g  e x p o n e n t i a l  e x t r a p o l a t i n g  b a c k  t o  i n  e l e c t i v e ’
surfac e concentration which is determined e m p i r i c a l l y f o r  a
given dopant , silicon source , and set of growth conditions. For
arsenic—silane in Figure 9, the’ profile is close to exponential ,
dropping a factor of 10 ever y 2.67 ~i .

This behavior has also been measured  in l a y e rs grown a~
hi gher  t e m p e r a t u r e s  w i t h  SiCI 4 .  F i g u r e  10 shows the measur~
a u todop ing t a i l  of a bo ron—doped  subst  r a t e  in to  an undoped ep i t m x i i
l aye r  grown w i t h  S1C14 at  1180° C and 1.0 p/mm . Here , the c i l c u l a i d
o u t d i f f u s i o n  is comparable to the au todop ing .  O u t d i f f u s i o n  is much
more prominent than in the p r e v i ou s  case because of the h i gher
growth temperature and the higher d i f f u s iv i ty  of boron relative to
a r s e n i c .  A gain , an exponential fit is w i t h i n  e x p e r i m e n t a l  e r r o r .
The curve decays a factor of 10 every 0.86 p. .If  a s u b s t a n t i a l
subsequent heating step such as diffusion isolation had been done
to the  s u b s t r a t e s  used in the  boron  SiCl 4 expe r imen t s , t he  outdiff—
usion t a i l  w o u l d  have he -om e d o m i n a n t  over au todop ing.
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\\ Fig. 10. Autodoping profile fo
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doped substrate .
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One immediate conclusion that can be drawn from a comparison
of Figures 9 and 10 is that the dopant species is a very important
consideration. One would expect a priori the slow—diffusing
dopan t , As , grown at the lower temperature to have much less auto—
doping than the f a s t — d i f f u s i n g  dopant , B , grown at the higher
temperature. Because the opposi te is true , arsenic must he a
poorer autodoping element than boron. One significant factor is
vapor pressure. Arsenic “evaporates” more easily than boron .
The exact nature of the autodoping differences between the
elemen ts have not been repor ted , bu t empirical da ta to be presented
here demonstrate that the worst—to-best autodoping order of coimnon
ailicon thopan ts is As >~ B > P > Sb.

The second source of dopant for autodoping is evaporation
f rom the backside of the wafer . The amount of autodoping is pro-
portional to the evaporation rate . This rate and the autodoping
profile depend to first order on wafer dopant concentration N0.
The net effect is that the wafer backside supplies dopant to
the epitaxial layer at a rate initially set by its concentration ,
evaporation rate , diffusivity , and temperature. The amount of
dopant supplied then decreases slowly in time because of dopant—
depletion effects on the wafer backside. The time variation is
usually weak so that the backside appears as a relatively constant
autodop ing source. The solution to this boundary condition is
simple. For a given set of growth conditions , the autodop ing
profile is constant and dependent only on initial wafer-backside
doping . In a study [121 of intrinsic epitaxial layers (SiH4,
1050 °C , 0.35 p/ m m ) grown on arsenic—doped wafers , the following
empirical relation was derived :

N (constant autodop ing level) = (2.5 x l0~) N (backs ide)  (17)

The constant autodoping levels were measured at 4 to 7u from the
original wafer surface , after the point at which the f ron tside
evaporation and outdif fusion transients had died out .

With a general description of the three components of dopant
movement into an epitaxial layer (outdiffusion and froutside and
backside autodoping), a conceptual picture of autodoping can be
drawn. Figure 11 shows that outdiffusion dominates nearest the
interface , frontside evaporation effects become apparent as soon
as the outdiffusion tail dies out , and backside evaporation dominates
the autodoping profile farthest from the interface because the
backside autodoping source r emains relatively constant and the
frontside source is continuously buried under growing silicon.
Figure 11 is highly idealized ; for example, the analysis does not
consider lateral autodoping variations that include systematic
worse autodoping at the wafer edges as a result of the backside
source. Any of the three regions in Figure 11 may not be present



under certain conditions, (large outdif fusion tail may go completely
to the surface of a thin epitaxial layer).
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Fig . l l .  Conceptual diagram of autodoping and outdif fusion profiles.

2 . 3 . 3  T ime—dependent effects. The above subsections have
defined injection and autodoping effects primarily for the steady-
state condition. Recent work has demonstrated practical means for

t obtaining a predefined doping profile by utilizing transient doping
effects. A two—step process [131 using silane has achieved abrupt
epitaxial interfaces by allowing the boundary layer vapor pressure
Pg to decay with time after the growth of a first layer. The concen-
tration in the f irst  layer is reduced from the bulk value NB to a
value set by the ratio of loss coefficients 

~BI from bulk to the
first boundary layer, and from the second boundary layer to
the epitaxial laye.r,

N
B* 

— N
B (18)



Following this decrease in surface concentration , the vapor pressure
decays to a second equilibrium value with an exponential time
behavior. Subsequent epitaxial growth after the decay of Pg results
in an abrupt doping profile.

A transfer—function characterization method has been reported
t h a t  p r ed ic t s  p r o f i l e s  f o r  t i m e — v a r y i ng i n j e c t e d  (I op af l t  species
[i l l  - Figure 12a is a block d i a g r a m  of the  e p i t a x i a l  reactor  as a
system , the inpu t is the gas flow as a function of time f ( t ) ,  and
the output is the doping density profile in the epitaxial layer
N(x). All four blocks interact, With respect to the doping
mechanism and despite such complexity, the reactor can be considered
analogous to a linear system within limitations. The implication
of this is that it is possible to obtain a transfer function of
the reactor that relates the dopant gas—flow input f(t) to the
doping profile output N(x) as shown in Figure 12b. A fter the
transfer function has been determined, it is possible to calculate
the dopant gas flow as a function of time required to achieve a
desired dopant profile in an epitaxial film.
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Fig. 12. Block diagram of reactor system .
(a) Cross section of the reactor chamber
(b) The reactor as a system
(c) One t ransfer  funct ion relating the dopant gas—flow

input f(t) to dopant concentration in the epitaxial
film N(x)



. :~ . :~~.I ‘trati i- l e n t  res p i i f l se  0! iho (lopail t incurporat ion
neehan i sin - ,\ Ii t e ar  s~’st  em c;i n h~ cha ete  t ’ j  Zt ( j

by ou t ~u i n i f l 1.~ its t r a n s i e nt  t i ~ s po i i ~-a - U b r  t h i s  i~~ ponse  is
known , ~ is lat iv o l y ~~~~~ tas k t~~ I l i t e r t hi l t e  t h  tr an slor
I uni~- t I ‘n -

Although there are definite limits to this approach , it has
been used successfully in several chemical systems. For examp le ,
d i f fu s ion—ra te  processes in catalyt ic  reactors have been characterized
by “adm ittance func tions” analogous to ac electrical parameters
[15]. The time—varying output—gas concentrations were related to
the time variations of the input gases . Further work has considered
d if f usion through a boundary layer , adsorption on a surface , and
diffusion into a solid [16]. Several of the same kinetic processes
are presen t in our study of dopan ts in epitaxial layers ; however ,
addit ional chemical processes are involved because the output  is
not a time—varying gas concentration , bu t a varia tion of the so~ id
dopant concentration as a funct ion of posit ion in the deposited
epitaxial layer.

In addition to providing a method for  fabr ica t ing  a desired
dopant profile , this investigation will produce basic information
concerning the various mechanisms involved in the dopant—inclusion
processes. As indicated by Kobayashi and Kobayashi [17], transient
studies may reveal the importance of various mechanisms that may
not be apparent in steady—state stud ies. In particular , consider-
ation of limiting cases may allow separation of the several mechanisms
involved ; (hipari t ~as f lew without film growth , for  examp le , would
involve only a selected number of mechanisms involved in the total
epitaxial doping process .

The reactor was first optimized for a nominal deposition of
approximately 0.6 p/mm and uniform dop ing during the entire
deposition process. Silane was the source of Si , and deposi tion
was accomplished at 1070°C. Arsine was selected as the dopant
gas, and flow settings were detert~lned f or the typ ical par tial
pressure of approximately 2 x lO and 6 x l0 6 atm , co~~esponding
to dopant concentrations of roughly 1 x io ’-5 and 3 x 10 cm 3 in

-~~~~ the epitaxial layer. The substrates were <lOO>—oriented 5silicon
wafers with phosphorous dopan t concentra tions in the 101 cm 3

range. The epitaxial layers were grown with a step—function change
in the dopant gas flow during the continuous deposition ; during
the deposition , the dop ant gas flow was changed from one of the
above described to the other to simulate the step input. Both the
increasing and decreasing steps were used in these experiments.

The dopant profiles in the epitaxial layers were obtained by
capacitance—voltage measurements on deep—depletion MOS structures
and on planar and mesa p-n junctions . The thickness and dopant



concentrations in the samples were chosen to he compatible with
the C—V technique. Spreading—resistance measurements and stacking-
fault thickness determinations were used to confirm the capacitance-
voltage measurements. Figures 13 and 14 are the resulting dopant
profiles. To ensure that the experimental profiles were not limited
by the resolution of the capacitance—voltage data—reduction technique ,
a theoretical capacitance—voltage curve was generated by solving
Poisson’s equation . The data—reduction program was then applied
to this curve . The results revealed that the experimental profiles
varied slowly compared to the resolution profile , indicating that
the major features observed were not artifacts of the analysis
technique .
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Fig. 13. Experimentally observed dopant concentration as a function
of distance from the surface of an epitaxial film for a decreasing
step change in the dopant gas flow. Also shown is an exponential
fit to the experimental curve.

As can be seen in Figures 13 and 14, the transition from one
dopant concentration to the other occurred in approximately 1.2 ~~~,

corresponding to roughly 2 m m .  The heat cycling during the fabri—
cation of the MOS and p—n junction C—V samples produced a square—
root of Dt of only 0.07 p because of the low diffusivity of the
arsenic dopant in the epitaxial layer. Spreading—resistance data
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con firm that there is no si g n i f i c a n t  dev ia t ion  be tween  samp les
measured a f t e r  ep i t ax i a l  deposition and after comp lete C—V sample
f a b r i c a t i o n .  The i nc r ea s ing  and dec reas ing  steps reveal an a b r u p t
onset of the transition region followed by a gradual decay . As
seen in Figures 13 and 14, the decay curve can be fitted to an
exponenti curve w i t h  f a i r l y  good a c c u r a c y ,  and a decay length of
0. 4 1 o co r re sponds  to a time constant of 41 sec. As a r esu l t ,
the  t r a n s i e n t  response  of  t he  ep i t ax i a l  fac tor can be approx ima ted
by a s i n g l e  ex p o n e n t i a l  f unc t ion , and the  response is g iven by

H ( t )  = I — exp (_ k — )  (19)

where T
1 

= 40 sec .

2 . 3  . 3h Sy s t eT il I1 )iL ly s Is A fter t h e  t ransient response of
a sys tern has been c ha r a c t o r i  z e i , it is poss ib le  to p red i c t  the
output icr a certain I n p u t  One of the simplest methods is to
t iMe (hO convo l u t i o n a l  int eg ral.

In a linear system , the output g(t) to an input f(t) can be
-u l c u l a t e d  by c o n v o l v in g  the inpu t  w i t h  the Impu l se  response 1( L ) ,
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g(t) = f 1(i) f( t - i) di (20)

The impulse response can be determined by taking t he  t im e  d e r i v a t i v e
of the step response h(t); 1(t) = ~h(t)/~~t. Because h ( t )  = 0 for
negative values of t , 1(i) is also zero for negative values of i.
The lower limit of integration canix! simp lified , therefore , to

g(t) = 1(i) f( t - i) d~ (21)

The limits of integration can be further simplified , depending on
the form of the input. For example , if f(t) = 0 for t < 0, then
f(t — T) = 0 for t < T, and thus the upper limit of the integration
becomes

~ ( t )  = f 1(T) f(t — T) di (22)

Equations (21) and (22) can be evaluated analy tically or numerically
through numerical integration .

Similar calcula t ions can be perf orme d in the f req uency domain
via the Laplace or Fourier transform. The advantage of the Lap la ce
transform is that it is possible to draw analogs to electrical
c i rcu i t s ;  the advantage of the Fourier  t r ans fo rm is tha t  numerical
methods are very efficient. In both techniques , repeated t ransforms
are necessary to convert the information from the time domain to
the freq uency domain and then back to the t ime domain.

In the epitaxial reactor , differentiating Eq. (19) obt ains

1(t) f- exp (~~ -) (23)

- I Because the growth rate G is constant in t ime , the doping density
N(x) is

N(x) C g(t) (24)

By combining Eqs. ( 2 2 ) ,  ( 2 3 ) ,  and ( 2 4 ) ,

N(x) - f fx p  (_ 
i—)  

f(t - t )  di (2~)

-—



As n ot e d  e ar l i e r , t h e  l i m i t s  ob m n t - i g ra t i on (~aI) be s i m p l i f i ~-d ,
depending on t h e  t V p0 o I 1(t)

2 . 2 .3c V e r i f i c a t i o n  of the  approach. In a ser ies  of expe r—
ice n t s , the dopa nt gas f low cons is ted  of an inc r ea s ing  step i d —
lowud by a decreas ing s tep,  a p p r o x i m a t i n g  a pulse in the i n p u t .
Fou r pulse w i d t h s  we re used (-1.3 , 3 .  1 .8 , and 0 .8  m m ) .  Tue
r e s u l t i n g  dop ing  p ro f i l e s  in the s u b s t r a t e s  we re r i ie asur e d  u s i n g
th e~ C—V t e c h n i q ues , and Fi gure 15 plo ts the resu l t s  - For p u l s e —
widths of 4 .3 and 3 mm , the resulting profiles appear to be a
s i m p l e  supe r p o s i t i o n  of p ro f i l e s  obta ined  in  Fi gure s 13 and 11
beca use the pulse w i d t h s  are longe r compare d to  the  sys tem t i m e
co n s t a n t  (-I l  s ec) .  When us ing  shor ten -  pulses of 1 .8 and 0 .8  mm ,
however , t he hi ghe r l i m i t  of doping  was never  reached , there by in-
d i c a t i n g  the limits of the deposition system in responding to arbi-
trary changes in the rate of dopant gts flow .

To verify the validity of the transfer—function approach ,
doping profiles were calculated using Eq. (25) for the four pulse
inp uts . The results are plotted in Fi gure 15. There appears to
b~ ex ce l  l e n t  agreement  b e t w e en  theory and e x p e r i m e n t s  e x c e p t  a t  the
onset of the  hi gh — t o — l o w  reg i o n .  Even f o r  the  s h o r t e s t  p u l s e ,
where  t h e  pulse  w i d t h  of 48 sec is comparable to the system t ime
constant of 41 sec , the model works with good accuracy .

In another experiment , the shape of the dopant gas—flow input
function was a ramp followed by a siep. The results of measurements
and theoretical calculations are plotted in Figure 16 which , again ,
displays excellent agreement except for one discrepancy —— the
initial and final values of the dopant gas flow are the same but
a re  d i f t e r e n t  for  dop ing p r o f i l e s  in the ep i t ax ia l  laye r .  This
can be a t t r i b u t e d  t o  some mech anical malfunction in one of  the
I l owm et t - r s .

2 . 4  Summary for  epitaxy

This section has defined several key problem areas in modeling
silicon epitaxy . The kinetics of film growth and dopant inclusion
have been discussed. First order models have been presented . In
the final subsection recent results in transfer function modelit ~
work in progress has been discussed .



~~~ - I  r-

~~~~~~~~~~~

S 

— 

~~~~~ ~(Pt 54Pftç ~.

L

J
4Tc ts~~~~~~ 

_ _ _

(I37N~~ FR~~ S~~~A~E (~~“I )~_‘~~~(( r.~~-. ~~~ —~ a

(a) (b)

Xn~ -~r 045

• ~~ 
,~ .~ ..dtf. 5 4 ’ W ri_ow

• — • :‘ s 

~ c3 . IO 6 68 ‘ 8  
- T ’ . ~ ,iS / •

~ 
5 5~ S1RATC £PL

/ \ ~~ -~~

e~~~~~~~~ j 
~~~~~~~~~~~~~

, 0

~sva~~~t •~~.. .~~,.st (~~~ I 5$T~#~~( ~#on~ ~~~~~~ r ,.~

(c) (d)

Fig. 15. Response of the reactor to pulse inputs in the dopant gas
flow . The pulse width in time is
(a) 4.3 mm (b) 3 mm (c) 1.8 mm , and (d) 0.8 m m .



~
r
~~1 ~ 

-‘:
~~ ~ 

~~~~~~~~~~~~~~ :
~~~~~~~ tII l k t ~ — I

3
LSUDSTRATE EPI SURFACE

L . . C <  TRANSFER

21 0 6 0  
GA

04
6 5 4 3 2 I

DISTANCE FROM SURFACE (~~-‘~)

F i g .  l b .  Response  o t  the ri 0 tor to 1 r u m p  f o l  lowed b~’ a decreasing
S t  t i )  i n p u t  in the dopmt n t gas I l o w .

3. SILICON OXIDATION

1. 1 I n t r o d u c t i o n

Modeling the kinetics of sil l o o n  ‘ x i l i t i o n  i s  w e l l  known 1 1 8 i .
The f i r s t — ’ r d e r  mode l is based ii t i l e  d ii fit s i rii und - a t T i c ,  e r e ac t i o n
of  c s i ng le ox y ge n sp e c i e s  c t  t h e  s i l i c o n  i n t e  r t a r - t ’ . P r e sen t  t r ends
in  the p r o c e ssi ng  Let -l ine logy , howe ver , a r t  q u i c k l y  o c t  s t r i p p i n g
t h e  u t i l i t y  of  t I c t -  s i m p le mode l . I-or i-xamp 1 - ‘ , t 0 T R e l it  r a t  ion—
depe nden t  e f f e c t s  can change oxide t li i &-kness by as much as 300%
for ot l i e  r w i se  I dent I i-al c -end it i i ts  l ow— t empe  r a t  tire processing
makes this i - f l e e t  even m o re  p ro i r I l i r i r  s i.  P a r t  I l l  p r e s s u re s  i t t
oxygen , IICI , and o t lit- r amb lei t s a l - it ’ h an g e  gr ’wth parameters .
Two—dime us lena I I oc;i I cx l  dat  ion wi i i  I nite ri-nt ‘~ t ru in—dependent
el f t - i t s  i s  floW c commo n t i - , - I i j i i r l e g v  i i  wh I I i  r e q u i re s  more e x t e n s i v e
u n d e r s t a n d i n g  of  phv s  h -s  b ey ond  t i t -  i l l _ — S i I t i t e r  l I ce [4 1  1 . In

— 1 addition , there ire e l t ’ ( - t r i i  i t  i l t e r i t  ions 1 t i l e  S 1 0 1— S i  I n t e r f a c e
that r i - s uit f rom pli ys i ci p r i p e r t  i t s .  l i - i l  I .1 1 Il ls r e t  ent l v

t reviewed this sub j&s- t and it is c - I c - c r  i l t i t  I l i r t h t - r  work  i i i  t h i s
- c r e c Is required . ‘ l i i i -  p r e se i t e - ‘ ‘ I  o x i d e  c r i t i  sut l i r e  states can
subst oit i - il l v  ch a n g e  MOS t liri- - I c r ’ l d  i c - i k i g e - , su r t i r  e m o b i l  Ity , and
overall di- v i  - s i  at) I i  I t  v

I



The m ult i s t r e a m  models  f o r  ox ida t i on  k ine t  h - s  and t w i l — d i m e n s i , n - 1 1

• dependencies will not be discussed here. It is a n t i c i p a t e d  t h a t
model development in these areas will benefit directly from th~ r
numerica l  modeling work tha t  couples and conserves diffusing p c r t i c l ~-s .
The fo l lowing  discussion wil l  be c o n f i n e d  to problem formulations
that have evolved as direct extensions of the first—order oxid c t ic ’n
model [18]. This mode l wi l l  be reviewed and e x p e r i m e n t a l  ri-suit s
and i n t e r p r e t a t i o n s  wi l l  be considered f o r  o r i e n t a t i o n , -on , -ef l t  r-
tion , and ambien t—dependen t  oxide growth conditions. In - c i i  - uses ,
m o d i f i c a t i o n s  amount  to c o e f f i c i e n t  changes in the basic model.

3.2 The bas ic  model

The f i r s t — o r d e r  model solves for  the  oxide f i l m  growth b y  i n t  -grat h g
a f l u x  equa t ion  fo r  oxygen as i t  crosses the  s i l i c o n - o x i d e  l a - e r  o t
t h i cknes s , x0, and reac ts  at the silicon surface . Figure 17 is
schematic of the model, with the appropriate flux term s . A rilin g
to Henry ’s Law , the equilibrium solid concentration is pr pr~rrt t o r i
to the bulk gas partial pressure , PC,

• 

. 
C =  H (2h)

where C is the maximum silicon—oxide concentration for a g i ven 
~G

and H is the Henry ’s Law coefficient. Because we are treating non—
equilibrium , the solid value is less than C~ . The flux , F1, is
de te rmined  by the d i f f e r e n c e  in solid c o n c e n t r a t i o n s ,

*F = h ( C  — C ) ( 2 7 )
1 o

Here , C is the silicon—oxide surface concentration and Ii is the
onass—tr~ nsfer coefficient . The value of h in the solid can be
r e l a t e d  to t h e  g a s — t r a n s f e r  c o e f f i c i e n t  b y

Ii = 

HkT 
(2 8 )

where h~ is the  m a s s — t r a n s f e r  c o e f f i c i e n t in the  gas.  The second
and third flux terms shown In Figure 17 represent diffusive flux
(Fl ek ’ s Law) and the surface reaction . The diffusive flux is deter-
mined by the concentration gradient and the effective d i f f u s i v i t v
De f f ~

/c - c \
F2 

= D f f  ~~X e ’ f f ~ 
~~~~ (:‘ i )

C)

_ _ _ _ _ _  - _ - -~~~~—--—-—------- —
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H2O J / ~~~~~~~~~~~~~~~~~~~~~~
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F1 :h(C~-C0) F2 Deff x0 ’ F3~~kC~

F ig .  17. Boundary and Flux conditions for the Cas—SiO
2— Si system.

In t h i s  - i  a- , (~ j i s  t h e  I n t e r l - c r i- va l ue of the o x i d i z i n g  5~~ CC ~t ’5
i i  i i . -  s i  I leon x i di- . The i n t e r  face react ion ru t i  is

I- . = k C . ( 30)

w h e - r -  k is  t he  s u r f  ,o i - — r i - i t t i n  r i t e  c o n s t a n t  fo r  o x i d a t i o n .

U s i n g  t h e -  c - c l n d i t  I o n  i t  s t e i t t v  s ta t e  (F 1 
= F

2 
= F~ ) , one can

sc I ye f o r  C and C I is t e- rm.s of

- .  .~~~~~~~~~~~~~~~~~~~~
- - -  

~~~~~~~~~~~~~~~~ ~~~~~~ —~~~- -



• 

. C * 
( 3 1 )

h De f f

and

/ kx \
C = ( i  +_  ~C (32)o ~ D / 1o f f

Two l i m i t i n g  cases can be defined. Surface—reaction rate control
occur s  when De f f  becomes large  (compared to the s u r f a c e  r a t e  cons t an t
k )  and

*C
~~~~ C 

~~~~~~~~~~~~~~~~~ (33)
1 +~~~

-

This condition implies that surface—reaction kinetics is the slowest ,
and hence dominant , e f f e c t .  Mass t ranspor t , or d i f f u s i o n  con t ro l ,
occurs when k >> De f f /xo and C~~.approaches zero.  In t u r n ,
C0 C~ = Hk T CC where C~ is the gas—p hase oxidat ion c o n c e n t ra t i o n .
Under these conditions , the flux toward the surface becomes

D
e f f  *

F = — C (34)
0

and the dominant effect is transport ac ross the  oxide l aye r .

To desc r ibe  the ra te  of oxide growth , the f l u x  equa t ion  at the
n t e r f a c e  can be w r i t t en  as

dx *

M °= F  — 
kC 

35l d t  3 kx
1

e f f

where N 1 is the number of oxidant molecules incorporated per unit
volume (2.2 x i022 / cm 3 for dry  02 ,  and 4.4 x l022 /cm~ in a wet
ambient). The followin g integral defines the relationship of x
and t:

N 1 f~I + + ~~ )dx = kC*[d~t (36)
X j  

eff



wh it - I t  r e s u l t s  I n

x~ + Ax = B ( t  + T) ( 3 7 )

re

A 2 D f 1  (~~ 
+ (38)

*2 1 )  C
— e f fB - - - (39)

and

~ (4 0)

The q u a d r a t i c  equa t ion f o r  x -- an  be solved by the  f o l l o w i n g  l imi t—
in g  c , i se s .

Case 1.

B 2
x ( t  + T)  for  t + i (41)

and B/A is t h e  “ l inear ” ra te  c o n s t a n t .

t a ~~t -  2 .

- )  A
2

x B ( t  + i)  f o r  t + 1 - - ( 4 2 )

- m d  B is t h e “parabolic ” rate constant.

E x a m i n a t i o n  of the l i m i t i n g  forms ind ica tes  tha t  the  ox ida t ion
process  in the p a r a b o l i c  domain is d i f f u s i o n  l imi ted  and , in the
l i n e a r  reg ion , it is s u r f a c e — r e a c t i o n  l imi ted  (gene ra l ly ,  h >

~~ k ) .
Both regions should be directl y dependent on the equilibrium con—
rent ration of oxidant in the oxide. Factors affecting the diffu-
sion process should be most influential , therefore , over long
o x i d a t i O n  t i m e s .

E x p e r i m e n t s  have ind icated that , w i t h  an i n ti al ly  clean bare
S i  su r f a ce , xj  0 for  wet 02 o x i d a t i o n , and an e f f e c t i v e  X~ 200 A
i s  f o u n d  f or dry 02 oxidation (as a result of an initia l phase of
rap id o x i d a t i o n  by a different mechanism).

- - II 
_____________________ ________ 

_____________________ _____________



At the  present  t i m e  B , B/ A , and I are known o n ly  for ( 1 1 1 ) —
oriented lightly doped conditions . Under these restrictions , t i i - sc

parameters  can be expressed in the fo l lowing  fo rm:

-E /kT
B = C1

e ( 3 )

-E /kT
B/ A = C2

e 2 ( 4 4 )

I = (X~ + AX .) / B  (45)

wher e

dry  0,, : C 7 . 7 2  x io 2 p 2
/ hr1 6

C2 
= 6 . 2 3  x 10 U /h r

E1 
= 28.5 kca l/mole  = 1 . 2 3  eV/molecule

E 2 
= 46 .0  kcal fmole  = 2.0 e Vfm o l e c u l e

wet 0,, : C = 2.14 x io 2 p
2/hr1

C 2 
= 8.95 x 10 p/ h r

E 1 = 16.3 kcal/mole = 0.71 eV/molecule

E
2 

= 4 5 . 3  kcal /mole = 1.97 eV/molecule

Or ien ta t ion, the addi t ion  of a chlorine species , and heavy
s u b s t r a t e  doping  have all been shown to a f f e c t  B , B/A , or bo th
r a t e ’  constants . The fo l lowing  sections discuss these individual ly .

3.3 Silicon crystal orientation effects

A log—log  plot of oxide thickness vs oxidation time for the therma l
oxidation of silicon in dry oxygen at temperatures ranging from

-. 700~ to 1200°C is shown in Figure 18. As expected , the difference
in oxidation rate between (100)— and (111)—oriented silicon decreases
gradually from 700°C (where the differences are on the order of
40%) to 1200°C (where the differences are less than 2% fo r  all
points)  w i th  the (111) oxidizing fas ter  tha n the ( 100) . It should
be noted that , in the region below 100 A at 700°C , the oxide thick—
nesses obtained for (100) and (ill) silicon are essentially the
same. Only after the oxide thickness exceeds 100 A do the normal
orientation differences appear. This observation suggests that ,
in the Initial oxide growth regime at 700°C, the silicon sur face

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- - -- - - -



--—~~ - l - — ! ‘~~~~~~ ‘ - l t ’ -

~~~~ ‘~c~ Lii~i — _±_
‘ - - r1 14 1 l  ~~~~ - ~~~~~ _ _ : ~~~~~~. 

-

- - 
- - i —~~

- -
-
-— ~~~~~~~~~~~~~~~~~~~~~~~- i- _

i _  - ---- --~~
- - i

_ I -

— 

- 

I I ~~ 
- _

~~
__

I ~~~ I

- 
-

~~~~ ~~~~~~~~~~~~~ i i — ’>-’ :~- - ~ - 
i-

__
_ 

~~~ 

- 

~~~~~~~~

- 
- 

1 

- 
- -  f- i-- - --

~~~
_ -

~~
r - 4- i v f- - -~,/

4; 
~

-
~~~~~~~

• •

lclOQ°c” 0-~ 0b’~ / ~~i c - ‘-  I

T
I i i  - -i I

01 1 0 100 - 0
OXIDAT ION1 TIME (hr)

Fi g .  18 ( ) x 1 r l , -  t h i c k n e s s  vs t i t h e b r  ‘ 1 l 1 _ ~:. and < h ilt s i l i t i t i .

a m i n i m a l r o l e .  Such conc lus ions  art- eons islent w i t h  p r i - v i  us
l c t ; m  [ 1 9 J  ob ta ined  by Auger ana l y s i s  of t h in  oxides  grown b e t w e e n
1d0 ° and 800 °C , w h i c h  show t h a t  the h y d r a t i o n  of t he  s i  l i ~ in sti r—
l~~c e  p l cvs  c c r u c i a l  ro le  in s i l i con  o x i d a t i o n .  T h e  r i - s u i t s  i-a n h~-
of i n t e r e s t  in the  f a b r i c a t i o n  of ?.~~0S devices .

The oxidation rate data were eva luated us ing  the  g i - i t e - r i l
r e l a t i o n s h i p  fo r  t h e  th erma l o x i d a t i o n  of s i l icon g iven  in Eq.  ( 3 7 ) .
he ause- t h e  p a r a b o l i c  r a t e  c o n s t a n t  B depends on t h e  p a r t i a l  p re s su re
o f  o x i d a n t  in  the o x i d i z i n g  ambient , the  s o l u b i l i t y  of  the  o x i d i z i n g
s p i - iC S  irs Sb 2 ,  and the effective diffus ion coefficient at  the
oxidizing species in Sf02 [18], there should be no variation of B
w i t h  s i l  I c o n  o r i e n t a t  ion . On the o t h e r  hand , the  l inear  r a t e  con—
s t i c l i t  B / A Invo lves the reaction rate constants at the Si0 2 su r f a c e
and at the silicon surface [18] so that any orientation dependence
of the  o x i dat i o n  ra te  should appear in th i s  term via the cons tan t
A.

--  - - - - -—-~~~~
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Because the  method  o f  ana l ys is  u t i l i z e - i l  depends  on t i l e  c i l r r e - t i on
f ac t o r  i , which is di- t i - rmined  b y ext  r a p o l a t  ion and is t h u s  p r u n e
to  some e r r o r , o x i d a t i o n  t imes a t  least  t h r e e  t ime s g r e a t er  t han
the  I va lue  fo r  any set of o x i d a t i o n  c o n d i t i o n s  were  g en e r a l l y use d
f o r  the determination of B and B / A .  In t h i s  way ,  any e r r i r  in I
should  have l i t t l e  e f f e c t  on t he  ca l cu l a t ed  value s of  B and B / A .
The r e s u l t s  of  l e a s t — s q u a r e s  ana lyses  of o x i d a t i o n — r a t e  da t a  fo r
(100)— and (111)—oriented silicon wafers using Eq. (37) art- - given
in Tab le  4 . i t  should h e -  m e n t i o n e d  t ha t  the oxide  t h i c k n e s s  (x i )
at z e r o  o x i d a t i o n  t i m e  ms de t  e rmined  by e x t r a p o l a t i o n  of the  x 1 vs
I c u r v e  t o  -zero o x i dat  ion t inc , was found to he 160 ± 40 A f o r  a l l
ox i d a t i o n  c o n d i t i o n s .  T a b l e  4 d e m o n st r a t e s  t h a t , according to
t h e o r y , there is  i - ssc , i t  j u l  I v  no d i f f e r e n c e  in B fo r  the two o r i en t a -
t i o n s , at least  t rom 12( 10° to 900 t C.  Below 900° C , very long oxida-
t ion  t ime s (> 100 h r )  become n ec e s s a r y  to e l i m i n a t e  the  e f f e c t s  of
i , and the  s ca t t e r  observed was cons iderab le .  At 700 °C , a va lue
f o r  B could not be o b t a i n ed  because a p lo t  of oxide t h i ckness  versu s
t i m e  y i e lded  a s t r a i g h t l i n e , i n d i c a t i n g  that  the p a r a b o l i c  con t r i -
b u t i o n  to the  o v e r a l l  o x i d at i o n  ra te  was neg l ig ib le .  The l inear
rate- c o n s t a n t  B/ A , shows the expected o r i en t a t i on  dependenc e , wi th u
B / A  for (ill) always being equa l to or greater than that for (100).
It should be noted that the kinetic parameters for (111)—oriented
s i l i c o n  in Table 4 are in very close agreement w i t h  those  ob ta ined
by Deal  and Grove [ 1 8) .  Such agreement  is remarkable  when one
c o n s i d e r s  the  d i f f e r e n t  o x id a t i o n  cond i t ions  ( h u m i d i ty , gas q u a l i ty .
f l ow ra tes , furnaces , e t c . )  p r e v a i l i n g  in t W c )  l abora tor ies  c a r r y i n g

ut s i m i l a r  exper iments  11 years a p a r t .

Activation energ ies were obtained by fitting the data in Table
4 to an Arrhenius equation in the form of

—E / k t
a ( ‘ tb )k = k

0

where  Ea is the  a c ti v a t i o n  energy , T is the t empera tu re  in °K , and

k is a gas c o n s t a n t.  P l o t s  of B and B/A vs t empera tu re  ar t - shown

in Figures 31 and 32 in connection w i t h  the HCI da ta  d e s c r i b e d
later. This analysis obtained values of 1.3 eV (30 kcal/mole) and

1 . 2  eV (28 k c a l/ m o le )  fo r  the  e-t i v a t ion energy o f  B f o r  ( 1 0 0 ) —
and ( 1 1 1 ) — o r i e n t e d  s i l i c o n , r e s p e c t i ve l y ,  which agrees wel l  w i t h
p r e v i o u s l y  de t e rmined  values fo r  the dry  t h e r m a l  ox ida t ion  of
( 111)—or ien ted  si l icon (19 , 20 1.

A similar analysis for the linear rate constant for the (lii)

orient ation yielded a value of 2 eV (47  k c a l /m o le ) ,  w h i c h  is i i i
c l o se  agreement  w i t h  the energy requi red  to break  a Si—Si  bond

[21]. Determination of the activation energy f o r  B/A for  (100)—

oriented silicon , however , affords two choices. If  t h e  d a t a  f r o m

900° to 1200°C are analyzed and the low—temperature points are

neglected because of large scatter , a value of 2.5 eV (57 kcal/mole)

i s  obtained — —  an increase of 25% over that for (100). This

A ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - . - — —_ _ _ _ _ _ _  - --~~~~~~~~~~~ --~~~~~~~~~ -—- - --- 
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increase  was p r e d i c t e d  by Li gcnza f r o m  cons iderat ion o f  s I t - r i
h i n d r a n c e  in the ( 100 ) and ( I l l )  p lant - s of s i l i c o n  d u r i n g  t h i c r r i l
o x i d a t i o n  [ 2 2 ] .

On the t i t h e r  hand , if the d a t a  f r o m  700 ° to 1 2 1 ) ( b ’C a r t -  ana 1-~ze- d .
the 900 ° , 1100° , and 1 200° C p o i n t s  c o u l d  he c o n s i d e r e d as scat t - r
f rom a l ine drawn p a r a l l e l  to the  one fo r  ( 111) orientat i n , p i s s i h i g

th rough  the 700 ° , 800° , and 1000° C p o i n t s , thit re- hv r esu l t i n g  i n
the same a c t i v a t i o n  energy as ( 1 1 1 ) — or ~ e - n t e - d  s i l i n ,  indeed ,
some f a i t h  c o u l d  he pu t  in such as as sumption , h e c t i c—c the 700° C
da ta  give B/A d i r ec t  lv f r o m  an x0 vs t Plot as indicat ed do ve .
One cou ld  a rgue , t h e r f o r e , t h a t  the h i ghe r te- m p e r a t t i r e  m i i i l v s t - s  si r-
in erro r due to the  i n a e - e- i i r a e -v in det e rmin ing  A f r o m  a p lot  i t
vs (t + T/.<~)) . The s l opes  of t he se  l i n e s  (B)  I r e -  q u i l t -  l a rg e ;
t h e r e f o r  ‘ - a small change i n  the  s lope  w o u l d  sh i  f t  the’ i iite- r c J t <
( A ) , and thus  B/A , c o n s i der a b l y .  At p r est nt , it is not  known whi ch
u t  the  above a l t e r n a t i v e s  is the c o r r e c t  one . In  any u se , t h e
p r e c e d i n g  d i scuss ion  i n d i cat e s  t h a t  t he re  has be er s l i t t l e  o r no
work r e p o r t e d  since 1961 c o n c er n i n g  the d i f  le-rences b e t w e e n  o x i d a —
t io n  r a t e s  and cor  r e spond ing  act lva t I on ene r ~ ic - s i t  ( 10 0 ) —  and
( 1 1 1 ) — o r i e n t e d  s i l i c o n  in d ry  oxygen .

3 .4  I m p u r i t y  d o p i n g  e f f e c t s

The e f t e c t s  of  i mp u r i t y  dop ing  levels  on therma l o x i d a t i o n  r a t e s
are intimatel y connected with a widel y encountered phenomenon in
st-m tco n d u-ti, r process ing  —— namel y ,  i m p u r i t y  r e d i s t r i b u t i on .
F i g u r e  19 i l l u s t r at e s  how r ed ist r ibu t ion  and thermal o x i d a t i o n
in t e r ;i (

As a therma l oxide is grown ove r a doped s i l icon substrate ,
r e d i s t r i b u t i o n  of the  impur i ty  r e su l t s .  In the case of phosphorus ,
arsenic , and antimony , the dopant atoms tend to p i l e  up a t  L i l t
s u r f a c e , r e su l t ing  in a higher sur face concen t ra t ion  than back ground
c o n c e n t r a t i o n  (C 5 > ‘  CB ) .  In boron , the opposite effect takes
p lace , resulting in surface dep letion (C5 << CB) .

Very  heav i ly  doped subs t r a t e s  (C B ~ 1019 ) ,  it has been observed
( 2 3 ]  t h a t  for  bo th  p hosp horus  and boron , the  ox ida t ion  ra tes  can
be s u b s t a n t i a l ly d i f f e r e n t  (genera l l y f a s t e r )  than  those observed
on l i g h t l y  or m o d e r a t e ly doped s u b s t r a t e s . W i t h  r espec t  to Fi gure
19 , the  two paramete rs  tha t  have been c o r r e l at e d  12 3 1  w i t h  this
increased ox ida t i on  are C5 ( t h e  dopant  c o n c e n t r a t i on  in the s il i c o n
at  the s u r f a c e )  and C0~ ( t h e  average i m p u r i ty  concentration in the
oxide).

-- p p - - ~~~— - - - -- -
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F i g .  19. E f f e c t  of  r e d i s t r i b u t i o n  on impur i ty  doping p r o f i l e s .

I n t u i t  i vi- ly , t h e  e f  f e e t  of  C5 is to reduce the  amoun t  of  e n e r gy
r c - q u i r e d  t o  b reak  Si  bonds and thus  to a f f e c t  t he  sur f ice react ion
i t  w o u l d  t i t u s  be expected to  i n f i  t i e - n c - C -  t he I inear rate-  c o n s t a n t  B / - \
,nid n o t  B.  the i - f  t i - i t o f  C0~ is to change the diffusion constant
I r t i l e ’  ( i i  i c r  I-h o  o x i d  iz i n g  ~pec it ’s in  the S i t ) 2 ,  and i t  w o u l d  t h u s
hi e- ;-: tic- c t e d I i)  - m f  f e - i - t the paraho 1 i c rate- constail t B.

To si tid ‘~ t he -si - enhanced  oxidation rate ’s in more de ta i I ,
1 - i  rgt- niamb e- r o f  h e a v i l y  doped  w a f e r s  were p repa r e -d  as i l l  t i s t  r a t  c d
in  l- i g u n -  2 0 .  B e c a u s e  of the di f f i - u l  t y  in purchias ing waf~’rs wi Us
dop i n g  l e v i - I s  - 10 1 9/ cm 3 , t h e  sample ’s we- re- prepared by d i l l  usi oii
of ph ospimo rus I ntis standard I i gist 1 y duped (ill) substrate’s . The

• 
ci (1(~ pus i t  h in and d r i v e — i n  s i -hei d em k’s we ’ re- chosen so that the ’ di f fu s e d
r i  i i i ’ s  w i - r i -  I h a t  ( w i t h i n  11) 7)  ove r t h e  f i r s t  2 ~o into t h e  ~ i I 1 c - on .

l i m e  d r i y e — i  ns w e- r i  - done in  N1 t o  p rt- vein t oxi dat ion and h e n c e  red 1st r I —
it toti during time’ I u r m ~mt ion of he’avi l y  doped  l a y e rs .

Five t vpe - s of samples were prepared with surface do~~iisg l i v e - I s

betw i c it 5 x I O 19
~ c-m 3 and solid so lub il ity (~~ i x hi) 20/-m ~ ), as

I nd I - a t&-d i n  i -i gure 20. The re-sri It Ing d i f f u s e d  pro  f t  t i-s we re-

r i i - . i i - i t i r ed  using sp read  i rig res i statu e’ and ~mn od i i -  s ec t  ion ing t c - chin i (ht1cn ~
Agrt- .-ment between time two measurement techniques was eX i t’ I lent

L ~~ 
. - . ~~~~~~~,________ 
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It  is impor t an t  to no te  t ha t  the dop ing  concentrations t a h i i l m i  - I

in Fi gure 20 represent  electric-alj1,~~~tive c - n c en t r a t  i ons , not
chemical concentrations .
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Cs -~ J
SAMPL E SPR EADIN G P A r-IQDIC SECTIONIN G I

A S x l O ” 
_____________

B 7 2 i 10 ” 
_______________

I 6 x 1 0 2° _____________—

D 2,8 x 10 20 2,8 * 10 20

( 3.1 ~ 10 20 33 ~ I0~~

Fi g. 20. S u rf a c e  concent ra t ions  of d i f f u s e d  heavily doped samples .

F o l l o w i n g  p repa ra t i on  of  t he  samples , a se ri es e l  i n i t i a l
expe r iments were conducted to evaluate the magi~ltude of t iii- e’nIImncc-uI
oxidation effect over N~

’ regions . A typ ical r e - su i t  is shown in
Figure  21. The h o r i z o n t a l  scale is again  an e l e c t r i c a l l y  ac - l i ve
surface concentration . The data indicate approxima te’ly - m t h r e e’ -
to—one range in oxide thickness for these wafers whi le -h were
oxidized simuitaneously .

The choice of a low oxidizing temperature tends to max imi z e’
the enhanced oxidation rate for the conunom N—type impurit ii’s be -ause ,
as explained above , they tend to pile up at the silicon sucfae-e.
As a resul t , the dominant effect is on the reaction occurring at
the S1—Si02 interface , and hence the l inear rate constant B/A
which dominates the overall react ion at low tempera tures . I t  should
be noted that low—temperature oxidation is becoming inc reasing ly
important in the semiconductor industry because of the trend
toward large r diameter s i l icon wafers .

I
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Fig . 2 1.  Ox ide t h i c k n e s s  vs dop in g .  Samples ox id ized
s im u l t aneously .

Wet o x i d a t io n  a lso  tends  to inc rease the - ‘t { e e L observed i~m
Fi gur e  21 because there  is more redistribution for wet oxides
when N - t y p e  i m p u r i t i e s  are involved (Cs/Cb is larger  fo r  wet than
dry  ox ides)  12 3 , 2 4 ] .

F o l l o w i n g  these i n i t i a l  expe r imen t s , a more c a r e f u l l y  des igned
series of oxidations were made to evaluate the enhanced oxida-
tion over N+ reg ions under a wide variety of temperatures and
am h ie -nt  c s c : J i t i o n ~~. Typica l  of the  r e s u l t s  ob ta ined  are the data
shown in  Fi gures 22 and 23. The b o t t o m  c urve (A) in each case  is
lig htl y doped (1 x 10 15) mat erial , and t h e  r e s u l t s  agree w i t h
p r e v i c u i s ly  pub l i shed  da ta  [ 1 8 ] .  The upper  curve (F)  corresponds
to a substrate doped to approximatel y solid soluhi lity.

The l ( u l l o w i n g  o b s e r v a t i o n s  can be made about  these da t a , even
i n  t i m e  f o r m  shown in these f i g u r e s .

L ( a )  The enhanced oKidat ion  e f f e c t  i s  more pronounced at

~i
i
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Fig. 22. Oxide thickness vs time for various doping levels at
900 C .
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fo r various doping
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I owi’r te-inpi-r~m l itre-s ( 90() °c) than at  h i gls e ’ r t e -mp c ’ r i t ii ri-s
(I 0 ) 00 )  c)

( 2 )  t h e - s e  ef I c c  t s are a l so  more p ronounced  I or shior i c r  t I me-s
and thinner oxides  t h a n  they a re  fo r  longe r t i m e - s n i d
t h i c k e r ox i d e s .

Both ci t h e se - ob s e r v a t i o n s  a r e  in ag reemen t  wi  Ui our  p r e v i o u s !  v
st a ted expect ations ; that is , N — t y p e  dopan t s  t h a t  p i l e  up I t  the ’
s i l i con  s u r f a c e  and se-gregate i n t o  the  Si should  ;if fe i - t t h e  r e a c t  ion
k i n e t i e -s a t  the  S i — S i O i  i n t e r f a c e  f a r  more t han  they  a f f e c t  t i le’
d i f f u s i o n  c i t  t h e  o x i d i z i n g  spec ie s  t h r o u g h  the- Si0 2 .  As a re-su l t
we would expect B/A to be affected and not B , in agreemen t wi th
t he ohserva t ions s t a t e d  above .

Based on the  gene ra l  o x i d a t i o n  r e l a t i o n s h i p, we can cons ide r
f r c i m  a t h e o r e t  teal p e ) i n t  of view what  the curves in F i g u r e s  22 and
2 1  ~ l t u u u 1 d  look l i ke  i f  the  onl y e f f e c t  of N+ dop ing was on th e-
s u r f a c e - — r i - a c  l i o n  k in e t i c s . Fi gu re 24 is a ser ics of ths e- cu r e t  ic ;i l
curves  genera ted  f r o m  this  o x i d a t i o n  r e l a t i o n s h i p .  The v a r i o u s

I~ L 
900°C DRY °2

THEORETICAL CURVES

~ I000A° 

®~~~ /A NORM ~~L

X 1 ASSUMED CONSTANTz200°

• IOO AC I I

10 100 1000 $0000
TIME-m m

Fi g .  24. Theoretical curves of oxide thickness vs time for
various linear rate constants .



curves were generated fo r  values of  the  ! inear  r a t e  c o t i s t  an t  B /A
between the norma l or l i g h t l y  doped s u b s t ra t e  value (2 . 8  x l0~~

— 
~t/min at 900°C) and 500 times 

this value (corresponding to a much
enhanced s u r f a ce — r e a c t i o n  rate). The qu a l i t a t i v e ’  ag reement  h e -twe erm
these theoretical  curves and the exper imenta l  r e s u l t s  in F igure
22 is appa ren t .

The analyses  of these data  in Figures 22 and 23 c -an be c’a r r i e d
one step fur ther by extracting linear and parabolic rate constants
according  to standard techniques [18]. The results for the 900°C
oxidation are shown in Figure 25. The following conclus ions can
be drawn from these data.

(1) The parabol ic  ra te  cons tant  is essent ia l ly unchanged
b y the N+ s u b s t r a t e .  This is in accordance w i t h  our
expec ta t ions  because most  of the phosphorus  segregates
in to  the  s i l icon .

(2)  The l inear  r ate  cons tant  is v i r t u a l ly unchanged for
dop ing leve ls  < 5 x 1019 / cm 3. Above th i s  c o n c e n t r a t i o n
B/A increases approx ima te ly  one order of m a g n i t u d e  as

• the  dop ing leve l is inc reased to the  s o l i d — s o l u b i l i t v
l imi t .

10
_I 

-

RATE CONSTANTS Vs DOPING q

900°C DRY O2 B / L l
OXIDATION 

_

~~~~~~~~~~
)

BLmm 
—0-0---

i j  i i i  t j i j I ~~~_ i L t t (  I i t

lO t?  lO’ IO ’ 10 20 . 1021
PHOSPHORUS CHEMICAL CONCENTRATION

Fig. 25. Li near and parabolic rate constants vs chemical dopant
concentrations at 900’C.
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I t s h t o u  I d he ’ n o t  i’d t h a t t t i e -  I~ r j zoo t .m I S c  - Ii ’ i n  t It i s 0 i gun-
i t s h i t - c i t  c c r r c c t e -d ( c i  i i  c b t t - m i c a l  ph osp h o rus  c -once - n t  r at  i o n  i n  t h e

s i i I c — ~t r i t c , r a t h e r  t h i n  t u e  e t e - c t r i c , m !  l y  i c  t ice  c c u t O e t i t r d  i o n
p ni  - i c  us ! v u~ c c l .  ‘the c h e m i c a l  phos p hi c i  r i ms  ac e - l i -  - c i o n  ( -aid i t -  i c  c

lie pc r e - i- i l l - ~‘ c ’ o I iii e’ pc - u s  e I c i  - t r i - - i t 1 y - c t  i vi- i n  our  d I I I i c ~~c

~. i i p h e ’ s )  w i — - etc t e r m  i n e d  i v  sp ot  t c -rin g Auge r li -c hin i qu e s  by  . J o h i c l t i n  c - -u-

c t  - c I . .~ t i t~ rd I1 i i  v i -  rs  i t  v 1 2 ~ I . The’ r e is  51 i l l  some ’ q I l i s t  i o n
c c i i  e r n i u g  t h e ’  1 ) 1 5 c c  l u t e -  ; I c c u r : i c - v  c u t  t u e  h c r i z c o i t t I s c a l e -  in Figur-
2~ u c - e i u 1 - ~ c i t  t h e -  u-o i l s )  t i v i ty  I itfl it ,it 10115 cc l ~ I i c -  Auge ’ r t e c h n i que - .

2 - u c 1 i ( l e ’t i  t me-as ure ’n i& ’n  t s on t l i e ’~~i’ si lm p I c-s  - i r e -  cu r  r i - t i  t I v hi - i n  g
- - c r m e -d us i ng S I MS t c e ’Iin i q u i -s .  These- sh out d ri - si I I vi’ l iii- qi l i - s  t ion
ot  c l i i  ri I c  1 1 vs e- I c c - t  r i c i  I I y a c t  l vi- p imospho  ruu s co ni c - i l  t r - c t  l c u i i ~~ 1 n

I I I  - Sc - s m u u q u  I i-s

h 1 1000 C e x t  r i c  ted rat e ’  c o n s t a n t s  show a I c u rn i vi -rv s i m i  l;m r
t o  h - i , ~c c r . -  2 5 .  S i n u j u l e - s  have- i l s o been o x i d i z e d  a t  1100 ° and 800~~C ,
-m n d t i c  r u - s n !  t i n g  o x i d e  thi c kn e sse s ,mre - being measured . Comp le t i o n
i i )  t b i e - ~~e d at i :t t  t h e  f o u r  t e m p e r a t u r e s  w i l l  a l l o w  us t c i  p lot b o t h  h

m d  R ’ A  as  a I unc -  i i  on o f  t em p e - r : i t  u n -  and t o  e x t r a c t  d c  I I v :tt ion
c i i i ! ~ Ii ’ s I ‘r I In-  r a t e ’  c on s t a n ts  - i s  a fun c - I ion of suhs t  r at e  dop in g

- Vt I

l i m e r e - p c  c r 1  ed ,mc t i vat  ion energy for li ghtl y doped waf e r  for B/A ,
t i t ~- I i i  c i  r i t e -  c c , t 1 5 (  , mn t  • is ~tppr c ximatelv 46 kcal/mole 118 1 .
Ili is c u m p o r t - ’ -~ w e - I l  to l i i i -  e n e r g y  r e q u i r e d  to  break a S i — S i  bond

wli ~~c h is -~2 . 2  k c  - i t / m o ! [2 1 1 . The’ 900 ° and 1000 °C data i n d i c a t e -
hi ,i t R / A 10- c tn t -s  ext  ri-me ’ ! y I , m rgi ’ f o r  the  samp les doped c lose  Ic ,

s ot  Id  sol u b i  I i t v . The a c - t i v a t  i c i n  energy fo r  B/A in t h i s  case ’ ,
- I I ,  I .  c i  i u , m p  u U c i I c l I t ’ S  ze ro , t h er e b y  i n d i c a t i n g  t ha t  the  r e - a c t i o n
it th e Si—S )i ) ln t e - r f ~t c - e ’ is no l onger cm r a t e — i  lmi  I i n g  s t ep  a t

i i c - s t  - ) ; c i  r i g l e v e l s ;  t h a t  is , I t  a p p e a r s  t h a t  the  i n c o r p o r a t i o n  of
d c  O a t h  i t o m s  in  c c u t i c i ’ f l t r d l t  ions e - l e s e  to sol id  s o l u bi l  i t  v so s t r a i n s

r i  h - i t t  I c - - -
~ t r u e  t t ire- t h m a  I bond b r e ak i n g  become s ex t  rente r I v  c’cm S

,~~ !h- -r t h u s s i m p ! i t  ie ’d mode l is c o r n - c t  can onl y he ven t ie ’d by
h i t  I c i m c c c l i  I c c l  t h e ’  mc) I ecula r  and ato mic s t r u c t u r e  nea r t h e  S i —

S b  i n t e r I m a - . S tn -h :1 model Is neces sary  a t s o  f o r  p r c ’d i e -tio n o f
H c i  c~u c i t - i t s  ii ic-s and is , t h e r e f o r e , ci goa l of our re- se-arch p r o g r a m .

.~~. a r c  i Is ci beginning to  pursue  i t  in the manner  indica te ’d  a t  th i e
l o g  I nil i or . o t  t h i is sc -ct  ion

1 .5  0) : - :  h c l , m t  i o n  in Rd /U
2 

m i x t u r e - s

iii , - c i t t i l e ’  mos t  s i g n i f i c a n t  developments In the pass I vat ion of
I t e r m a l I y grcuwn silicon—dioxide films over the past se veral  years

it s  bee-n the- add it ion of a chlorine spe- c - ics during sit icon oxi dci~
t i o n .  I t  has been demonstrated (26 , 27 , 28] tha t such additions
n - s i t !  i in  improved t h r e s h o l d  s t a h i l  i t y  and Increased d i e - l e c - t r i c
51 r c - n g t h i  . In  add i t  ion , I t  has be- em observed tha t  c h l o r i n e  add i t  ions
i ru r ec l se ’  t he  r - m t  c ( i f  silicon oxidation 129 ,30,31] , hut &-xte-ns lye

______________________________ _________________ _________________________— - — —4-—— 
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data fo r  wide ly  v a r y i n g  ox ida t i on  cond i t ions  have not  been r e p o r t e - d .
In t h i s  i nves t i ga t i on, t h e r e f o r e , the  therma l — o x i d c t t i c i n  k i m - t i c s
of s i l i con  in 02 /HCI m ix tu r e s is c h a r a c t e r i z e d  as a f u n c t i o n  c i f
oxidation temperature , HC1 concentration , and silicon orie-ntation;
the r e su l t s  are compared to those obtained from s i l i c o n  o x i d a t i o n s
per forme d in a d ry—oxygen  a tmosphere .

3 .5 . 1  Rate cons tan t s .  Log—log p lo ts  of oxide ’  t h i c k n e s s  vs
ox ida t ion  t ime for  the therma l oxidat ion  of (100)— and ( i l l ) —
or ien ted  s i l i con  in 02 /HC 1 mix tures  at t empe ra tu r e s  of 900 r ,
1000 ° , and 1100° C are shown in Fi gures 26 , 27 , and 28 , respectivel y .
It is c1ea~ t h a t  the ( i l l )  si l  icon always ox id izes  f a s t e n  t i t a n  doe ’s
the (100) . I t  can also be seen tha t  the e f f e c t  of the HC1 a d d i t i u n
is to increase the ox ida t ion  ra te  r e l a t ive  to o x i d a t i o n  in d r y
oxygen.  In p a r t i c u l a r , a r e l a t i v e l y  large increase in the  oxid a tic cn

rate  occurs wi th  the  i n i t i a l  1% HC 1 addi t ion . Subsequent  a d d i t i o n s
have a somewhat sma l l e r  effect , bu t  the overall  r a t e  is sy st ematicall y
increased.  It  can a l so  be observed in these f i gu re s  t h a t  the-  live-r-
a i l  increase  in oxide th ickness  fo r  a p a r t i c u l a r  o x i d a t i o n  t ime ’  on
i ncr e a s i n g  the  hIC 1 concentration from 0 to 10% is la rger  f o r  ( 1 0 0 ) —
than  for  ( 1 1 1 1— o r i e n t e d  s i l i c o n .  This e f f e c t  may be r e l ,t t e d  t u u  t h e
s i l i c o n — e t c h i n g  phenomenon . I t  should be noted t ha t  very few d a t a
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points are plotted for oxidations carried out at 1100 °C with i-IC !

concentrations greater than 1% because of silicon etching and
oxide—bubble forming oxidation with 02/HC1 mixtures at 1100°C

30 ,31,32 ,33].

To separate the effects of HC1 on the parabolic B and linear
B/A rate constants and to obtain some indication of the role- HCL
plays I silicon oxidation , Eq. (37) was utilized. During the
determination of i , x1 was assumed to be essentially constant at
160 t 40 A for all oxidation conditions investigated . Althoug h
xj should decrease with HC1 addition due to water—vapor generation
as per the reaction of 02 and HC 1

4 HCI + 0
2 

2 H
2
0 + 2 Cl

2 
( 4 7 )

the extrapolations performed to determine xi and thus i could not
de tect small changes in Xj . Nevertheless , because i depends on
B , and B/A , a decrease in T was observed on HC1 addition , probably
in part as a result of water generation because x~ and , therefore ,
i are zero for oxidation in a steam ambient [18).

The results of least—squares analyses on the data in Figures

~~i , 27 , and 28 are sununarized in Figures 29 and 30 - which are s e m il o g
plots of the effect of HC1 concentration on the parabolic and linear
rate constants , respectively. It should be noted that the rate
constants generated via Eq. (37) and p lotted in Figures 29 and 30 are-
effective rate constants in that they represent the combined effects
cif oxygen , water , and chlorine species on B and B/A.

Figure 29 shows that essentially no orientation effect is
observed in the parabolic rate constant B , in accordance with theory;
- u s a , incre-asing the HCI concentration above 1% results iii a linear
Increase in B (the plots are put on a seinilog scale for convenience’).
The increase in B going from 0 to 1% HC1 in dry oxygen is not as
consistent ameng the three temperatures , however. For 1000° and
1100° C, a large increase in B due to a 1% HC1 addition occurs ,
whereas this trend is not observed at 900°C. These observations are
in agreement with previous work that revealed a linear increase of

-~~ B with a 0 to 9% 1-IC1 addition at 900°C.[31 1 and a large increase in
B due to a 1% HCI addition at 1100°C [30]. Presumably, the large
increase in B and the linear increase with subsequent HC1 additions
are the resul t  of water generation as described in Eq. (47) because
smal l amounts of water increase the thermal—oxidation rate of sil icon
in dry oxygen [34~~. As pointed out by van der Meulen and Cahill [31),
however , gas—phase ther modynamic equilibrium calculations indicate
that  the amount of water generated via Eq. (47)  cannot account for
the observed increase in the oxidation rate. This is consis tent
with the published resu lts that a Cl 2 addition to a dry—oxygen
atmosphere yields a considerably higher s i l icon—oxidat ion rate than
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an equivalent HC 1 addi tion a t 1150° C [34], suggesting that the ’  - h l c i r i i i e -
species , rather than the water generated , may be primarily responsibl e
for the increase in the oxidation rate at high temperatures. Because
it is difficul t to obtain Cl2 which contains less than 3 ppm w a t e r ,
however , some effect , although small , would be anticip ated from t h e
water present.

In regard to the above argument concerning the amount of water
generated via Eq. (47), thermodynamic calculations such as those in
Ref. [31] give onl y the idealized gas—phase equilibrium c o n d i t i o n s .
The presence of a su r face  —— especially one such as Si02 which is
useful for catalytic purposes —— could shift the equilibrium and thus
,ulter the amount of water generated and incorporated into the oxide
surface. -

Some insight can be gained into the silicon—oxidation regime
aff ected by water or chlorine [as generated via Eq. (47)] f r o m
consideration of the definitions of the parabolic (B) and the linear
(B/A) rate constants. The definitions are as follows [18]:

*

B 1 D 
C ( 48)

~ t i N
1

*
where D is the effective diffusion coefficient , C is the maximum
concent~~~ ion of oxidant in oxide , and N

~ 
is the number of oxidant

mO lec UleS incorporated into a unit volume of oxide ,

*

B/A = —----—

~~

--

~~~ i~~~~ 

(49 )
N

1( ~~ h )  -

where k is the su rfa ce—rea ct ion rate constant , and h is the gas—phase

transport coefficient.

Inspection of these definitions and a compar ison of Figures
29 and 30 reveal that the monatonic increase in B with HC1 concen-
tration is related to the e f f ec t ive  d i f f u s i o n  coef f ic ient  De f f
because this term does not appear in the expression for B/A. It
also appears that th e rapid init ial  increase in B and B / A  may be
related to the solubi l i ty  of the oxidizing species in the oxide film.
Although the latter conclusion could be explained by water addition ,
th is explanation would not account for the increase in De f f  because

• this parameter is known to decrease with water addition [18].

In light of the above arguments , the gradual increase of the
• parabolic rate constant with increasing MCi concentration could

be partially relat ed to a chlorine species becau se it has been

p
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CS t ai) i i  shied Lhat a hi ghe r concent r a t i o n  of c h l o r i n e  is I nco rpo r at e d
i n t o  the s ii  icon~ d i ox i d e ’  f i l m  as the  FICI c o n c e n t r a t i o n  and/or t u e

s i l i c o n — o x i d a t i o n  t e m p e r a t u r e  are increased [ 3 5 ] .  C o n s e q u e n t l y ,
increasing the chlorine concentration may cause the Si ll 2 latt ice to

ht~ s t r a i n e d  ( e s p e c i a l l y  near the  i n t e r f a c e )  t h e r e b y  a l l o w i n g  d i f f u s i o n
i i ~ t ile - o x i d a nt  t o  occur more eas i ly  and i nc r ea s ing  the  o x i d a t i o n
r a te  as obse rved in t he  oxidation of heavil y b o r o n — d o p e d  si l i c o n  F 3 l~
b e c a u s e  the ionIc rad ius  of  boron when s u b s t i t u t e d  or  s i t  i c o n  In - u
sil icon lattice’ (which should be close to the r a d i u s  of  boron
s u b s t i t u t e d  f o r  s i l i c o n  in SiO2 ) is 0.88 A [ 3 7 ] ,  and the ionic
rad it ’s of  chlorine is 1.8 A [38 ] ,  it would be expec ted t h a t  tiu e S it )

lattic e - expansion would be even greater for chlorine as compared to
b o r o n .  This  specu l a t i on  is also cons is ten t  wi th  the p r e v i o us
o b s er v a t i o n  t h a t  Cl 2 a d d i t i o n s  resu l t  in large r s i l i c o n— o x i d a t i o n
rates than do HC1 additions at high temperatures because more c h l o r i n e ’
is apparently incorporated into the SiO-, with 07/C17 than with
o~ /HC l  m i x t u r e s  [ 3 5 ] .

1-i guri- 30 reveals a strong orientation effect on the l inear
r a t e -  c o n s t a n t  B/A , wh ich  a p p a r e n t l y  decreases wi th  i nc reas ing
te-n:p&- r~~t ure. This observation was discussed in the p r e v i o u s  se c t i o n
Oil  o r i e n t a L  ion e f f e c t s .  As g e n e r a l l y  found for  B , an i n i t i a l  rap id
i n c r e a s e -  in B/A c-an a l s o  be observed when increasing the  HCI concen—
t r , u t  I c f l  i n  t h e  oxygen a tmosphere  from 0 to 1%; however , a f u r t h e r
i Ic re - i sv  r e - s I l l  ted i n  e s sen t i a l ly no change in B/ A .  A l t h o u gh an
exp l a n a t i o n  f o r  these obse rva t i ons  is not  ap p a r e n t , i t  is c o n c e i v a b l e
t h a t  t u e  b r e a k i n g  of Si—Si bonds could be promoted by etching the

ii icon t - t u i h s t r a t e  w h i c h  is known to occur wi th  the use of HC 1
130 , 31 , 32 , H ]  to inc rease the l i n e a r  r a t e  c o n s t a n t .  Increased
Rd c on c e -n t r a t  ions , howeve r , should  then f u r t h e r  increase B/A unless

un e q u i l i b r i u m  b e t w e e n  o x i d a t i o n  and e t ch ing  is e s t a bl i s lu e d .

A d d i t i o n a l i n v e s t ig a t i o n  of t h i s  phenomenon is r e q u i r e d  if  we-
ar e  to u n d e rst a n d  t h e  mechanism involved.  P r e l i m i n a r y  r e - su i t s
o h t , i  i nc- d by LIe~ w i t h  02 /C 1 2 o x i d a t i o n  a tmo spheres  in t u e Fai r e -bu d
L u h t i r i t o r v  stibstant l a te  the  above i nt e r p r e t a t i o n ;  r e l a t i v e l y  la rge
i n c r e - l s e - s  i n  B /A  caused by a Cl 2 a d d i t i o n  at 1 100 °C were observed ,
w i t h  considerab l y smaller increases noted for B.

3.5.2 Activation energies. Figure 31 is an Arrhenius p lot o f
t h e  p ar a b o l i c  r a t e  cons t ant  B for the therma l oxidation of s i l i c o n
in I ) , and several 02/HC1 mixtures. Because essentially no Orienta-
t i o n  c i  l e u t  was observed for  B , on ly  the ( I l l )  o r i e n t a t i o n  i s
p 1 c i t  t e d .

A l i - . ust—squar e s analys is  of the  data for dry oxygen produced
-u value of 1 .2 eV (28 kca l/ Ino l e) ,  which agrees well with previousl y
de te rmined  va lues  for  the the rmal oxidation of silicon in dry

—
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~~~ 31. Arrhenius  p l o t s  of the parabol ic  r a t e  cons t an t s  f o r
s i l i c o n  ox id ized  in various 02 /HC 1 mix tures . S i l i con
o r i e n t a t i o n  is <111> .

oxygen [18, 39] and for the d i f f u s i v i t y  of oxygen through f i x e d
silica [40]. It can be seen that the HC1 addition to the  dry—
oxygen atmospheres resulted in a convex curvature (relative to d r y —
oxygen oxidation) of the Arrhenius plot.

Figure 32 is an Arrhenie5 plot of the linear rate constant B/A
for  the therma l oxidat ion of s i l i c o n  in 02 and several 02 /HC I
mixtures . A least—squares analysis of the da ta  f o r  dry—oxygen (0% HC 1)
oxidation of (111)—oriented silicon yielded a value of 2 eV (47 k c al /
mole) , which is in close agreement with the energy required to break
a Si—Si bond [211. Determination of the activation e-ne-rgy for
(100)—oriented silicon , however, affords two choices as explained
in the previous section on orientation effects.

Similar to the parabolic rate constant , the Arrhenlus plot ot
the linear rate constant for HCI/02 mixtures  (Fi gure 32) is curved ,c i f and the curvature is concave relative to dry—oxy ge n ox ida t ion .
Based on Eq. (47 ) ,  it is not surprising that Arrhenius plots of the
rate constants for oxides grown in HC1 atmospheres should result in
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and  - 1 0 0 >  oriented sili c on oxidi zed in  v a r i o u s  0 , / H C I  m i x t u r e - s .

, rve -d line-s. I t  i s  a pp a r e n t  t h a t  more- than SR Set i v,ut i l I t i  P r e -as
is ( i c e  tirring (su- u u as oxidat ion c .uus e-d by O X V I ~ e - I I  l i l t !  w i t  e r  v~u u i cir
m d  seve ra l  possibl e ’ c i t u ’cts r e - s u i t i n g  f r o m  c h l r i , u e -  - A~ t h ~-

o x i d a t i o n  t e m p e r at u r e  i s  changed , t i l e -  rd - i t  E ve- import of  t h e : - ~e
act ivated pr ocesses may a iso change- . I t  h i-cons -s I c c  eSa.ir V • I l , i - i c t o ri-
t o  S i - pi r a te- out the~ effects of wate-r and chlorine ’ on ‘h e  s i  I i c c i l l
o x i d - u t  on r a t e ’ . Toward t h i s  c--nd , e xp e - r  i m e -nt s  a r e -  be- i i i~ p e r t  c c rn i e ’ d
t c c invest i g u t  v the- oxidation rate of  s i l l  con  In 0 1/11 10 rn i x t  u r i s

4. CONCLUSL0~

In the previous section the fundamentals of silicon oxidation
and first order process models have been presented . The subsequent
discussions illustrate changes in the model coefficients which can
account for changes in oxidation rates based on orientation ,
ambient and surface doping effects.



In both the epitaxy and oxidation sections the discussion
has focused on two areas . First , the basic process models have
been defined . Second , recen t advances have been summarized which
extend the range of application of the basic models to include
state—of—the- -art processing techni ques . This includes progra nma ble
doping of epitax ia]. layers and ambie nt and surface e f f e c t s  (h iring
oxidation.
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