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ABSTRACT

In this paper we first discuss the effects of oxidation of Si which estab-
lished that vacancies (V) and Si self-interstitials (I) coexist in Si at high
temperatures under thermal equilibrium and oxidizing conditions. Some essential
points associated with Au diffusion in Si are then discussed. Analysis of Au
diffusion results allowed a determination of the I-component and an estimate of
the V-component of the Si self-diffusion coefficient. A discussion of theories
on high concentration P diffusion into Si is then presented. Although presently
there still is no thoery that is completely satisfactory, significant progresses
are recently made in treating some essential aspects of this subject.

1. INTRODUCTION

Atomic diffusion in Si can proceed via both direct and indirect mechanisms.
Impurity atoms having no strong bonding interactions with Si atoms, and are
hence located exclusively in interstices, can jump directly between the, inters-
tices. Species such as H, He (and presuvmably other noble gases), and Cu and Au
(presumably the Cu and Au interstitials, respectively) are supposed to diffuse
in this manner. Oxygen atoms, though possess strong bonding interactions with Si
atoms, are also believed to diffuse directly by jumping between the bond-centered
interstitial positions. By contrast, substitutional impurity and self-diffusion
in Si need intrinsic point defects as diffusion vehicles he vacancy (V-)
mechanism is known Lo control aelf-d%ffusicn in megals a. ‘n Ge, and, as will
be discussed, in Si below about 1000 C. Abrve 1000°C, however, the interstitial-
cy (I-) mechanism plays a prominent role in Si self-diffusion as well as in the
diffusion of substitutional dopants P, B, Al and Ga.

The nature of the dominant point defect spe-ies in Si at high temperatures
has been a long contrcversial subject, though it i< clear that there can only be
three possibilities: V only, 1 onlvy, and I and V coexist. The controversy arises
for two reasons: (i) Presumably because of the small point defect concentrations
in 8§14, direct experimental methods have not heen helpful. There is no reported
absolute measurement (1) resuits, and there s only one very recently reported
quenching result (2) which indicated the presence of V (in the opinion of the
pr ent authors, however, th.s dces not imply that I do not exist); (i?) Theore-
tical calculaticns, which are mcre suitable for low temperat 2 n.ses, have not
yielded the needed =5eV activation entnalpy and the =10k {(n: Boltzmann constant)
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activation entropy commonly observed for Si self-diffusion. There were several
early discussions associated with some aspects of the possibility of 1 and.V
coexisting in Si: Seeger and Chik (3) cogsidered that 1 and V may be contribu-
ting equally to Si self-diffusion at 800 C; Prussin (4) considered that I and V
should rcach a local dynamical equilibrium under oxidizing conditions; Hu (5)
considered that B should be diffusing in Si via an I-mechanism whiie As via a V-
mechanism at high temperatures. In the last few vears progesses in two areas
helped to clarify our understanding of the nature of point defects and diffusion
processes in Si considerably. Analyses or oxidation effects on stacking fault
(SF) growth kinetics (6,7) and on dopant diffusion (8-10) showed beyond reasona-
ble doubt that I and V coexist in Si at high temperatures under thermal equili-
brium as well as oxidizing conditions. Analyses of Au dirfusion in Si showed
that I must exist (11,12) and that the features are totally consistent with the
idea that I and V coexist (13). Studies of Au diffusion into dislccation-free

Si allowed to determine the I-component (14) and to estimate the V-component
(15) of the Si self-diffusion coefficient. In this paper the essential points
associated with these two areas are first discussed. We then examine theories on
high concentration P diffusion into Si. For various reasons, we believe that
there is still no satisfactory theory. However, progresses have been made in
treatinrg some essential aspects of this subject.

2. OXIDATION EFFECIS

Oxidation of Si surfaces leads to tne so called oxidation-enhanced and
-retarded diffusion (OED and ORD) of the substitutional dopants and to the gene-
ration of the oxidation-induced stacking faults (OSF). These phenomena need to
be considered together and are due to i‘he fact that oxidation injects 1 into Si
(5,16). It has been shown that a consistent interpretation of the data on OED/
ORD ptenomena is not obtained if either I or V alone were assumed to be present
under thermal equilibrium conditions (10). Therefore¢ for our present purpose,
we consider that I and V are both present in Si at uigh temperatures under ther-
mal equilibrium ronditions. This requires that we consider I and V have attained
a local dynamical equilibrium condition (4,17), which was actually fulfilled for
long time experiments (8-14,18,19). The condition is given by (17)

€q.eq
C, = c
CI v CI v’ (L
where C. and C denote the I and V concentrations respectively and the supersc-
ript eq denotes thermal equilibrium values. Eq. (1) is arrived at via the
reaction
T+V20 (2)
{where 0 deaotes the ideal lattice) under steady state conditions. Using some of
the more reliable OSF size data (20-22), phenorenological but sat.sfactory ana-
lyses of the OSF growth/shrinkage kinetics have been carried out (6,7). Define

the T and V supersaturation ratios respectively as SI=CI/C§ -1 and
SV=CV/CVq-l during the oxidation, we obtain (7)
§) dRSF eq eq, Y eq eq
e (- — e = - o + -
PP (DySp™ * Dyl + 0rCp Sy ~ DyGy Sy )

eff
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for the gig wiih a radius Rs . Here A is th923r9a3per atom in the fault
(6.38x10 cm ), 2 the atomic volume (2x10 cm ) and y the stacking fault
emergy (0.026eV/atom). The dimensionless quantity a has a numerical value of
=2 and contains all factors related to interaction ggEentials between I and the
Frank partial dislocation binding the OSF. Emperically, for (100) Si wafers
oxidized in dry 0., the OSF sizes are fitted satisfactorily by (6,7)

2,
9
_ 2.5eV, 3/4  4.8x10 5.02ev
RSF = 1640exp ( T )t - =T exp (- T )t cm. (4)
We use Eq. (1) to relate SI and SV by SV=—SI/(1+SI). A comparison of Egqs. (3)
and (4) then yields (8,9),
s‘I’2 = 6.6x1077 exp(2.52ev/kT) t /4, (5)

where the superscript o2 denotes the fact that this quantity is only suitabie
for (100) wafers oxidized in dry 02. Eq. (5) is a most important piece of infor-
mation obtained from OSF studies: it is used to obtain quantitative fittings of
OED/ORD data. S_ is an instantaneous value, the time averaged vilue S. used in
the actnal 0ED/6RD data figsing is obtained by replacing the pra-exponential
value in Eq. (5) by 8.8x10 ° and by noting that t then denotes the oxidation
duration.

In the presence of both I and V, the substitutional dopant diffusivity is
given by

s s s

= +

D DI DV’ (6)
where DS and D® are respectively the I- and V-component vf the dopant diffusi-
vity. Under an oxidation which perturbs the thermal equilibrium I and V concen-
trations, the dopant diffusivity changes to

S _ S eq s eg

b DI(CI/CI )y + DV(CV/CV ). (7)
In terms of the normalized diffusivity enhancement defined as Azx=Ds /Ds-l, the
use of Eqs. (1) and (7) yields (8,10) ox

s = -
on = (ZGI+GISI 1)/(1+SI), (8)

where G. is the fractional I-component gf ghe dopant diffusity under thermal
equilibrium conditions defined as GI=D /D”. Eq. (8) applies to_an instantaneous
diffusion enhancement. In experiments tﬁe time averaged value A is measured,
ggt Eq. (8) still holds to a good approximation by having S used together with
A A plot of Eq. (8) is shown in Fig. 1 for three G, valués. The value of A

i either positive or negative (OED or ORD) depending on the value of G, and

S_. In Fig. 2 we show 3 fitting of available Sb ORD data to Eq. (8). It is seen
that the fitting is quite satisfactory on 1 quantitive basis with G_=0.02, This
kind of good fitting indicates that the model of I and V ccexisting and attained
local dynamical equilibrium is correct, particularly in light of the fact thst
no other reasonably thought of model can be equally satisfactory (10). The use
of Eq. (8) allows to determine G, fo- a dovant at a given temperature. Some such
values have been given elsewhere (15 23,24 . To briefly summarize, it is found
that the I-mechanism plays a prominenc rol.: in the diffusicn of B, Ga, P and Al
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at b%gh tewperatures, i.e., G120.5 for these dopants at a tempcrature above
1100°C.

The above discuss’or applies for experiments with sufficiently long oxida-
tion times. For short oxidation times, a transient exists for I and V to reach
the local dynamical equilibrium. This is due to the presence of an energy barrier
against I and V recombinations. The existence of such an energy barrier was sug-
gestec by Wertheim (25) to explain the fact that the rate »f A-center (E -0.16eV)
produccion by high energy electron irradiation is strongly dependent upoﬁ the
irradiation temperature (below room temperature). For high temperature cases, Hu
(26) suggested that such a barrier of a few to several eV may exists, so that to
a large extent I and V may behave indenpendently. The axperiments on ORD of Sb
(18,19) shown in Fig. 2 demonstrated that for oxidation times longer than a few
hours local dynamical equilibrium according to Eq. (1) is reached. By performing
similar experiments for shorter times (5 to 60 min.) Antoniadis and Moskowitz
9 shoged that Eq. (1) is not readily satisfied when oxidatic~- first started.
At 1100°C they found a small OED for a 5 min. oxidation which gives way to ORD
for an oxidatioa longer than 10 min., and, the diffusion retardation approaches
the value expected for local dynamical equilibrium at about 60 min. Their fin-
dings may be rationalized as follows: during oxidation I are injected into Si by
the $i0,-Si interface but it takes about 1 hr at 1100°C for I-V recombination to
proceed to such an extent that local dynamical equilibrium is reached. As a con-
sequence, at the pegining there is no V undersaturation so that the oxidation

'uced I supersaturation entances Sb diffusion via the small I-component of its
ifusivity (GI=0.02).

We use Waite's theory of dif{usion controlled reaction (27) to obtain from

SD
.. < R/4mD 9
Tgif ¢ HATDT T )
an estimate Jf the time t requit.d to establish the local dynamical equilib-
rium in the AntgﬁiaﬁjigMoséowiEi experiment if no vrecombination barriergwere
present. With D™ =10 cm sec ~ ana the recogbination radius r_ =5x10 “cm,

Eq. (9) yields 1,,.<0.05sec which is about 10~ shorter than observed. We there-
fore conclude thit I~V recombination is controlled by the overcoming of a recom-
bination barrier that cxceeds the Gins free energy of diffusion (of I and V) by
AG. In this picture the factor of 10 by which the experimental t value differs
from that estimated from Eq. (9) arises from the Boltzmann factor exp(AG/kT).
Antoniadis and Moskowitz interpreted their observation in terms of an enthalpy
barrier corresponding to AH=1l.4eV assuming that in the expression

AG = AH - TAS (10)

the entropy contribution is negligibly small. By contrast, G8sele et al. (28)
proposed that the main part of AG criginates frum the term TAS where AS is nega-
tive, i.e., from an entropy barrier, whigB is due to a consideretion of the large
pre-exponential factor associated with D .

Irrespective of the detailed origin of the barrier. with AG=1.4eV, the bar-

ri2- limited reaction time, 1, _, for establichiag the local dynamical equilib-
w Yetween I and V is given by
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€D
= ‘:./ - . ; .
Tuar (/47D rIV)exp(l 4eV/kT) (11)

Eq._(11) is p.otted in Fig. 3 using DSD=0.5\D Ceq+D"C$q) «ith the quantities
DICI and DVCLq taken from Eq. (21) which wil ée discussed. It is seen that Ty
increases rapydly with a decrease ~nf the temperature and attained values of 2, ar
17 and 170 days at 100C, 25U and 900°¢ respectively. Zven if it is assumed that
these results are over-estimated by a f.-tor of 10, 1 values arc still Shrs,
1.7days and 17davs at 1000, 95G and yu0°c reSpectively?rOne significance of this
finding is that in the expression

S - nS eq s, eq ”
Dper D (C/C7) + D {C,/C.7), (12)

the quantities C, and C , arising from experimental perturbation of the respec-
tive thermal equilibrium values, are not related by Eq. (1) ii. 3n experiment
performed in such low temperature range and having time durations much less than
the appropriate 2% values. For device processing in the temperature range of
850 to 950°C for a’few hrs, should there be any reason that the point defect
thermal equilibrium values are perturbed, the change only applies to the pertur-
bed species independently, i.e., [ and V need to be considered as not having
attained the local equilibrium condition.

The fact that I-V dynamical equilibrium is attained extremelv slowly at
lower temperatures offers the possiblity of measuring the quantities D. and D,
independent of each other and independent of the I and V concentrations. There
alreaay exist some OgF and OED/ORD experiments condu~ted with the intention of
measuring D_ at 1100 °C or above (29-31). However, because of the temperatures
and oxidation times involved, I-V local dynamical equilibrium should have been
reached in these experim2nts and we have shown that such experiments yield an
effective diffusivity given as (15,24,32)

eff eq eq eq, ~eq
Dy = (DICI +D,Cy )/(cI +C, ), (13)

instead of D_. Depending upon the relative magnitude of ¢S and Ceq, which are
unknown quanEities themselves, Eq. (13) may yield an approximate value for either
DI or D .. We have argued that the diffusivity values obtained from these experi-
mants (39-31, should be interpreted as D, (24,32). However, for the lower tem-
perature range, e.g., 850 to 950°C, the I-V local dynamical equilibrium w?'1

not be reached for an experiment involves less than a day's time. For such .ases,
effects associated with dopant diffusion or stacking fault growth would be solely
due to the point defect species whose thermal equilibrium concentration has been
perturbed by the experimental condition. This means the other stecies does not
contribute to the er~ --mental deviations observed if its thermal equilibrium
concentration has nc »een also directly perturbed by the experimental condition.
We can now suggest an experiment to directly determine D.: Hign concentration P
diffusion into Si proceeds efficiently in the temperaturé range noted above and
the diffusion causes a quite high I supersaturation in the Si interior. Thus,
experiments similar to those performed for OED/ORD and OSF (?9-31) can be carried
out at the low temperature range (850 Lo 950°C) with surface P diffusion repla-
cing oxidation to obtain D . Similarly, D  can be determined upon finding an
interface reaction which injects V into SY. Presently we do not know with
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certainty of such a reaction.
3. DIFFUSION OF GOLD INTO DISLOCATION-FREE SILICON

Gold atoms, which under thermal eguilibrium conditions may be incorporated
in Si either as substitutional (Au_:Au””) or interstitial (Au,:Au ) atoms, may
diffuse via either the kick-out meghanism (11) or the Frank-Tﬁrnbull mechanism
(33). The two mechanisms have in common that long range transport of Au atoms
occur via migration of Aui atoms which may either jump from interstice to inter-
stice to remain as Aui atoms or from interstice to lattice positions to become
Au_ atoms. This is true because though the thermal equilibrium concentration of
Au® is much larger than that of Au,, the mobility of Au. is much much larger than
thit of Au_ and hence long range t%ansport of Au_ may bé ignored. However, the
two mechanfsms differ in the ways Au, and Au atdms interchange. In the kick-out
mechan; the interchange involves I accordigg to (11)

Au, < Au_ + I. (14)
This mechanism creates an I supersaturation in the crystal which is balanced by I
out-diffusion. This means 1if the mechanism is operative than I are involved in
Si self-diffusion but it does not a priori mean that V are not contributing to

Si self-diffusion. In the Frank-Turnbull mechanism the interchange process invol-
ves V according to (33)

Aui + V7 Aus. (15)

This mechanism creates a V undersaturation in the crystal interior which is
balanced by V in-diffusion. If operative, it means that V are involved in Si
self-diffusion but it does not mean I are not contributing to Si self-diffusion.
We now assume that local dynamical equilibrium betweem I, V, Au, and Au_is
established. The necessary and sutficient condition for this aséumptionsto be
true is that the three reactions (2,14,15) have reached their equilibrium state.
This requires that two out of the three reactions to be sufficiently fast. It is
not required that the third reaction b2 equally fast, since if equilibrium con~-
ditions are satisfied by two of the reactions, then the third is automatically
under equilibrium conditions. Under this assumption the normalized Au_ concent-
ration C=C_/C%9 to be measured in an experiment on Au diffusion into Sdisloca-
tion-free SSismay be approximately described by

Y 3C
3t = ax Peff 3%’ (16)

with the effective diffusion coefficic-t given by (13)

— (02 eq eq eq,.eq
Deff (c +DVCV /DICI )DICI /CS . (17)

In Eq. (17) coatributions to the Au,-Au_ interchange process due to both kick-
out and Frank-Turnbull mechanisms afe a&counted for. In deriving Eq. (17} the
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following approximations are used

- €9 )
Ci Ci , (Ci' Aui concentration) (18a)
eq eq
Cs 2 Cv . (18b)
eq eq,1/2 .
CS >> (CS CI ) . (L5C)

If only V and no I are present Eq. (17) yields a constant effective AuS diffusity
(11,33)

\' A eq,_.eq
Degs = DyCy /€57 19

The same result holds if D ced is not zero but among the reactioms (2,14,15) only
(15) operates sufficiently fast. If only I and no V are present Eq. (17) yields
a strong concentratioa dependent diffusivity

I -
Dogg = €

2 _eq,.eq
DICI /Cs . (20)

The same result holds if D ¢S is not zero but among the reactions (2,14,15) only
(14) operates sufficiently fast. As observed by Stolwijk et al. (14), Au concen-
tration profile af+er diffusion into dislocation-free Si at and above 800°C can
not be describel by the constant diffusity given by Eq. (19) but are satisfac-
torily fitted by the use of Eq. (20). Fig. 4 shows a typical experimental profile
due to Sto%wijk et al. It can be seen that an erfc—funciion tyne profile as expe-
cted for D failed to fit the data while the use of D £ is quite satisfactory.
This showsegﬁat I are contributing to Si self—diffusionegut it does not mean that
V are not contributing for the reasons that: (i) It can not be certain that this
is not only due to the fact that of the reactioms (2,14,15) only (14) operates
sufficiently fast; and (ii) The strong dependence of D on C © reduces the
effecgzof D, co9 by this factor for most part of the exSeriment for which C<1

and C "<<1 XoYd. Indeed Moreheaa et al. (13) found that while aimost perfect fit-
ting were obtained for short time diffusion profiles i.nall but observable devia-
tions occured if Eq. (20) were used but a much better fitting is obtained by the
use of Eq. (17). This not only shows that V _are contributing to Si self-diffusion

but also allowed to estimate that D_C q=DICI at 1000°C. The quantity DICI has
been determined by Stolwijk et al. YlX) as
ey ., 2 -1
D.C,7 = 914exp(-4.84eV/kT) cm'sec . (21a)

We have already shown that at T<900°C reaction (2) is expected to become ineffec-
tive. At still lower temperatures, as will be discussed, reaction (14) is also
expected to become ineffective. In that case only reaction (15) will be operating
and an erfc—fgnction type profile should show up. Wilécox et 3122(34 foggd such
a cgse at 7007C. With their data we obtained that DVC 9-8.8x10 cm sec ~ at
700°C (15). This together with the data of Morehead e¥ al. (13) yields tae rough
~stimate

263



Dvcf;q = 0.6exp(-4.03eV/KT) cnlsec L, (21b)

Eq. (21) is plotted in Fig. 5 in which a data point on D C €4 obrained by analy-
sing the Ni precipitation behavior (15) of Kitagawa et aY (35) is also shown.

An important point is, as rough estimates, the sum of the formation and migration
entropies are now obtained from Eq. (21) as 3k for V and 10k for I. That is,
while I are quite extended (3), V are fairly point-like. Experimentally observed
D", values from relatively higher temperature measurements are usually of

10~ exp(-5eV/kT) while those from relatively lower temperature experiments are

of lexp(-4eV/kT) (36-40). These values are quite compatible with Eq. (21).

We now make an estimate to show that at very low temperatures the kick-out
mechanism, reaction (14), can become ineffective, while the Frank-Turnbull
mechanism, reaction (15), still operate=. It is importart to note that if this
can not be true thenm it can not be explained why Au diffuses into dislocation-
free Si apparently via the kick-out mechanism at higher temperatures but the
Frank-Turnbull mechanism at a very low temperature. Eqs. (19) and (20) show that
Au2d1ffusion would appear as dominated by the kick-out mechanism in sg long as
¢ “p.c%ip C €951 holds. Because for a large part of the experiment C “>>1 holds,
the ﬁlck—out mechanism may still appear as dominating the diffusion process even
for a case for which the frequency of the kick-out events is less than that of
the Frank-Turnbull events. On the other hand, the frequency of the kick-out
events sk~uld decrease more rapidiy than that of the Frank-Tuenbull events with
a decrease in temperature because the former “avolves the creation eof I which is
charaterized by an activation enthalpy (the I formation enthalpy) while for the
latter there is not yet a good reason for assuming that a high ermsugh energy
barrier exists to prevent an Av, atom drops in a V. In the following we show that
under thermal equilibrium conditions a Juantitative estimate can be made which
indicates thnat the above discussed situation can be true,

For the Frank-Turnbull mechanism, if an Au, atom and a V meet, there is a
definete probability T'sl that reaction (15) w111 go forv-rd to produce an Au
atom. Under thermal equilibrium conditions, we obtain the rate of increase iR C
via this mechanism as

_ ea_eq \
(dCs/dt)FT = F(éﬂr /Q)D Ci v (22>

For the kick-out m¢chanism, reaction (14), the Au, atom has a certain frequency
v, by which it produces Au and I. We do not know this frequency but if Au and
I ' meet there is a definite probability 0<1 for reaction to produce Au and®under
thermal equilibrium conditions this reaction balances that due to vy Therefore
we have,

= eqceq n
(dCs/dt)ko O(4ﬂr /Q)DICI C (23)

From Wilcox et al. (34) - 2 have

DiCiq = 1.8x10'2exp(—1.13eV/kT)c:q emPsecL, (24)

Eqs. (2la) and (22) to (24) yield for the rate of converting Aui ato AuS via
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the kick-out mechanism to that via the Frank-Turnbull mechanism as
- - v 10eq .
r = (dCS/dt)ko/(dCs/dt)FT aexp ( 3.71eV/kT,,CV , (25)

where a is a constant of the order of 105. We do not kiaow che quantity ceq put it
can be seen from Eq. (25) that r decreases with a deriease of teuwperature unless
the V formation enthalpy AH, is equal to or larger thazn 3.7leV, which, judging
from Eq. (21b), is un}ikely. In Fig. 6 we show tl=& calculated values of r(T)/
r(1000°C) assuming AH_ is in the reasonabl:2 range of 1.5 to 3eV. It is secn that
the effctiveness of the kick-out mechanism decreases much more rapidly with a
decrease in temperature than that of the Frank-Turnbull mechanism.

With this discussion, it becomes understandable 'thy Au diffusion can appear
as dominated by the kick-out mechanism (related to I) at higher temperatures,
while by the Frank-Turnbull mechanism (related to V) at lower temperatures. It is
expected that other metals may also exhibit a similar kinetical behavior in Si
for experiments involving their diffusion: in- and out-diffusion experiments,
precipitation and precipitate dissolution experiments. We suggest that by now
the following rule should be kept in mind: in an experiment if it is found that
I in Si appears as dominating the diffusion process of an impurity, it means that
1 exist us a species of Si point defect under thermal equilibrium conditions and
the experimental conditions are suitable for 1 to appear as dominating, it dces
not mean that V do not also exist as a species of Si point defects under thermal
equilibrium conditions; the reverse is also true. The diffusion experiments of
Kitagawa et al. (41) cn Ni (dominated by V) and ..f Mantovani et al. (42) on Pt
(dominared by I) are good examples.

4, ON THEORIES OF HIGH CONCENTRATION PHOSPHORUS DIFFUSION INTO SILICON

Diffusion of oup-III and -V dopants shows several anomalcus features that
are quite thoroughl discussed in the literature (43-47). To summarize,
Willoughby (45) and GBsele and Strunk (47) mentioned that the most prominent
features are: (i) The emitter push effect, whict is the extremely rapid diffusion
of base dopant (B or Ga) of the doubly diffused npn transistor structure which
results in an enhanced movement of the base-collector junction; (ii) The kink-
tail structure of the in-diffusion ¥ profile, which is resulted from the use of
high concentration surface sources. This is shown in Fig. 7a with conveniently
designated surface and tail regions. In the tail region the P diffusion rate is
amuch higher than expected for isoconceatration studies or OED studies; (iii)
Movement of burried dopant layers can be extremely rapid if the surface P concen-
tration is high. There exist ample evidences that P rich precipitates form during
P in-diffusion (48-55), we therefore add to the above list by (iv) During P in-
diffusion, the P concentration in the 3i surface region e :ds its normal solu-
bility limit. We consider thac the following facts have be_n established: (i)

The dopant diffusivity enhancement are caused by supersaturation of intrimsic
point defects. The enhancement are much larger than that due to oxidations; (ii)
The point defect supersaturaticns are related to high surface concentration of P,
and, in some cases, of B or As (56-58); and (iii) Mechanisms involve disloca-
tions in an essential manner, e.g., dislocation climb, are not the origin of the
pcinc defect supersaturationms.
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Since untill recently it was widely believed that V are the dominant thermal
equilibrium point defect species in Si, earlier models (59-61) put forth to exp-
lain the P anomalous diffusion have been based on calculating the V supersatura-
tions. Among these models, that of Fair and Tsai (61) gave a most :complete treat-
ment and was apparently able to calculate quantitatively the kin¥-tail structure
in the P diffusion profile. Even if V were the only point defect species present
in Si at high temperatures, the model still can not be regarded as satisfactory
because of: (i) As pointed out by Kroger (62), the analytical development is que-
stionable with respect to the relation between the total P concentration and the
total carrier concentration on the one hand, and with respect to the derivation
of the electrical field on the other; and (ii) As pointed out by Mathiot and
Pfister (63), the V supersaturation was accounted for by a multiplication factor
for deriving the fast diffusing tail region P diffusivity instead of solving the
V diffusion equation. By correcting these problem:s Mathiot and Pfister (64) found
that the model of Fair and Tsai can nut give a good qualitative description of
the P diffusion profile. Here we mention two fundamental objections generally
applicable to these models: (i) Formation of P-rich precipitates (48-55) is not
accounted for; and (ii) By now there also exist ample evidences that during P in-
diffusion an I and not V supersaturation is present in the Si interior (55,64-67)
but the V based models can only predict a V supersaturation.

Recently, twce new models have been proposed. One is a vacancy percolation
(modified E-center) model due to Mathiot and Pfister (68), which has also been
extended to include an I-componen: in the diffusivities of both dopant diffusion
and Si self-diffusion (69). The otner is a model due to Hu et al. (70) who pro-
posed that a substantial part of P occupies interstitial positions which we shall
call interstitial P model. Unfortunately, these two models svems are also not
satisfactory. In the following (Sections 4.1 and 4.2) we discuss some essential
points of these two models and give some detailed reasons for arriving at this
conclusion. In section 4.3 we discuss a possible reason for P dif:t. -ing into Si
in a supersaturated concentratiou,

4.1, The V Percolation Model

By correcting the provleoms o:r the model of Fair and Tsai and by incorpora-
ting the idea of V percolat.on (71), Mathiot and Pfister were able to quantita-
tively fit some P diffusion proiiles (68). Later on they were also able to exted
the model to include an I-couponent in the dopant and 8i self-diffusion coeffi-
cients with an apparently even better success (69). Their earlier model (68) can
be straight forwardly regarued as unsatisfactory since it is purely V based. ".he
incorporation of an I-conponent in the dopant and Si self-diffusion coefficiznts
(t9) is a goou stepr forward, but the model is not satisfactory because:

(i) Formation of P-rich precipitates is not accounted for;

(ii) Theyoconcluded that G,~0.1 to 0.3 for the dopants B, As and P from 900 to
1200°C for low ard high concent-.tion diffusions. For the cas.. of higher
temperatuvre experiments, we espect that local dynamical equilibrium between
I and V to be reached, this can only result in a net V supeisaturation in
the Si interior. This is in contradiction with experimen.al results (55,64~
67) that can only be explained by a net 1 supersaturation;

(iii) The finding that G_<9.5 for P, which requires that the ohserved ORD o1 P
for (111) S1 wefers oxidized for lonpg times te explained -rithout assuming a
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net V supersaturation (as Francis and Dobson (72) and the present autnors
(8) have assumed), is in contradiction with the Sb OED icsuli £10,19) which
was observed unde: an almost identical experimenta. roncitior for observing
the P ORD. A qualitatively consistent interpretation ¢ these results is
net obtained unless G_>0.5 for P and G_<0.5 for Sb and under the experimen-
tal conditions a net 6 supersaturation exists.

(iv) The ooservation of ORD of B at 1200°C bv Hill (73) can not he explained by
their finding G, <0.5 for B, since in that experiment a 6% HCl was used. By
a~alysing the OSF data of Shiraki (21} the prersent authors nave shown that
for this experimental condition a nev V shouiu have been injected (7,10).
If ¢ _<0.5 fur B, then it shculd have resulted in an OED instead of the
observer OPD.

‘he present authors believe that the V percolation idea is a very imrortant
point for which the full significance seems have not yet bee. realized. This sub-
ject is certainly anice c¢ ntribution of Mathiot and Pfister is weil worthy
of some discussions. To invoke the V-mechanism for the diffsicn of a substitu-
tional impurity species which exhibit a higher diffusivity than that »f self-
diffusion of the host crystal atoms, it is necessary to assume that the diffusion
proceeds in the form of i-V pairs (i denotes a substitutional impurity atom), and
a pair has to partially dissociate during its migrat: n process. In Si the sad-
dle point for the i-V pair dissociation process corresponds to having a V on the
third nearst neighbour position of i. The remaining binding energy between i and
V determfnes the cohesion of the pair. For the case of having a verv high impu-
rity concentration, the impurity atoms effectively form a network cvr cluster in
the crystal lattice in the sense that now each impurity atom sould have some
sther impurity atoms situated at its fifth or even closer neighbour positicns.
The i-V pair diffuciua process changes now since upon re:cning the saddie position

© the pair partial dissociation process, the V can alsv be at a third neighbour
position of another i. Now V can migrate to the other i atom with a potenti -l
barrier smaller than that needed for the isolated i-V pair case. This meauis with
a sufficiently high impurity concentration, V can fr:ely diffuse through the i
network or cluster, which does not only enhance the V diffusion but also the i
diffusion. This is the idea used by Mathiot and Pfister in their models (68,69).
We now mention a few points associated with the percolation idea that have not
yet been explicitly considered:

(i) We believe that the percolatica idea is equally applicable to an I-mecha-
nism;

(11) In the presence of a high impurity concentration, and hence the percolation
network, we believe it is vemnsible to also suggest that the point defect
formaticn energy is also lowered. This means the thermal equjlibrium point
defect concentrations are increased bec~use «f the presence of a “igh .mpu-
rity concentration {not to be cunfused with that due tc electrical charge
effect);

(iii) The presence of tl.e percolation network necessarily changes the i-I and 1-V

pairing potential:, and hence G_ for low and higi* impurity concentration
ce es are in princ.»le of difrferent values.
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4.2. The Interstitial Phosphorus Model

Hu et al. (70) have recently criticized wmost of the V models (59-61) and
proposed 3 new model to remedy the situation. An important contribution of their
work is that formation of P-rich precipitate during P in-diffusion is very much
emphasized and therfore in the model this is accounted for and hence removing
one major sho. comings common to all other wmodels. They have written down the
basic ecuations but not yet performed the needed calculations and it is there-
fore not possible tc see whether a met I supersaturation in the Si interior can
result froa the model or not. An examination of the basic assumptions involved in
this model has led the present authors to believe that the model in its present
form is probably also not satisfactory. Their mzjor assumptions are: (i) A por-
tion of the P atoms in Si occupies the substitutional sites (P ) while the rest
ocr ..es iaterstitial sites (P.); (ii) Mutual conversion betweén P and P. is
ve, 7 »iow; and (iii) Both P atid P, are shallow donors. Assunptions(i) is needed
since they invoked a two stiean d1%fusion mechanism as the a priori reason for
obtaining the kink-tail diffusion profile. The best way tc see what is a two
stream diffusion is to imaging that there are two distinct chemical species A
and B diffucing ‘ato Si simultaneousiy but otherwise independently and we arec
looking for C, =C +C_, see Fig. 7b. Now there is only one P species chemically
but in Si they can cccupy different sites, e.g., P_ and P,. In so far as diffu-
sion is concerned, P and P, can behave independen?ly. Aséumption (ii) is needed
since if P_ and P, are converting into each other rapidly enough then their indi-
vidual idegtity will be lost and a kink-tail structure in the P concentration
profile can not be obtained. Assumption (iii) is needed since atomically disso-
lved P atoms in Si is known to be electrically active. The assumption that a sub-
stantial pertion of the P atoms occupies interstial sites is very different from
that invoked conventionally: P atoms occupy substitutional sites only. By defini-
tion, P, diffuses primarily via an I-mechanism. Thus, there will always be a sub-
stantiai number of P atoms on interstitial sites whether they are migrating or
not. In the converntional picture, P atoms can diffuse via an I-mechanism and
hence those migrating P atoms are on interstitial sites temporarily but there
will only be a negligibly small fraction of P atoms that are migrating at any
instant in time and hence for practical purposes all P atoms are occupying subs-
titutional sites.

In the following we present four arguments which jointly constitute as a
strong indication that the above mentioned assumptiors involved in the model of
Hu et al. do not form a realistic enough basis for regarding the model as satis-
factory (admittedly, though, each argument individually may be only consctituting
as a weak indicatiom):

(1) The fact that there is but one shallow donor level associated with P doping
is generally accepted. While it is legitimate to postulate that P, is also
a donor, it is difficult to believe that the donor is also a sholiow one,
and, in particular, its energy level needs to be almost identical to that
due to Ps;

(ii) High concentration P diffusion into Si can induce the rormation of a dislo-
cation network to accomodate the Si lattice parameter change in the diffused
layer due to the incorporation of P atoms to a large concentratioa. Analyses
of such dislocation networks indicated that the P diffused iayer has a smal-
ler lattice parameter (74) which is consistent with the knowledge that P
atoms are all on the substitutional sites (the ratio of the covalent radi.
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of P atoms to Si atoms is 0.94). In order to explain the P diffusion pro-
files by the two stream mechanism, it needs to be assumed in some cases

C 4 can be almost equal to CP . If this is so, it seems that by now there
sgould be some indication that the opposite, i.e., the P diffused layer has
a lattice parameter larger than that of the undiffused Si, is true;

(ii1) The requirement that P, and P_ are converting into each other very slowly

(iv)

4.3.

is an extremely stringent coundftion. Considering the diffusiorn times invo-
lved in a typical experiment, a simple estimate would show that the energy
barrier against the P_-P_ conversion needs to be higher than 3eV and quite
likely in the neighbouthgod of 4 to SeV. This is the same energy barrier
prevent the interstitialcy pair from dissociation, and hence the pair needs
to be regarded as very stable. If so, it is not easy to understand why =i
can diffuse so fast, which is also required in the model;

In an Au gettering experiment, Lecrosnier ct al. (75) found that the Au
concentration in the P diffused layer developed a kink-tail profile similar
to the P profile. This phenomenon is consistent with the interpretation
that all P atoms occupy substitutional sites but not equally consistent
with the interpretation that a substantial portion of P atoms occupies
interstitial sites.” The interstitial P model requires that the surface re-
gion P atoms be mostly P_ (diffusion slow) while the tail region P atoms be
sostly P, (diffusion fas%). We first mention that in the Au getterin& expe-
riment ail the gettered Au atoms should be Au_ since normally Ceq>>C;' holds
and ° since if they were Au, then we expect tfie P and Au concenfration pro-
files follow a complementary rather than a similar distribution pattern
since the charge states of the P and Au atoms should result in a repelling
force (P is a donor in spite of whether in substitutional or interstitial
positions, and, Au, is also suppose to be a donor, i.e., Au+). Assumring
that Av atoms are iIndeed Au_ atoms, then the best interpretation is that P
atggs are all Ps atoms s ‘c& now charge compensation occurs between Pt and
Au~ (presumably Au ) atoms and atomic size compensation also occurs (cova-
lent radius of Si atom is larger than that of P_ but smaller than that of
Au ). If the P atoms are r, then we expect a la%ge compressive stress to
deselop in the Si which tends to result in a complementary distribution
pattern between the P, and Au_ concentrations. The worst case is that both
P and Auv atoms occupy incerstitial sites since then it will result in a
compressive strain as w.ll as a charge repelling situation.

Physical Reasnns for ? Diffusing into Si im Supersaturation

while the kink-tail diffusion profile of P has been recognized as an out-

standing feature for a lcng time, it is only recen.ly that the equally outstan-
ding (and undoubtly relatcd) feature of P diffusion into Si in supersaturation
is als: rercognized. Why is it so? Hu et al. (70) provided one possible reason
which is dynamical in nature: P diffusion {(using a P-rich oxide source) is usua-
11y carried out in a partial oxygen ambient and hence oxidation, i.e., a chemi-
cal reaction, occurs. They suggested that the excess chemical potential respon-
sible for P entering Si exceeuicg its solubility limit derives from this chemi-
cal rezction (oxidation). However, this may not be the primary reason because

*This problem was brought to the attention of one of the | resent authors (TYT)
by Dr. T. E. Seidel.
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of: (1) The I supersaturation associated with high concentration P diffusion far
exceeds that due to an oxidation of Si, and, in particular, this seems to be
true at very low temperatures, e.g., 7SODC, for which an oxidation of Si ceases
to function; (ii) There are some indications that P can diffuse into Si in a
supersaturated amount for cases that the annealing ambient is inert. Nobili et
al, (54) concluded that the electricallloacti e P concentration limit (oresuma-
bly the solubility limir) is about 4x10" cm ~ at 110025, ng at the sam» tempe-
rature P can enter Si to a ..-wentratiom of about 1x10"" cm ~ in an Nz drive-in
annealing using a P-rich oxide source (76).

As an alternative possibility, we suggest a mechanism due to phase-equili-
brium requirements to explain the phenomenon of P diffusing into Si in supersa-
turation. This mechanism is readily understandable if the materials involved
constitute as a binary alloy system. ThLerefore, for our present purpose we
discuss the case that the source of diffusion is gaseous P (P } at the standard
presure instead of the more commonly used P rich oxide. In FiE. 8 we show the
phase diagram of the Si-P system and an appropriate free energy diagram in the
temperature range of our interest. The significance of Fig. 8 is that, under
phase-equilibrium conditions: (i) the two primary phases, a (Si containing ato-
mically dissolved P) and y (P ), and the binary interm=diate phase SiP, cam each
exists alone; (ii) The a phasg and SiP can coexist; (iii) SiP and P_ can coexist.
This means for a diffusion experiment using P as source, to start Eith, the
materials (Si and P ) do not exist in a phasegequilibrium state. Hence, the ma-
terials will proceeﬁ to reach the appropriate phase-equilibrium states by crea-
ting coexisting phases permitted by the phase-equilibrium conditions, i.e., the
above discussed possiblities (ii) and (iii). We coined the term that, before the
phase-equilibrium state is reached, the materials are in a diffusion-transient
state. A primary phenomenon associated with this transient state is that P will
diffuse into Si in excess of its normal solubility limit which is defined per
coexistence of the a and SiP phases. Refer to Fig. 8b, the normal P solubility
in Si is represented by concentration A. The material near the Si surface is now,
however, not coexisting with SiP but with P_ which gives a P solubility in Si
represented by concentration B. Since B>A hs to hold, we see P enters Si at a
concentration exceeding its solubility limit A. That is, by the very fact that
now P, and S coexist, the material P, directly exerts a chemical potential on
Si to maintain a P concentration in excess of the P solubility deverived per co-
existence of Si and SiP. If kinetical conditious permit, SiP precipitates can now
form inside the Si crystal or alternatively a continuous layer of SiP can form
at the Si surface. Before a sufficiently thick centinuous SiP layer forms, the
supersaturation phenomenon will persist.

Per this discussion, we see that there is a therwodynamic reason for ¢
to diffuse into Si in supersaturation. For experiments for which a P rich oxide
layer is used as source, the argument is also agplicable. The analysis leading
to this conclusion is, however, considerahly more complicated than the binary
example just discussed. This complexity arises because a Si-0-P ternary situation
is involved. We have carried out tne analysis for this ternary situation and the
details will be given elsewhere (77). In that analysis we have also shown that
the 0 solubility 1limit is also changed. There exists one experimental result (76)
indicating that this seems to be the case.
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5. CONCLUDING REMARK

In this paper some essential points associated with oxidation effects and
Au diffusion in Si are discussed. Progresses in these areas in the last few years
seems to have established beyond reasonable doubts that I and V coexist in Si
under thermal equilibrium conditioms. Within the frame work of coexisting I and
V species, some new understanding is now emerging. We look forward for more pro-
gresses in our understanding of the nature of point defects and their roles in
the materials traunsport properties in Si in the near future.
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Fig. 1. Precdiction of dopant dif-
fusivity changes due to an oxida-
tion. The model assumes that I and
V coexist in Si in thermal equili-
brium and in oxi- ition at high
temperatures ana that during the
oxidation I and V attained local
equilibrium.
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Fig. 3. The recombination bar-
rier limited time constant,
Tpar» £0r I and V to reach
dynamical equilibrium as a
function of reciprocal tempe-
rature calculated per Eq. (11).
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Fig. 4. Gold concentration
profile after a lhr diffusion
intg dislocation-free Si at
900 °C [14]. Dash line: an
erfc-function fit_.ing per Lq.
(19); solid line: fitting
per Eq. (20).
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Fig. 7. (a) Schematic dra 'ng of the kink-tail structure of P profile,
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ROSE:

TAN:

DISCUSSION

On one of your viewgraphs you showed during the phosphorus diffusion,
something like 40% of it is electrically active. I wonder if you might
comment further on what physical form does it take?

It takes precipitated form. A small part of it, about 15%, is identified
as SiP structure. About 85% of them are only observed in terms of no more
than 15-AR-sized precipitates. Tuey are too small to be identified by
transmission electron microscope. Therefore they are only inferred to be
SiP precipitate, but not proven.
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