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Phosphorous-diffusion gettering in the presence of a nonequilibrium concentration
of silicon interstitials: A quantitative model

E. Spiecker, M. Seibt, and W. Schro¨ter
IV. Physikalisches Institut der Universita¨t Göttingen and Sonderforschungsbereich 345, Bunsenstrasse 13-15,

D-37073 Go¨ttingen, Germany
~Received 2 July 1996!

A quantitative model of phosphorous-diffusion gettering in silicon is presented, which combines the effects
of segregation and self-interstitial injection on the distribution of dissolved metallic impurities. The model
describes metal diffusion both in the bulk and in the highly phosphorous-doped layer and makes it possible to
include phosphorous-diffusion models. By analyzing an approximate solution for the quasi-steady-state metal
distribution, we show that for impurities like gold and platinum self-interstitial injection enhances the gettering
efficiency compared to pure segregation. We apply the results to phosphorous-diffusion gettering of gold and
demonstrate that all relevant features of recently measured gold distributions can be interpreted consistently.
For 3d metals, which are predominantly dissolved on interstitial sites in intrinsic silicon, the model allows us
to include the formation of precipitates resulting from self-interstitial injection as proposed earlier.
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I. INTRODUCTION

Phosphorous-diffusion gettering~PDG! in silicon is asso-
ciated with phosphorous-diffusion leading to no
equilibrium concentrations of intrinsic point defects. It
widely used in silicon integrated circuit technology as
means to remove metallic impurities from the device-act
area of the wafer. A new interest arises from solar cell te
nology, where PDG has to operate under the constraint
simultaneouspn-junction formation and is applied to multi
or polycrystalline silicon~Refs. 1–3!. To reach improved
solar cell efficiencies by this more complex application
quantitative modeling of PDG is required. Although seve
qualitative features of the operative mechanisms are well
tablished, a mathematical description of PDG necessar
simulate gettering is missing at present. In this work,
develop a model which combines the mechanisms indu
by segregation and by self-interstitial injection and explici
includes the gettering layer in the description. Using rec
data for PDG of Au in silicon we demonstrate that our mo
reproduces all relevant features of dissolved metallic im
rity distribution measured after PDG.

From the thermodynamic point of view, one mechani
which is expected to operate during PDG is segregation4 It
leads to a redistribution of metallic impurities (M ) between
the wafer and the highly P-doped layer due to the effect o
doping on the solubility ofM ~Fermi level effect!, the pair-
ing probability ofM with P yielding MP, and possibly due t
the stabilization of a SixPyMz phase which, however, has n
been observed up to now. The first two effects have b
carefully studied for gold and several 3d elements in hom
geneously doped silicon~Refs. 5–8!. For gold the concentra
tion of the substitutional component Aus , which is the domi-
nant one in intrinsic silicon, increases with P doping as w
as that of AusP. The 3d elements are dissolved as interstit
species (Mi) in intrinsic silicon, but—as has been shown f
Mn, Fe, Co,7 and Cu~Ref. 8!—become predominantly sub
550163-1829/97/55~15!/9577~7!/$10.00
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stitutional (Ms) at high P concentrations and formMsP
pairs. Quantitative evaluations of the maximum segrega
effect in comparison with PDG data have shown that PDG
Co and Au yields concentrations within the gettering lay
which exceed the values expected from segregation by a
two orders of magnitude~Refs. 9,10!. Furthermore, concen
tration profiles of metallic impurities under PDG condition
are too steep to be described exclusively in terms
segregation.10 Finally, it has been found that PDG of Ni, Fe
and Pt might lead to silicide formation inside the getteri
layer ~Refs. 11–13!. These findings have been taken
strong evidence that besides segregation an additional
effective gettering mechanism must be operative. T
mechanism has been attributed to various fluxes of s
interstitials occuring during phosphorous diffusion.

Despite sustained theoretical and experimental effort~for
a review cf. Ref. 14! P diffusion at high concentrations i
still a matter of active research.15 Especially, the origin of
electrically inactive P in the near surface part of diffusi
profiles is still controversial. It is well established, howeve
that P diffusion leads to a supersaturation of self-interstit
and undersaturation of vacancies~Refs. 14,16!. Several pro-
cesses have been identified as possible sources
self-interstitials,17 i.e., oxidation of the silicon due to
phosphor-silica-glass formation, incorporation ofP on sub-
stitutional sites, formation of different types of Si
precipitates,18 and the phosphorous-diffusion process itse
A consistent description of buried layer experiments and
well-known kink-and-tail form of P concentration profiles
given by current models~Refs. 19–21! proposing P transpor
to be governed by phosphorous-self-interstitial pairs~PI!.
These models assume drift and diffusion of PI from the s
face to the kink where they dissociate and thereby inducI
injection. Owing to the fact that the substitutional spec
Ms of metallic impurities dominates at high P concentr
tions, a stronginjection-induced getteringeffect is expected
if these fluxes of self-interstitials couple toMs via the kick-
9577 © 1997 The American Physical Society
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out reaction generating a drift ofM from the source to the
sink of I ~Refs. 22–24!.

Let us first consider metallic impurities which predom
nantly occupy interstitial sites in intrinisic silicon like th
3d-transition elements. Since a dominating substitutio
species must be present for the above coupling to be e
tive, injection-induced getteringcan only work in combina-
tion with segregation, which builds up a substitutional co
ponent Ms inside the gettering layer. Furthermore,
surmount the segregation effect significantly, precipitation
3d elements inside the gettering layer has to occur.22 It has
been argued that as soon as theI -induced drift ofM leads to
a supersaturation ofM at the sinks ofI silicide formation
should occur in agreement with available experimental e
dence obtained by TEM~Refs. 11,12! and Mössbauer spec
troscopy~Refs. 25,26!. Self-interstitial supersaturation in th
highly P-doped gettering layer also leads to diffusion oI
into the bulk and to aI supersaturation there destabilizin
metal silicide precipitates whose formation is accompan
by a volume expansion~cf. Ref. 27!.

The situation is considerably different for metallic imp
rities which predominantly occupy substitutional sites in
trinisic silicon like Au, Pt, or Zn. The obvious effect ofI
supersaturation in the bulk is the increase of the highly m
bile interstitial component which affects the kinetics of PD
This effect has been observed by Lescronieret al.28 and
modeled by Bronner and Plummer29 under the assumption
that the silicon surface is an infinite sink for Au. Going a st
further, Chen and Schroder30 model the sink action of the
highly P-doped layer by a phenomenological parameterg in
the surface boundary condition, which they integrate in
segregation model of Baldiet al.4 A different modification of
Baldi’s model has been proposed by Sveinbjo¨rnssonet al.10

in order to explain their data for Au in Si. They correct th
segregation coefficient by a solubility decrease of gold
cause of the self-interstitial supersaturation, which they
tain assuming that everywhere the concentration of inte
tial gold is equal to the solubility in intrinsic silicon.

Hence, there is a qualitative picture of how PDG m
work and there is a model of its effect on the outdiffusion
Au. However, a quantitative description of the general act
of PDG, especially of its operation inside the gettering lay
is a longstanding open problem of semiconductor physics
this work, we present a mathematical model whose keyp
is the description of thecombined action of segregation an
injection-induced getteringon the distribution of a dissolved
metallic impurity and which can be easily extended to
case that silicide formation occurs inside the gettering lay

II. MODELING

In a microscopic pictureinjection-induced getteringarises
from the reaction by which the immobile substitutional me
speciesMs is converted into the interstitial one,Mi , with the
assistance of intrinsic point defects. In the case of gold
platinum it is well confirmed that this conversion takes pla
through the kick-out reaction,

Ms1I
Mi , ~2.1!

in the temperature range of 85021000 °C typical for PDG.16
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The kick-out diffusion in intrinsic, dislocation-free silico
is described by the following equations:31

]cI
]t

5DI

]2cI
]x2

1
]cMs

]t
, ~2.2!

]cMi

]t
5Di

]2cMi

]x2
2

]cMs

]t
, ~2.3!

cMi

cIcMs

5
cMi

eq

cI
eqcMs

eq . ~2.4!

Herex is the space coordinate in the diffusion direction co
sidered,t the diffusion time,cI , cMi

, andcMs
are the con-

centrations of self-interstitials, interstitial metal atoms, a
substitutional metal atoms,cI

eq, cMi

eq , andcMs

eq are the corre-

sponding equilibrium concentrations, andDI , Di are the dif-
fusivities of self-interstitials and interstitial metal atoms, r
spectively. Equation~2.4! states that local equilibrium
betweenI , Ms , andMi is established everywhere at an
time via the kick-out reaction~2.1!. Equations~2.2!–~2.4!
have been sucessfully used to describe gold diffusion
silicon from the corresponding equilibrium phase.32

It is our aim to fully adjust Eqs.~2.2!–~2.4! to the require-
ments of PDG, i.e., to describe the metal diffusion in t
bulk as well as in the gettering layer. Several changes hav
be made.

~1! Within the gettering layer phosphorous is present
high concentrations making the silicon strongly extrinsic.
order to include the resulting segregation, charged metal
cies and self-interstitials have to be taken into account.
sides, pairs of metal atoms and phosphorous atoms
form. For simplicity we introduce the following notation
cMs

, cMi
, andcI , and the corresponding equilibrium conce

trations include all respective charged species; in addition
the substitutional gold concentration,cMs

further includes
metal atoms that exist in pairs with phosphorous atoms
can be shown~see the Appendix! that — with this meaning
of the concentrations—Eq.~2.4! remains valid even in the
strongly extrinsic gettering layer, if local equilibrium of elec
tronic exchange reactions and pairing reaction is establis

~2! Equation~2.3! has to be changed if charged interstiti
metal species diffuse. However, it has been shown by m
suring the dependence of solubilities and diffusivities of s
eral metals~Mn, Fe, Co! on the doping level,7 that the inter-
stitial species, in general, are neutral in intrinsic silicon a
do not introduce acceptor levels into the band gap~for cop-
per see Ref. 33!. Therefore, only the neutral interstitial met
species has to be taken into account for PDG and Eq.~2.3!
remains valid.

~3! The diffusion equation~2.2! for the self-interstitials
has to be changed, because the self-interstitials are as
involved in the phosphorous diffusion. This is done by mo
fying the corresponding diffusion equation in th
phosphorous-diffusion model by adding the term]cMs

/]t
that accounts for creation/annihilation due to the kick-o
reaction:
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]cI
]t

5S ]cI
]t D

PD

1
]cMs

]t
. ~2.5!

For example, the term (]cI /]t)PD represents the right-han
sides of the diffusion equations for the self-interstitials o
curing in the model of Mulvaney and Richardson20 or in the
one of Orlowski.21

Equations~2.3!, ~2.4!, and~2.5!, and the remaining diffu-
sion equations for phosphorous and vacancies in the res
tive phosphorous-diffusion model consistently describe
whole PDG process, if no precipitates occur in the course
the process, and may be used as a starting point for sim
tions. It should be noted that the treatments of both, the m
diffusion and the phosphorous diffusion, are based on
assumption of local equilibria of atomic reactions~kick-out
reaction, PI pairing! and electronic exchanges. The equatio
are easily generalized by introducing reaction constants.

For comparison with experimental results the quantity
interest is the total metal concentrationcM5cMi

1cMs
. Intro-

duced in Eqs.~2.3!–~2.5!, one obtains

]cM
]t

5Di

]2

]x2 H cM
11~cMs

eq /cMi

eq !~cI
eq/cI ! J , ~2.6!

]cI
]t

5S ]cI
]t D

PD

1
]

]t H cM
11~cMi

eq /cMs

eq !~cI /cI
eq! J . ~2.7!

It should be noted that the equilibrium concentrationscMs

eq

andcI
eq cannot be treated as constants in Eqs.~2.6! and~2.7!,

because they do not only depend on temperatureT but also
on the phosphorous concentrationcP, which is a function of
x andt. Since we assume that the interstitial metal specie
neutral its equilibrium concentration does not depend
cP .

For the purpose of illustrating the interplay o
segregation- and injection-induced gettering, we consider
the metal fluxj M52Di]cMi

/]x and decompose it into thre
contributions:

j M5 j M
~diff. !1 j M

~segr.!1 j M
~drift! ~2.8!

with

j M
~diff. !52

DicI /cI
eq

cMs

eq /cMi

eq1cI /cI
eq

]cM
]x

, ~2.9!

j M
~segr.!5

DicI /cI
eq

~cMs

eq /cMi

eq1cI /cI
eq!2 S cMeqcMi

eq D
intr.

cM
]S

]x
, ~2.10!

j M
~drift!52

DicMs

eq /cMi

eq

~cMs

eq /cMi

eq1cI /cI
eq!2

cM
]

]x S cIcIeqD . ~2.11!

Here the segregation coefficientS(cP,T)8cM
eq/(cM

eq) intr. has
been introduced,4 and the subscript ‘‘intr.’’ indicates that th
respective quantity refers to intrinsic conditions. The diff
sionlike metal fluxj M

(diff.) tends to equalize the metal conce
tration throughout the specimen. The fluxj M

(segr.) only occurs
within the region of high phosphorous concentrations an
-
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due to segregation. The fluxj M
~drift! finally is due to non-

equilibrium self-interstitials and is directed towards decre
ing I supersaturation.34

For interpretation of the individual metal fluxes occurrin
in Eq. ~2.8! we consider P diffusion at not too high surfac
concentrations where almost all the phosphorous rem
electrically active@e.g., below 331020 cm23 at 900 °C~Ref.
36!#. For this regime, recent models of P diffusion~Refs.
19–21! assume thatI injection is predominantly due to PI
pair dissociation in the kink region. Figure 1 schematica
presents a phosphorous concentration profile with the a
ciated distributions of self-interstitials and vacancies. T
charactistic features of the self-interstitial concentration p
file can be summarized as follows: it starts with the equil
rium value at the surface, shows a steep increase in the
gion of high phosphorous concentrations, and reaches ne
the kink a maximum value, which spreads gradually w
time into the bulk. It is obvious that once the supersaturat
in the bulk has been established, large gradients of thI
supersaturation only occur in the near surface region of
phosphorous profile.

From this the combined gettering action due to segre
tion and self-interstitial injection becomes obvious:j M

(segr.)

and j M
~drift! are both directed towards the surface due to

creasing P concentration and decreasingI supersaturation,
respectively. The accumulation of metal atoms due to th
fluxes, however, is accompanied by an increase of the op
sitely directed metal fluxj M

(diff.) . Finally, in a quasi-steady
state~to be discussed below! the three fluxes are balance
Figure 2 gives a schematic presentation of the fluxes oc
ing inside the gettering layer and of the reactions by wh
they are coupled.

The response of the bulk metal distribution is different f
metals that are mainly dissolved on interstitial sites, e.g.,
3d metals, and those, which are dissolved predominantly
substitutional sites, e.g., Au and Pt. The former are not
fected by the proceedingI supersaturation and therefor
show normal out diffusion. For the latter the main effect
the I supersaturation is the increase of the highly mob
interstitial species. As a result the ‘‘effective diffusion coe

FIG. 1. Schematic presentation of an anomalous phosphor
concentration profilecP and of the normalized intrinsic point defec
concentrationscI /cI

eq and cV /cV
eq. The dashed line indicates th

equilibrium situation of the intrinsic point defects.~Ordinates are
logarithmically scaled.!
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ficient’’ occuring in j M
(diff.) is enhanced@cf. Eq. ~2.9!#,

whereby this effect spreads gradually with time into the bu
The characteristic metal concentration profiles measured
ter PDG of gold37 had been mainly attributed to this effect.29

What can be said about the conditions required
injection-induced getteringto be present besides segreg
tion? Following an argument due to Goesele and Tan16 non-
equilibrium of intrinsic point defects occurs when the effe
tive flux of in-diffusing phosphorous exceeds the flux of ho
atoms trying to reestablish the intrinsic point defect equil
rium. This condition may be approximately writte
DP
(s)CP

(s).DSD
(s) , whereCP

(s) denotes the phosphorous-surfa
concentration~in atomic fractions!, andDP

(s) andDSD
(s) denote

the effective phosphorous-diffusion coefficient and the s
con self-diffusion coefficient, respectively, at the surfa
While DP

(s) strongly depends on the electron densityn(s), the
weak doping dependence ofDSD

(s) may be neglected for ou
purpose. Taking the diffusion coefficients as summarized
Goesele and Tan,16 one estimates for the critical P-surfac
concentration cP

~crit!(900 °C)'531019 cm23. Indeed this
phosphorous-surface concentration corresponds to the o
of enhanced tail diffusion and enhanced diffusion in bur
layers ~Refs. 38,39!. Remarkably there is as well a corre
spondence to PDG of gold which starts working when
phosphorous-surface concentration exceeds this cri
value.40 Furthermore, at higher phosphorous-surface conc
trations a strong correlation between diffusion enhancem
data and gettering efficiencies has been found,40 which sup-
ports the importance of theinjection-induced gettering
mechanismfor PDG.

III. COMPARISON WITH EXPERIMENTAL RESULTS:
PDG OF GOLD

Since the formation of precipitates is not yet included
our analysis, we consider in the following PDG of gold
silicon in some more detail where precipitation is not like
to occur.41 We show that our model can account for t

FIG. 2. Schematic presentation of the fluxes~arrows! and their
coupling ~dashed lines! by reactions ~boxes! associated with
phosphorous-diffusion~upper part! and with PDG~lower part!. The
segregation-induced flux ofM , j M

(segr.) , is driven by the solubility
enhancement ofM near the surface due to phosphorous doping. T
drift flux of M , j M

(drift) , is coupled to the self-interstitial fluxj I by
the kick-out reaction. The diffusionlike flux ofM , j M

(diff.) counteracts
the permanent gettering ofM due to the former two fluxes.
.
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following features of PDG of gold:~a! the very high getter-
ing efficiencies,~b! the strong temperature dependence,~c!
the steepness of the gold concentration profiles within
gettering layer, and~d! the ‘‘reversibility.’’

Sveinbjörnssonet al.10 have found that during PDG gold
redistributes towards quasi-steady-states that depend on
phosphorous concentration profile and the temperature o
Once quasi-steady-state has reached, the further develop
of the metal distribution is therefore determined by the sl
P diffusion. The quasi-steady-state itself is reached thro
transient states, which are as well governed by the m
faster diffusion of Aui and I . For the quasi-steady-state a
approximate solution forcM(x,t) is obtained from Eq.~2.8!
with j M'0 and inserting S and cI /cI

eq from the
phosphorous-diffusion model. Integration yields

cM~x,t !5k~ t !H 11
cI
eq

cI
~x,t !F S cMeqcMi

eq D
intr.

S~x,t !21G J ,
~3.1!

wherek(t) depends on the metal boundary condition. It h
been found experimentally that during PDG gold remains
the specimen~Refs. 10,28,41!; therefore, the constancy o
metal amount contained in the specimen is the appropr
boundary condition in this case.

In the absence of self-interstitial nonequilibrium, whe
PDG is only due to segregation, Eq.~3.1! yields

cM~x,t !5k* ~ t !S~x,t !, ~3.2!

whereby k*5(cM
eq/cMi

eq ) intr.k. Of course, Eq.~3.2! corre-

sponds to the quasi-steady-state within thesegregation
model~Refs. 4,42!.

Compared with the exclusive action of segregation,I in-
jection strongly enhances the amount of gettered gold du
the additional metal drift towards the surface@cf. Eq. ~2.8!
and Fig. 2#. For the quasi-steady-state the effect is illustra
in Fig. 3. Figure 3~a! schematically shows profiles of th
segregation coefficient and theI supersaturation that resu
from phosphorous in diffusion. In Fig. 3~b! the correspond-
ing gold concentration profiles are sketched for the resp
tive cases that only segregation-induced gettering and
combined action of segregation- and injection-induced g
tering is taken into account~see also caption!. The ratioG of
the metal concentration at the surface,cM

(s) , to that in the
bulk, cM

(b) , in the quasi-steady-state may serve as a mea
for the gettering efficiency. According to Eq.~3.1! this ratio
is given by

G5
~cI /cI

eq!~b!~cM
eq/cMi

eq ! intr.

~cI /cI
eq!~b!1~cM

eq/cMi

eq ! intr.21
S~s!, ~3.3!

whereas segregation alone predictsG5S(s). HereS(s) and
(cI /cI

eq)(b) denote the segregation coefficient at the surfa
and theI supersaturation in the bulk, respectively.

Sveinbjörnssonet al.10 found that their experimental dat
of G exceed the segregation coefficientS(s) as predicted
theoretically by Baldiet al.4 by about two orders of magni
tude depending on temperature and phosphorous-sur
concentration. This experimental finding can now be d

e



k
or
on

o

n
le

f

tra

-

ou
o
n-
i
p
th

s

g
ilit
ou

rous
tion
the
rive

li-
and
s
les
us
nd
Si
r
of
nce

d
rce
l
sur-
ur-
he

or
er
t-
ary

the

lu-
t

re-
-
sti-

nce
re-
i-

G
er-
g
the

ed
ute
if-
e-

oon
l

g
o

.
rin
re

55 9581PHOSPHOROUS-DIFFUSION GETTERING IN THE . . .
cussed in respect of Eq.~3.3!. Reported data of
(cM

eq/cMi

eq ) intr. at 900 °C are 30~Ref. 43! respective 130~Ref.

44! with a temperature dependence}exp(DE/kT), DE lying
between 0.7 and 1 eV. TheI supersaturation in the bul
(cI /cI

eq)(b) depends on the detailed conditions of phosph
ous in-diffusion: yet from studies on enhanced tail diffusi
and dopant diffusion in buried layers~Refs. 38,39! it can be
inferred that theI supersaturation is at least 102 if the phos-
phorous is diffused at 900 °C with a surface concentration
231020 cm23; the temperature dependence of (cI /cI

eq)(b) for
this phosphorous surface concentration corresponds to a
ergy ofDE.1.5 eV. Within the uncertainty of the availab
data for (cM

eq/cMi

eq ) intr. , (cI /cI
eq)(b), andS(s) the high values of

G as measured by Sveinbjo¨rnssonet al. and its strong tem-
perature dependence can be interpreted on the basis o
~3.3!.

A further point concerns the shape of the gold concen
tion profile within the gettering layer. Sveinbjo¨rnssonet al.
found thatcAu is proportional tocP

4 for phosphorous concen
trations abovecP5431019 cm23. This can hardly be ex-
plained by segregation because a fourfold charge state w
have to be assumed; please note that a neutral g
phosphorous pair5 as well cannot account for this depe
dency regardless of the binding energy. However,
injection-induced gettering is taken into account, a stee
gold concentration profile results due to the decrease of
I supersaturation towards the surface~cf. Fig. 3!.

The well established ‘‘reversibility’’ of PDG of gold ha
been regarded as strong evidence for the segregation
proach~Refs. 4,10,28!. However, injection-induced getterin
as discussed above is fully consistent with the reversib
since aI -supersaturation characteristic for the phosphor

FIG. 3. ~a! Profiles of the segregation coefficientS and the
supersaturation of self-interstitialscI /cI

eq resulting from phosphor-
ous in diffusion under PDG conditions~schematic!; ~b! correspond-
ing quasi-steady-state gold distributions assuming that getterin
due to segregation only or assuming a combined action
segregation-induced gettering and injection-induced gettering
the latter case a stronger redistribution of gold towards the gette
layer and a steeper gold profile within the gettering layer is p
dicted ~see text!. The initial gold levelcAu

0 is indicated by the
dashed line.~Ordinates are logarithmically scaled.!
-

f

en-
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ld
ld-

f
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e

ap-

y
s

profile and temperature builds up whenever the phospho
diffuses. Therefore, the quasi-steady-state gold distribu
basically is a function of temperature alone as long as
phosphorous profile is not considerably changed due to d
in @cf. Eq. ~3.1!#.

IV. SUMMARY AND DISCUSSION

We have modeled gettering of metallic impurities in si
con by considering the combined action of segregation
self-interstitial injection. For dissolved metallic impuritie
our model enables us to predict concentration profi
cM(x,t) also inside the gettering layer. Using phosphoro
and associated self-interstitial profiles from the literature a
comparing with recent results obtained for PDG of Au in
by Sveinbjörnssonet al.,10 we have demonstrated that ou
model correctly accounts for amplitude and shape
cAu(x) in the quasi-steady-state, its temperature depende
and its ‘‘reversibility.’’

In a previous treatment of PDG for Au in Si, Bronner un
Plummer29 propose that the gettering region acts as a sou
of self-interstitials, so that gold is driven in its interstitia
form and can there easily diffuse and be trapped at the
face. However, the assumption in their model, that the s
face is a perfect sink for gold, is not in agreement with t
data of Sveinbjo¨rnssonet al.10 Chen and Schroder30 take into
account that the gettering region only is a finite sink f
self-interstitials. Like in the model of Bronner and Plumm
the gettering region is not explicitly included in the trea
ment, whereas its sink-behavior enters through bound
condition. The extension of Baldi’s segregation model4 pro-
posed by Sveinbjo¨rnssonet al.10 to take into account self-
interstitial supersaturation results in an expression for
gettering efficiencyG, which agrees with Eq.~3.3! in the
limiting case of (cM

eq/cMi

eq ) intr@(cI /cI
eq)(b). Their assumption

of a concentration of the interstitial species equal to its so
bility in intrinsic silicon, however, is not sufficient to trea
PDG of 3d transition elements in silicon.

A more quantitative examination of experimental data
ported by Sveinbjo¨rnssonet al.10 shows that the gold con
centration at the wafer surface exceeds the solubility as e
mated from pure segregation45 in some of their samples~e.g.,
sampleb in Fig. 5 of Ref. 10!. Due to the lack of micro-
scopic investigations, however, there is no direct evide
for gold precipitation in the highly phosphorous-doped
gion as for PDG of platinum in silicon where PtSi precip
tates have been observed recently by TEM.13

As has been described earlier~Refs. 22,23!, the experi-
mentally observed~Refs. 11,12,25,26! formation of metal
silicide precipitates must be an integral part of effective PD
for 3d elements which are predominantly dissolved on int
stitial sites in intrinsic silicon. High P doping in the getterin
layer has been shown to lead to a strong increase of
substitutional solubility of these elements~Refs. 7,8!. In the
gettering layer, solute drift and diffusion fluxes are induc
for these elements by self-interstitial fluxes. While the sol
drift is directed towards the sink of self-interstitials the d
fusion flux is directed away from the sink. The balance b
tween these two establishes a concentration ofcM

sink at the
sink. It has been argued that metal atoms precipitate as s
as cM

sink.cM
eq.9 Incorporating this criterion into our mode

is
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would allow us to quantitatively describe PDG by silicid
formation.
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APPENDIX

The metal species and the self-interstitials, in general,
ist in several charge states:Ms

s , Mi
s , I s. Apart from this

~charged! pairs of metal atoms and phosphorous atoms m
form: (MsP)

s. Since electronic exchanges between differ
charge states, e.g.,

Ms
s1se2
Ms

0, ~A1!

take place on a much shorter time scale than any diffus
process, local electronic equilibrium should always be es
lished. While there is no direct evidence that the same is
for the pairing reaction,

Ms
01P111e2
~MsP!0, ~A2!

we assume local equilibrium as well in order to inclu
MsP pairs quantitatively.

During PDG the electron densityn and the phosphorou
concentrationcP are much higher than the concentrations
metal and self-intertstitials. Therefore, the considered e
tronic exchange reactions and the pairing reaction do
noticably affect their values. It should be noted that outs
the high concentration region of the phosphorous profi
wherecP may be comparable with or smaller than the me
concentration, pairing does not play any role. Consequen
the electron density and the phosphorous concentration
be treated as constants in the respective laws of mass ac
e-

tus

.L

n

rn
x-

y
t

n
b-
e

f
c-
ot
e
,
l
y,
ay
on.

By taking the laws of mass action of the electronic exchan
reactions and the pairing reaction and summing up all
spective charge states, the following relations are obtain

cMs

cMs

eq 5
cM

s
0

cM
s
0

eq , ~A3!

cMsP

cMsP
eq 5

c~MsP!0

c~MsP!0
eq 5

cM
s
0

cM
s
0

eq , ~A4!

cMi

cMi

eq 5
cM

i
0

cM
i
0

eq , ~A5!

cI
cI
eq5

cI0

cI0
eq. ~A6!

HerecMs
, cMsP

, cMi
, andcI denote total concentrations, i.e

sums over all charged species of the respective defect (cMs

not yet includes the metal atoms existing in pairs with ph
phorous, see below!; cMs

0, c(MsP)
0, cMi

0, andcI0 are the con-
centrations of the neutral species, and ‘‘eq’’ denotes equi
rium values.

If the kick-out reaction between the neutral species

Ms
01I 0
Mi

0 ~A7!

obeys a law of mass action, Eqs.~A3!–~A6! give

cMi

cI~cMs
1cMsP

!
5

cMi

eq

cI
eq~cMs

eq 1cMsP
eq !

, ~A8!

which reduces to Eq.~2.4!, if the concentration ofMsP pairs
is included incMs

.
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26R. Kühnapfel, Ph.D. thesis, Universita¨t Göttingen, 1990.
27M. Seibt, inSemiconductor Silicon 1990, edited by H.R. Huff,

K.G. Barraclough, and Y.I. Chikawa~Electrochemical Society
Pennington, 1990!, p. 663.

28D. Lecrosnier, J. Paugam, G. Pelous, F. Richou, and M. Salv
Appl. Phys.52, 5090~1981!.

29G.B. Bronner and J.D. Plummer, J. Appl. Phys.61, 5286~1987!.
30C.S. Chen and D.K. Schroder, J. Appl. Phys.71, 5858~1992!.
31U.M. Goesele, W. Frank, and A. Seeger, Appl. Phys.23, 361

~1980!.
32N.A. Stolwijk, B. Schuster, J. Ho¨lzl, H. Mehrer, and W. Frank,

Physica116B, 335 ~1983!.
33For Cu the dominant interstitial species in intrinsic silicon h

been found positively charged~Hall and Racette, Ref. 8!. How-
ever, the changes in the analysis are straightforward.

34We mention that according to irreversible thermodynamics
~2.8! corresponds to the diagonal flux term only, i.e., the c
J.

.
e

that nondiagonal Onsager coefficients are neglected~e.g., Allnatt
and Lidiard, 1987, Ref. 35!.

35A.R. Allnatt and A.B. Lidiard, Rep. Prog. Phys.50, 373 ~1987!.
36G. Masetti, D. Nobili, and S. Solmi, inSemiconductor Silicon

1977, edited by H.R. Huff, T. Abe, and K.O. Kolbesen~The
Electrochemical Society, Pennington, 1977!, p. 648.

37H. Higuchi and S. Nakamura,Extended Abstracts of the Electro
Chemical Society, Vol. 75-1~The Electrochemical Society, Pen
nington, 1975!, p. 412.

38R.B. Fair and J.C.C. Tsai, J. Electrochem. Soc.124, 1107~1977!.
39D. Lecrosnier, M. Gauneau, J. Paugam, G. Pelous, and F. Ric

Appl. Phys. Lett.34, 224 ~1979!.
40D. Lecrosnier, J. Paugam, F. Richou, and G. Pelous, J. A

Phys.51, 1036~1980!.
41R.L. Meek, T.M. Seidel, and A.G. Cullis, J. Electrochem. So

122, 786 ~1975!.
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