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Transport and reactions of gold in silicon containing cavities
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We quantified the strength of Au binding on cavity walls and in precipitates of the Au-Si molten phase
within Si over the temperature range 1023–1123 K. Also determined was the diffusivity-solubility product of
interstitial Au. These properties were obtained by using ion implantation and annealing to form multiple layers
containing cavities or Au-Si precipitates and then measuring by Rutherford backscattering spectrometry the
rate and extent of Au redistribution between layers during isothermal heating. Results were incorporated into
a diffusion-reaction formalism describing the evolution of the coupled concentrations of interstitial Au, sub-
stitutional Au, Si interstitial atoms, and Si vacancies. Cavities were shown to be effective sinks for the
gettering of Au from solution in Si.@S0163-1829~98!04911-X#
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I. INTRODUCTION

The transport and reactions of Au in Si have been wid
investigated for a variety of reasons. This solute is prototy
cal of transition metals that occupy both interstitial and s
stitutional lattice sites within Si, and measurement of
transport serves to illuminate the less readily observed di
sion of Si self-interstitial atoms.1–7 In devices, deep elec
tronic levels associated with substitutional Au are sometim
exploited to reduce carrier lifetimes, whereas in other c
cumstances, with the Au present as a trace impurity,
same deep levels are highly detrimental.8 Because of the lat-
ter effect, many investigators have studied the gettering
Au to controllably introduced sinks within Si; the examine
gettering centers include SiO2 precipitates and associate
defects,9 in-diffusing phosphorus,10,11 ion-implantation dam-
age and implanted impurities,12–15 and cavities formed by
implantation of hydrogen or helium and annealing.16–19 Fi-
nally, Au reacts strongly with the unoxidized surface of
producing complex reconstructions, and these reconst
tions have been extensively investigated on external surf
following vapor deposition of Au in ultrahigh vacuum.~See,
e.g., Refs. 20–30 and citations therein.!

In the present work, we examined the behavior of io
implanted Au in Si that contained nanometer-size cavi
formed by He ion implantation and annealing. Rutherfo
backscattering spectrometry~RBS! was used to measure th
rate and equilibrium extent of two internal redistributions
the Au: first, from precipitates of the equilibrium Au-S
phase to cavities; and, second, from one cavity layer to
other. Resulting data were analyzed to obtain the bind
free energies of Au chemisorbed on the cavity walls a
contained within the Au-Si phase relative to Au in interstit
solution within the Si lattice. This served to quantify th
strength of a potentially important gettering reaction. Mo
over, by illuminating the energetics of chemisorbed Au re
tive to bulk solution and to the three-dimensional Au-
phase, these studies provided fundamental information
readily obtained from earlier studies of deposited Au on
ternal surfaces. Finally, the present ion-beam experim
determined the diffusivity-solubility product of interstitia
570163-1829/98/57~12!/7015~12!/$15.00
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Au in a more direct manner and at lower temperatures t
was previously done.

The behavior of the Au was modeled using a formalis
that describes the diffusion and coupled transformations
interstitial Au, substitutional Au, interstitial Si, and vaca
cies in addition to treating the binding reactions of Au
cavities and at Au-Si precipitates. Our analysis included t
chemisorption states on the cavity walls, with the relat
occupancies of these states depending upon coverage.
modeling was used first to interpret and analyze our ob
vations. It was then employed to confirm the consistency
our parametrizations with earlier, higher-temperature exp
ments that measured depth profiles of substitutional Au
sulting from the in-diffusion of interstitial Au and its ex
change with substitutional Si.2 Having thus tested the utility
of the model, we used it to examine the efficacy of cavit
as sinks for the gettering of Au from solution in Si.

This quantitative investigation of Au interactions wit
cavities builds upon the work of Refs. 16–18, which esta
lished important aspects of the behavior of the system. P
liminary results from the present study were report
previously.19

II. APPROACH

The principal objective of our experiments was to det
mine quantitatively the strengths of Au binding at cav
walls and within the equilibrium precipitated Au-Si pha
relative to mobile interstitial Au in solution. To this end, w
ion-implanted He and Au into Si and then annealed to fo
multiple layers containing either nanometer-size voids
Au-Si precipitates; considerations relating to the creation
these microstructural features have been deta
elsewhere.16,31,32 Rutherford backscattering spectromet
was then used to observed the redistribution of Au betw
the layers during isothermal vacuum annealing at 10
1073, and 1123 K. At these temperatures, the equilibri
Au-Si precipitated phase is molten with a reported Au co
tent between 60 and 70 at. %.33 Both the rate and the equi
librium extent of the Au redistributions are related to t
binding strengths of interest, and this is the basis of
determination of these quantities. In the remainder of t
7015 © 1998 The American Physical Society
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7016 57S. M. MYERS AND G. A. PETERSEN
section, we describe the mathematical formulation of
above relationships and outline more specifically the exp
ments that were carried out to exploit them. The discuss
initially uses simplifying approximations to convey the u
derlying physical concepts, and then turns to the more ela
rate mathematical formalism actually used to model the
havior of the system.

A. Simplified treatment of interlayer redistribution

In the case of two layers of negligible width that are e
changing Au by steady-state diffusion, the interlayer atom
flux F is given by

F5~@Au,i #12@Au,i #2!NSiDAu,i /Dx, ~1!

where@Au,i # is the atomic fraction of mobile interstitial Au
in local equilibrium with the bound state in layer 1 or 2,NSi
is the atomic density of Si,DAu,i is the diffusion coefficient
of interstitial Au, andDx is the separation of the layers
When the system eventually comes to full equilibrium,

@Au,i #15@Au,i #2 . ~2!

The binding strengths of interest are directly related to
@Au,i #. For example, when the bound state is the equi
rium Au-Si phase, the corresponding concentration is sim
the thermodynamic solubility,

@Au,i #AuSi5exp~2DGAuSi /kT!. ~3!

In this paper,DG is defined as

DG5DH2TDSex, ~4!

whereDH is the enthalpy change when one Au atom mov
from the bound state to interstitial solution andDSex is the
corresponding change in excess entropy. The latter qua
is defined more specifically as the excess entropy differe
after configurational contributions arising from the occup
tion of multiple solution sites and multiple cavity-wall site
are taken into account separately and explicitly. In the us
of thermodynamics,DG might be termed a relative partia
excess atomic Gibbs free energy of solution; we refer t
simply as the binding free energy.

For the case where Au bound within a layer occup
cavity-wall chemisorption sites, we consider two regim
one of low wall coverage and the other of high coverage;
treatment of both of these is simplified to the greatest deg
compatible with the experimental data presented in Sec.
The chemisorption sites are assumed to be saturable, fixe
number, and of a single type. When the average fractio
occupation of the sites,u, is below a threshold valueu t that
depends only on temperature, the sites are taken to be
interacting and randomly occupied; consequently, the che
sorbed Au behaves as a two-dimensional lattice gas.
locally equilibrated solution concentration is then given b

@Au,i #cav5$u/~12u!%exp~2DGrc /kT! for u<u t ,
~5!

whereDGrc is the binding free energy associated with t
random chemisorption. Foru.u t , the surface is taken to b
in a two-phase condition, with regions of random chemiso
tion coexisting with ordered islands of chemisorbed atom
e
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Ordering of Au has been directly observed on external
surfaces,20–30and, as discussed in Sec. IV, our findings po
to its occurrence on cavity walls. When the two-phase c
dition is present, the chemical potential of the Au is indepe
dent of the average wall coverageu, and

@Au,i #cav5exp~2DGoc/kT! for u>u t , ~6!

whereDGoc is the binding free energy for the ordered chem
sorption. Combining Eqs.~5! and ~6! with u5u t yields the
relationship

1/u t511exp$~DGoc2DGrc!/kT%. ~7!

The equilibrium three-dimensional Au-Si phase describ
by Eq. ~3! is expected to precipitate in cavities when t
adjacent solution concentration exceeds the equilibrium s
bility, and such precipitation has in fact been observed.17,18

In the present experiments, however, this unwanted com
cation was suppressed by using either of two pro
dures: in one, the Au-Si phase was formed by Au impla
tation and annealing before the introduction of cavities,
that the solution was not supersaturated during subseq
gettering to the cavities; in the other procedure, the to
quantity of introduced Au was restricted to an amount le
than could be accommodated by the energetically favo
submonolayer chemisorption on the cavity walls. Our expe
mental results indicate that these steps were successfu
will be discussed in Sec. IV.

The simplicity of Eqs.~5!–~7! is achieved through sub
stantial simplification of the probably complex interactio
of Au with internal cavity surfaces. For instance, while t
predominant facet on the cavity walls has~111! orientation,
~100! and ~110! facets are also present, and curved regio
are observed as well.32,34,35Moreover, at least four types o
ordering have been reported for the~111! orientation alone,
although this situation becomes simpler at temperatu
above about 1000 K~See, e.g., Ref. 30.! Hence, multiple
types of ordered chemisorption may conceivably occur
the cavity walls. Our treatment of random chemisorption
low coverage is also approximate, since more than one
face orientation is present in reality and since direct
reconstruction-mediated interactions among the Au ato
may not be negligible as assumed. While it would
straightforward in principle to incorporate all of these effec
into the formalism by replacing Eqs.~5!–~7! with a general-
ized function of the form@Au,i #5 f (u,T), this is not justi-
fied by the information currently available, in our view. A
matters now stand, such an elaboration would be attende
a multiplication of parameters without independently know
values. It is therefore more illuminating, we believe, to e
ploy the simplified model and consider the extent and nat
of its deviation from experiment.

B. The experiments and their rationale

Making use of Eqs.~1!–~7!, we now consider the kinds o
experiments that can be expected to determineDGAuSi ,
DGrc and DGoc. The most straightforward condition to in
terpret is one of equilibrium among the interacting laye
which is described by Eq.~2! with appropriate substitutions
from Eqs.~3!, ~5!, and~6!. We previously used this metho
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57 7017TRANSPORT AND REACTIONS OF GOLD IN SILICON . . .
to evaluateDGrc for Fe and Co on cavity walls.36 In those
experiments, a cavity layer of known internal-surface a
was allowed to equilibrate with a separate layer containin
large excess of metal-silicide phase with a known value
DG. The value ofu for the cavities was then measure
permitting the binding free energy of interest to be extrac
using Eqs.~2!, ~3!, and ~5!. In the present studies of Au
however, analogous experiments yieldedu'1, correspond-
ing to saturation of the cavity walls. This serves to demo
strate thatDGoc*DGAuSi , but it does not determine th
value of either quantity. Furthermore, equilibrium betwe
two cavity layers or between two layers with Au-Si precip
tates is also not illuminating.

Having reached these negative conclusions, we are
with the time dependence of the amounts of Au in the int
acting layers as the experimentally accessible property
can quantify the binding free energies of interest. For
ample, when a layer containing Au-Si precipitates gives
Au to a nearby layer of cavities with much stronger bindin
the above equations yield

F5@Au,i #AuSiNSiDAu,i /Dx

5exp~2DGAuSi /kT!NSiDAu,i /Dx. ~8!

Similarly, for redistribution between two cavity layers whe
the wall occupancies are both less thanu t ,

F5$u1 /~12u1!2u2 /~12u2!%

3exp~2DGrc /kT!NSiDAu,i /Dx. ~9!

Here the redistribution occurs even thoughDGrc is the same
for the two layers because of the dependence of the con
rational component of entropy onu for the two-dimensional
lattice gas. Finally, when the redistribution is from a cav
layer with u.u t to a cavity layer withu,u t ,

F5@exp~2DGoc/kT!2$u2 /~12u2!%

3exp~2DGrc /kT!#NSiDAu,i /Dx. ~10!

With an independently evaluated diffusion coefficient, the
three experiments serve to determineDGAuSi DGrc , and
DGoc. This was the approach taken in the present exp
ments.

An important feature of the above interlayer fluxes is th
they depend on the products of Boltzmann factors such
exp(2DGAuSi /kT) and the diffusion coefficientDAu,i , so
that knowledge of the diffusivity is required to extract th
binding free energies from the experimental data. To
knowledge,DAu,i has not been precisely determined. An e
perimentally based estimate is available, however, and
similar to results for interstitial Cu and Ni; the activatio
energies for the three elements are 0.39, 0.43, and 0.47
respectively, and the corresponding prefactors are 0.0
0.47, and 0.20 mm2/s.37–40 In analyzing the experimenta
data, we employed a representative diffusion coefficien
DAu,i5(0.10 mm2/s)exp(20.4 eV/kT), and the resultan
binding free energies are reported instead of the more
rectly determined products of the diffusivity and the Bolt
mann factors. Since even an order-of-magnitude error in
diffusion coefficient would translate into a shift of only abo
0.2 eV in the extracted binding free energies, or;10%, and
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since relative magnitudes would be unaffected, this step
considered to be warranted in light of the considerable s
plification of the discussion. Moreover, revision in the lig
of future diffusion results would be trivially accomplishe
We nevertheless present values ofNSi @Au,i #AuSi DAu,i be-
cause of the practical importance of this particular produc
controlling the uptake of Au into Si.

C. A more comprehensive description
of Au transport and reactions

The discussion to this point has ignored the well est
lished, reversible conversion of Au interstitial atoms to im
mobile, substitutional Au.1–7 This effect can occur eithe
through exothermic reaction with a vacancy,

Aui1V↔Aus1DGAu-V , ~11!

or by the endothermic kick-out mechanism,

Aui1Sis1DGAu-I↔Aus1I , ~12!

where the subscripti denotes interstitial sites,s refers to
substitutional sites,V is the Si vacancy,I is the Si self-
interstitial atom, andDGAu-V andDGAu-I are positive bind-
ing free energies defined in analogy with Eq.~4!. The vacan-
cies and interstitials are also subject to mutual annihilatio

I 1V↔DGI1DGV , ~13!

whereDGI is the Gibbs-free-energy change associated w
the creation of a self-interstitial at a specified site andDGV is
the corresponding quantity for the vacancy. When Au mo
from a near-surface source into the underlying Si bulk,
kick-out process of Eq. ~12! is generally found to
predominate.1–7

In the case of the present experiments, which emplo
annealing temperatures<1123 K, simple consideration
suggest that the formation of immobile substitutional A
should not have importantly influenced the observed in
layer redistributions. In particular, the solubility of substit
tional Au in equilibrium with the Au-Si phase at 1123 K
NSi@Au,s#AuSi51.531015 cm23,40 which represents an uppe
bound on @Au,s# for our experiments. Hence, within th
0.025 cm thickness of the Si specimens, the depth-integr
areal density of Au atoms was,0.4 nm22. In comparison,
the areal densities of Au undergoing interlayer redistribut
ranged from 1.5 to 30 nm22. Since the number of Au atom
moving to the cavity sinks was substantially larger than
number that might have gone into substitutional solution,
influence of the substitutional component on the redistri
tion should have been correspondingly small. In presen
this conclusion, however, we emphasize the limitations of
applicability. The amount of substitutional Au in equilibrium
with the Au-Si phase increases rapidly with temperature,
calculations indicate that effects on experiments of the t
presented here become important below 1300 K. Furth
more, the substitutional state of the Au is central to its infl
ence on electrical properties.

In theoretically treating the behavior of Au, we elected
carry out a full, numerical solution of the diffusion-reactio
equations governing the interrelated behaviors of interst
Au, substitutional Au, Si self-interstitials, and Si vacanci
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7018 57S. M. MYERS AND G. A. PETERSEN
rather than using the simplified relationships developed
Secs. II A and II B. The employed formalism encompas
the processes given by Eqs.~11!–~13! as well as the Au
trapping and precipitation reactions underlying Eqs.~3!, ~5!,
and~6!, and it avoids the approximations of steady-state d
fusion and negligible layer width embodied in Eqs.~1! and
~8!–~10!. This more complete treatment served to confi
that the neglect of substitutional-Au formation and the ot
approximations are, in fact, fairly well justified for the pa
ticular conditions of our experiments. Moreover, it facilitat
a consideration of the broader implications of our findin
for circumstances where the approximations are not ap
cable, notably including conditions relevant to gettering in
electronic devices. The details of the formalism, the eval
tion of parameters not determined by the present exp
ments, and the method of solution are discussed in the
pendix. Apart from the aspects dealing with Au reactions
the cavities, our mathematical treatment generally para
one reported previously.6

III. EXPERIMENTAL DETAILS

The samples were of float-zone Si with a room
temperature resistivity.1 kV cm. The surface orientation
was ~111! with one face being polished, and the thickne
was 0.25 mm. Ion implantations of He and Au were carr
out at room temperature in chambers that were turbomole
lar pumped to a background pressure of;1025 Pa
(;1027 Torr). Vacuum anneals were performed in a qua
furnace tube that was continuously ion-pumped to a pres
of approximately 331025 Pa (231027 Torr). These an-
neals were initiated by moving a thermally equilibrated
bular furnace over the evacuated tube and were termin
by withdrawing the furnace, the latter action occupyi
;2 s. Rutherford backscattering analysis was carried
with 4He at an energy of 2.5 MeV, and the concentratio
versus-depth profile of Au was extracted41 using reported He
stopping powers in Si.42 The possible influence of the analy
sis beam on the evolution of the depth profile during a
quence of anneals was examined by occasionally ma
measurements at a new location on the sample; no suc
fects were found.

IV. RESULTS AND ANALYSIS

A. Redistribution from Au-Si precipitates to cavities

The depth profiles in Fig. 1 exhibit redistribution of A
from an implanted layer containing Au-Si precipitates to
initially unoccupied cavity layer located at a greater de
within the specimen. This sample was first ion-implant
with Au at room temperature to a dose of 160 nm22 using an
energy of 300 keV. Then, before the formation of cavitie
the specimen was vacuum-annealed at 1123 K for 1 h to
induce precipitation of the equilibrium Au-Si phase. Th
step was taken to avoid a possible transient of nonequ
rium with an attendant supersaturation of solution during
subsequent interlayer redistribution. That the treatment
sufficient to produce the desired precipitation is shown
earlier studies using transmission electron microsc
~TEM!, where 100 min at 1123 K was found to cause Au
formation even for an implanted Au dose one order of m
n
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nitude smaller than used here.16 The precipitation anneal in
the present experiment was followed by implantation of
at room temperature; the dose was 1000 nm22 and the energy
150 keV, leading to a concentration peak near 0.8mm. Fi-
nally, an isothermal series of vacuum anneals was carried
at 1023 K, with the Au depth profile being monitored b
RBS. Earlier work showed that cavities form and most of t
He diffuses from the specimen in less than 30 min at t
temperature, with the subsequent microstructural evolu
of the cavities being slow.31,32

In Fig. 2, the areal density of Au within the cavity layer o
Fig. 1 is shown as a function of anneal time at 1023 K. A
shown are data for two additional redistribution-anneal
quences, one at 1073 K and the other at 1123 K, that w
carried out on specimens otherwise treated identically to
first sample. In each case, the transfer is seen to prog
until an abrupt saturation at an areal density near 30 Au/n2.
It is instructive to compare this saturation level with the ar
density corresponding to monolayer coverage of the ca
walls; from detailed TEM studies, the latter quantity
47 nm22 for a cavity formation anneal of 30 min at 973 K

FIG. 1. Depth profiles showing redistribution of Au from a lay
containing Au-Si precipitates to a cavity layer.

FIG. 2. Redistribution of Au from a layer containing Au-Si pre
cipitates to a cavity layer during annealing at three temperatu
Representative depth profiles are shown in Fig. 1.
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57 7019TRANSPORT AND REACTIONS OF GOLD IN SILICON . . .
32 nm22 for an anneal of 8 h at 1073 K, and 26 nm22 for 1
h at 1173 K.32 We infer that cavity-wall saturation occur
when the Au coverage reaches approximately 1 monola
the observed modest variation of the final areal den
among the specimens in Fig. 2 may then result from diff
ences among the cavity microstructures at the three temp
tures. A feature of our experiments that leads to such sat
tion behavior is believed to be the formation of Au-Si pha
before the introduction of the cavities; by thereby avoidi
supersaturation of solution during the redistribution anne
the nucleation and growth of the bulk Au-Si phase within t
cavities is suppressed. In earlier cavity-gettering studies
encompassed the metastable condition before precipitatio
the implanted Au, Au-Si precipitation in the cavities w
pronounced.17,18

The fact of Au redistribution from the Au-Si phase to th
cavities indicates that the binding at the cavities has com
rable or greater strength. As discussed in Sec. II B, a m
quantitative conclusion requires analysis of the measured
terlayer flux; this flux is related to the diffusivity-solubilit
productNSi @Au,i #AuSi DAu,i , and thereby to the binding fre
energyDGAuSi , as given approximately by Eq.~8!. In Sec.
IV C, we will make use of this relationship to extract th
diffusivity-solubility product and the binding energy.@The
curvature of the plots in Fig. 2 prior to saturation, reflecti
a varying interlayer flux not in accord with Eq.~8!, is due
primarily to the interlayer diffusion distance not bein
single-valued; this curvature will be seen to conform to
more detailed model calculations.#

B. Redistribution from one cavity layer to another

Figures 3 and 4 show the evolution of Au concentrat
profiles in Si specimens containing two cavity layers; t
cavity distributions were centered at depths of about 0.3
0.9 mm, respectively, with the Au-implanted layer lying ne
0.15mm. Of primary interest here is the diffusive redistrib
tion of Au from one cavity layer to another, which illum
nates the strength of Au binding at the cavities according
Eqs.~9! and~10!. In order to promote constancy of the cavi
microstructure during this redistribution, the cavities we
formed before the introduction of Au at a temperature hig

FIG. 3. Depth profiles showing redistribution of Au from on
cavity layer to another for an implanted Au dose of 3 nm22.
r;
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than those of the redistribution anneals. Helium was i
planted at both 30 and 180 keV, the dose being 1000 nm22 in
each case, and the specimens were then vacuum-annea
1173 K for 1 h. Gold was subsequently injected at 300 k
to one of two nominal doses, 3 or 14 nm22; these particular
doses were chosen to exhibit the cavity-wall binding ove
wide range of coverages while maintainingu,1. After the
implantation of Au, the interlayer redistributions were i
duced by isothermal series of vacuum anneals at 1023, 1
and 1123 K. It may be noted that, by employing this partic
lar sequence and using relatively small Au doses, we forw
the assurance of early Au-Si precipitation and the resul
absence of solution supersaturation that were emphasize
Sec. IV A. In this situation, however, the possible cons
quence was simply to hasten the accumulation of Au in
first cavity layer prior to the redistribution between cavi
layers; moreover, the relatively small amount of Au could
fully accommodated at cavity-wall chemisorption sites wit
out formation of the less stable Au-Si phase in the caviti
Hence, there should have been no consequences adve
the objectives of the experiments.

The simplest redistribution behavior was observed at
lower Au dose of 3 nm22. As seen in Fig. 3, the Au firs
moved relatively rapidly from the depth of its initial implan
tation to the nearby cavity layer at 0.3mm. Then, during
more extended annealing sufficient to approach
asymptotic condition, it redistributed between the two cav
layers until an approximately equal partition was reach
Such equal partitioning is consistent with the final state p
dicted by Eqs.~2! and ~5!. Equation~5! should apply when
the cavity-wall fractional coverageu is ,u t , and since in
this instance the final state corresponds tou;0.05, the result
is not unexpected.

When similar experiments were carried out with t
higher Au dose of 14 nm22, the final partition of Au between
cavity layers departed from equality, by an amount that v
ied with temperature. This is seen in Fig. 4, where de
profiles after annealing at 1023 and 1123 K for times su
cient to reach the asymptotic condition are shown. While
the higher temperature the amounts of Au in the two cav

FIG. 4. Depth profiles showing redistribution of Au from on
cavity layer to another at two temperatures for an implanted
dose of 14 nm22.
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7020 57S. M. MYERS AND G. A. PETERSEN
layers are approximately equal, there is a pronounced im
ance at the lower temperature.

Within the context of the simplified picture of Sec. II, w
hypothesize that the above imbalance results from orde
of the chemisorbed Au atoms on the cavity walls abov
threshold coverageu t , as discussed in Sec. II A. The pro
posed scenario is as follows. Early in the anneal seque
when the Au resides almost entirely in the first cavity lay
u1;0.5. This value is assumed to be.u t , so that ordered
islands of chemisorbed Au atoms coexist with areas of r
dom chemisorption on the cavity walls. In the second cav
layer,u2;0,u t , implying no ordering. Consequently, from
Eqs. ~5! and ~6!, @Au,i #15exp(2DGoc/kT) and @Au,i #2
;0. With further annealing, the difference between@Au,i #1
and@Au,i #2 drives the diffusion of Au to the second layer
accord with Eq.~10!. This redistribution continues, with
concomitant rise in@Au,i #2 according to Eq.~5!, until u2
reachesu t , whereupon@Au,i #15@Au,i #2 and the redistribu-
tion stops. In this final condition, the first cavity layer h
both ordered and random chemisorption, while the sec
layer has only the random state and hence less Au. W
this interpretation is inferential, it is reinforced by the fo
lowing considerations: ~1! as already noted, the occurren

FIG. 5. Redistribution of Au from one cavity layer to another
1023 K. Representative depth profiles appear in Figs. 3 and 4.

FIG. 6. Redistribution of Au from one cavity layer to another
1073 K.
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of ordered Au chemisorption is well known from studies
external Si surfaces;20–30 ~2! since in the expression fo
Gibbs free energy the entropy is multiplied by temperatu
higher-entropy states such as that of random chemisorp
are increasingly favored at higher temperatures, so thatu t ,
and hence the amount of Au going to the second cavity la
should increase with temperature, as seen in Fig. 4;~3! when
the total amount of introduced Au is reduced to the po
where bothu1 and u2 are less thanu t , the asymptotic im-
balance between layers should disappear, as is observe
Fig. 3. These consistencies lead us to believe that the ab
picture represents a first approximation to physical real
albeit one that substantially simplifies the complex behav
of Au on the cavity walls as discussed in Sec. II A.

The areal density of Au in the second of the two cav
layers is plotted as a function of anneal time for all of t
experiments in Figs. 5–7. In accord with Eqs.~9! and ~10!,
the redistribution rate rises rapidly with temperature as a
sult of increases in bothDAu,i and@Au,i #1 . The imbalance in
the final partition of Au between the cavity layers is aga
apparent, as are its reduction with increasing temperature
its absence at the lower of the two Au doses. It is also no
worthy that the abrupt saturation seen in Fig. 2 for the d
solution of the precipitated Au-Si phase is not observ
when Au is moving from one cavity layer to another; this
consistent with the continuous approach of@Au,i #1 and
@Au,i #2 to each other and the resultant, more gradual
crease inF predicted by Eqs.~9! and ~10!. The detailed
analysis of these data to obtain binding free energies is
cussed in Sec. IV C.

C. Modeling and the extraction of binding free energies

The data in Figs. 2 and 5–7 were analyzed by numeric
solving the more complete diffusion formalism described
Sec. II C and the Appendix and adjusting the desired bind
free energies to produce agreement with experiment.
resulting values ofDG are listed in Table I and plotted in
Fig. 8. These quantities vary somewhat with temperatu
which may result from the combined effects of~1! the en-
tropy termTDSex in Eq. ~4!, ~2! changes in the chemisorbe

FIG. 7. Redistribution of Au from one cavity layer to another
1123 K.
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TABLE I. Binding free energies, cavity-trap areal densities, and related quantities.

Quantity Temperature~K! Value Source

DGAuSi 1023 2.33 eV Fit in Fig. 2
DGAuSi 1073 2.34 eV Fit in Fig. 2
DGAuSi 1123 2.31 eV Fit in Fig. 2
DGAuSi 1273 2.26 eV Eq.~14! andDAu,i

DGrc for lower u 1023 2.45 eV Fit in Fig. 5
DGrc for higheru 1023 2.37 eV Fit in Fig. 5
DGoc 1023 2.55 eV Fit in Fig. 5
DGrc for lower u 1073 2.48 eV Fit in Fig. 6
DGrc for higheru 1073 2.31 eV Fit in Fig. 6
DGoc 1073 2.45 eV Fit in Fig. 6
DGrc for higheru 1123 2.27 eV Fit in Fig. 7
DGoc 1123 2.39 eV Fit in Fig. 7
NSi@Au,i #AuSiDAu,i 1023 1.83105 mm21 s21 Fit in Fig. 2
NSi@Au,i #AuSiDAu,i 1073 6.43105 mm21 s21 Fit in Fig. 2
NSi@Au,i #AuSiDAu,i 1123 3.63106 mm21 s21 Fit in Fig. 2
Trap areal density at 0.8mm 1023 35 nm22 Fit in Fig. 2
Trap areal density at 0.8mm 1073 32.5 nm22 Fit in Fig. 2
Trap areal density at 0.8mm 1123 32 nm22 Fit in Fig. 2
Trap areal density at 0.3 and 0.9mm All 30 nm22 TEM, Ref. 32
u t 1023 0.11 Eq.~7!

u t 1073 0.18 Eq.~7!

u t 1123 *0.2 Eq.~7!
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state with temperature,30 and ~3! the specific choice of the
diffusion prefactor discussed at the end of Sec. II B. T
reason for high-dose and low-dose values ofDGrc being
given is discussed below. The fits in Fig. 2 serve also
determine the product of the diffusion coefficient and t
solid solubility of interstitial Au, and because this produ
governs Au transport under many circumstances of tech
logical interest, we include its values in the table.

In the above model calculations, the initial concentratio
versus-depth profile of the implanted Au was equated t
smoothed curve through the profile measured by RBS.
Au in the implanted layer was assumed to be in the form
precipitated Au-Si phase. In the case of the redistributi
from the implanted layer to a single cavity layer shown

FIG. 8. Binding free energies of Au relative to interstitial sol
tion.
e
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Fig 2, steps were taken to assure that the Au-Si phase
indeed present, as discussed in Sec. IV A; this matter
less consequential for the redistribution from one cav
layer to another, since in these experiments the implanted
transferred rapidly to the first cavity layer. The concentrat
profiles of cavity-wall trap sites used in the model were d
rived from the implantation profiles of implanted He, as c
culated using the Monte Carlo range codeTRIM;43 these pro-
files were rescaled slightly in depth to conform to t
observed redistributions of the Au, and the concentration a
plitudes were scaled so as to yield trap areal densities c
sistent with the saturation levels in Fig. 2 or with estima
based on TEM.32 The trap areal densities employed are list
in Table I. Both external and cavity surfaces were taken to
sources for self-interstitials and vacancies, so that the c
centrations of these point defects remained at their equ
rium values at such surfaces. The remaining parameter
the formalism were evaluated from independent informati
as discussed in the Appendix.

The curves through the data in Figs. 2 and 5–7 show
results of the fitted model calculations. In Fig. 2, the rate
Au accumulation in the cavity layer before saturation is go
erned predominantly byDGAuSi , since the binding within
the cavity sinks is sufficiently stronger than in the Au-
phase to make@Au,i #2 in Eq. ~1! substantially smaller than
@Au,i #1 ; consequently, the fitting of this accumulation ra
was used to determineDGAuSi . In Figs. 5 and 6, the rate o
redistribution from the first to the second cavity layer for t
smaller Au dose is inferred to occur with bothu1 andu2 less
than u t , so that fitting of the redistribution rate served
determineDGrc . The final partition of Au between cavity
layers at this lower dose was not adjustable; sinceu1,u t and
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the areal density of cavity-wall traps was assumed to be
same in the two cavity layers, the formalism necessarily p
dicted an asymptotic condition with one-half of the Au
each layer. Finally, the curves for the higher implantat
dose in Figs. 5–7 depend in a more complex way on
interplay ofDGoc andDGrc . Sinceu1.u t at this dose, in the
early stages of the redistribution, whenu2 and hence@Au,i #2
are small, the transfer rate is governed predominantly
DGoc; at longer anneal times, however, as the increase inu2
causes@Au,i #2 to approach@Au,i #1 , the influences ofDGoc
andDGrc on the rate are comparable. Moreover, the fract
of the Au that is ultimately transferred to the second cav
layer depends on the difference of these quantities througu t
as given by Eq.~7!. The deduced values ofu t for the three
anneal temperatures are given in Table I, with the resu
1173 K being less well determined because the experim
tally measured partition between the two cavity layers is
proaching equality.

In adjustingDGrc to fit the data obtained at 1023 an
1073 K, we allowed this binding free energy to differ b
tween the high-dose and low-dose cases. We considered
to be justified in view of the likelihood of multiple types o
random-chemisorption sites with appreciably different bin
ing free energies; in the presence of such a range of bin
energies, the apparent binding energy would increase
decreasingu as a result of preferential occupation of strong
sites. A more rigorous treatment would explicitly include
range of binding free energies, but, as discussed in Sec
we concluded that the available experimental data are in
ficient to support such added complexity. As seen in Tab
and Fig. 8, the fittedDGrc do indeed differ somewhat be
tween low and high dose, with a higher value at the low
dose as expected; while the difference of;0.1 eV corre-
sponds to a shift of only;5%, it translates via Eqs.~9! and
~10! into a noticeable change in the rate of Au redistributi
between layers.

As discussed in Sec. II B, our extraction of the bindi
free energies depends on independent knowledge of the
fusion coefficient of interstitial Au, for which precise da
are unavailable. This, together with the approximation m
in the modeling and the experimental uncertainties, are c
sidered to result in an absolute uncertainty of approxima
60.3 eV in the reported energies. The relative energies
the various states are believed to be known with substant
less uncertainty, about60.05 eV. The diffusivity-solubility
product of interstitial Au given in Table I has an estimat
uncertainty of620%.

V. DISCUSSION

The cavity walls of the present investigation differ signi
cantly from the external Au-chemisorbed surfaces of ear
studies20–30 as a result of multiple cavity-wall orientation
and perhaps also the small size of cavity features,&10 nm.
Nevertheless, it is illuminating to consider aspects of o
findings in the light of a recently proposed surface ph
diagram30 based on external-surface experiments for
~111! orientation, the dominant one on cavity walls.32,34,35

We begin by recalling that, when the total areal density
implanted Au in the present experiments was 14 nm22, the
final partition of Au between two cavity layers departed su
e
-

e

y

n
y

at
n-
-

his

-
ng
th
r

II,
f-
I

r

if-

e
n-
ly
of
lly

r

r
e
e

f

-

stantially from equality at 1023 K, slightly at 1073 K, an
not detectably at 1123 K; in this case the condition of eq
balance corresponded tou.0.23. As discussed in Sec. IV B
we interpret this asymptotic imbalance as indicating a tw
phase surface condition in the first cavity layer. In compa
son, foru50.23, the proposed surface phase diagram of R
30 shows the two-phase condition giving way to a sing
high-temperature, presumably disordered phase at a
1000 K. Thus, both our experiments and the external-surf
studies point to an entropy-driven loss of order occurring
the vicinity of 1000 K.

A second finding in the present experiments was th
when the total areal density of implanted Au was abo
3 nm22, the final partition between cavity layers was equ
even at the lowest temperature of 1023 K; in this caseu
.0.05 at the end of the experiment. This behavior does
conform to the proposed~111!-surface phase diagram a
1023 K, where the disordered, Au-containing phase is p
dicted to coexist with a Au-free, 737 Si surface foru
&0.2. Were such a two-phase condition present on the ca
walls, the considerations discussed in Secs. II and IV wo
predict the applicability of Eq.~6!, rather than Eq.~5!, and
no redistribution of Au from one cavity layer to another. O
plausible explanation for the disparity is simply that the ca
ity walls, with facet sizes&10 nm, do not undergo the ver
complex and long-range 737 reconstruction that is though
to inhibit Au chemisorption and thereby necessitate the
existing disordered phase for accommodation of the Au
the absence of the 737 reconstruction, random-site chem
sorption of Au can be expected to occur over the entire~111!
surface, consistent with our experimental results and w
Eq. ~5!. We conclude the discussion of this still-to-b
resolved matter by noting its particular significance for t
extrapolation of our results into the regime of very smallu.
Pending further information, we will treat this regime usin
Eq. ~5!.

The diffusivity-solubility product determined in this wor
is shown in Fig. 9 together with earlier, higher-temperatu
results.2 Consistency between the two sets of data is see
be good. This comparison is especially significant in view
the very different experimental approaches taken in the
studies: we used ion-implanted specimens, and we m

FIG. 9. Product of interstitial-Au solubility and diffusivity from
the present work and from Ref. 2.
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sured the steady-state flow of interstitial Au from preci
tated Au-Si phase to sinks over a submicrometer distanc
contrast, the earlier investigators employed evaporated A
a source, and they used electrical measurements to profil
immobile, substitutional component of the Au over distanc
of hundreds of micrometers, with deliberately introduc
dislocation sinks serving to remove excess Si self-interstit
and thereby maintain local equilibrium between the inter
tial and substitutional Au. The combined results in Fig.
indicate that the diffusivity-solubility product for interstitia
Au in Si is approximately given by

NSi@Au,i #AuSiDAu,i5~2.831020 mm21 s21!

3exp~23.10 eV/kT!. ~14!

The mathematical model of the Si-Au system and the
sociated parametrization that were introduced in Sec.
and detailed in the Appendix are tested only partially
application to our experimental data. This is so because
discussed in Sec. II C, the experiments were carried out
der conditions where the conversion between mobile, in
stitial Au and immobile, substitutional Au had little influenc
on the observed behavior. Consequently, as a further va
tion of the applicability of the model, we employed it wit
no change of parameter values to predict the dep
dependent accumulation of substitutional Au with
dislocation-free Si having equilibrium Au-Si phase at t
two opposing surfaces, under conditions conforming to p
lished experimental data.2 A comparison between the mod
predictions and the experimental data is shown in Fig.
and the agreement is seen to be good. Like ear
investigators,1–7 we find that the predominant rate
controlling step in the buildup of substitutional Au is th
diffusion to the surface of self-interstitial atoms forme
when interstitial Au transforms to substitutional Au; the d
fusion of interstitial Au from the surface source is so rap
that @Au,i # varies little through the specimen, and the re

FIG. 10. Evolution of@Au,s# in the presence of surface Au-S
phase during annealing at 1273 K, as measured experimen
~Ref. 2! and as calculated using the theoretical model of the pre
work. The thickness of the specimen is 500mm.
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tively slow influx of vacancies from the surface contribut
only slightly to the conversion from Aui to Aus .

The experimental results and theoretical modeling of
present work provide a basis for quantitative treatment of
gettering of Au impurities by cavities in Si. Significant fea
tures of such gettering are illustrated in Fig. 11. This p
shows the predicted influence of a cavity layer on the c
centration of substitutional Au, the solute state predom
nantly affecting electrical properties, at a temperature
1123 K. In the calculation, the Au was initially distribute
uniformly through a 500-mm Si wafer; the starting atomic
fractions of interstitial and substitutional Au were equated
the respective solubilities in equilibrium with the Au-S
phase at 1123 K, 4.5310211 and 3.031028 atomic fraction.
The cavity layer was located at a depth of 5mm, and the
associated areal density of chemisorption sites was take
be 30 nm22, representative of the values deduced from
present experiments. Figure 11 shows the time depend
of @Au,s# at two depths: 1mm, in the region where device
would be constructed, and 250mm, in the center of the wa-
fer.

The evolution of@Au,s# at 1 mm in Fig. 11 shows two
distinct stages. For times&104 s, the movement of intersti
tial Au atoms to the cavity sinks induces a monotonic d
crease in@Au,s#, at a rate governed predominantly by th
transport of Si interstitial atoms from the external surfa
and from cavity surfaces to accommodate the formation
mobile interstitial Au by the reaction of Eq.~12!; the trans-
port of the interstitial Au to the cavity sinks after its forma
tion is relatively rapid and therefore not rate controlling. T
decrease exhibits two substages, reflecting, respectively
time for transport of Si interstitials from the surface to 1mm
and the time for transport of Si interstitials throughout t
region between the surface and cavity layer. At longer tim
as Au comes to the cavity sinks from progressively grea
depths within the wafer, the value of@Au,i # adjacent to the
cavities layer rises as a result of theu dependence in Eq.~5!,
and this in turn causes@Au,s# at 1mm to increase. Under the
conditions of this calculation, the formation of interstitial A
deeper within the material is enabled not only by the afo
mentioned in-diffusion of Si interstitials but also, to a su
stantial degree, by the out-diffusion of vacancies form

lly
nt

FIG. 11. Predicted time dependence of@Au,s# at 1123 K in the
presence of cavity gettering.
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7024 57S. M. MYERS AND G. A. PETERSEN
through the reaction of Eq.~11!. At sufficiently long times,
the system comes into equilibrium with the cavities, a
@Au,s# and the other relevant concentrations become in
pendent of depth.

Two features of the predicted behavior in Fig. 11 warra
emphasis because of their technological significance. F
cavity gettering is capable of reducing the concentration
Au far below its solubility; indeed, if the starting concentr
tion in Fig. 11 is divided by any number.1, the predicted
concentration-time curves are simply shifted downward
the logarithmic concentration scale with no significant d
tortion. The physical origin of this property is that, whe
random chemisorption of Au on cavity walls at smallu is in
equilibrium with Au in solution,@Au,s#}@Au,i #}u. The
second noteworthy feature is that, by choosing an interm
ate anneal time to allow sufficient diffusion in the nea
surface region while simultaneously minimizingu, the Au
concentration in the device-critical near-surface layer can
reduced substantially below the long-time, asymptotic va

VI. CONCLUSION

By determining the binding free energies of Au on cav
walls, this study quantified the strength of a promising g
tering reaction, and it achieved a significant step in establ
ing the energetics of Au on Si surfaces relative to the so
tion state. Remaining issues include~1! the partitioning of
Au atoms among multiple chemisorption states at eleva
temperatures, which was addressed here only in a prel
nary way;~2! the separation of enthalpy and entropy con
butions to the binding free energy; and~3! the variation of
these properties with the crystallographic orientation of
surface. One potential avenue to such more detailed infor
tion is the performance of experiments analogous to th
presented here, but with one or more cavity layers repla
with well characterized external surfaces of unique crys
lographic orientation. Steps in this direction are already
ing taken for Cu on Si.44

The results of our experiments were incorporated w
other information into a predictive mathematical model
Au transport and reactions in cavity-containing Si. Th
model quantitatively reproduces our data, and it is also
good agreement with other experiment results with wh
comparison was made. We believe the treatment to be
pable of providing a realistic description of Au gettering u
der the more complicated conditions of technological int
est.
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APPENDIX: DIFFUSION-REACTION FORMALISM
AND PARAMETER VALUES

There are six relevant species whose concentrations
with depth and time: mobile interstitial Au, essentially im
mobile substitutional Au, Au bound within precipitates of th
Au-Si phase, Au chemisorbed on the walls of cavities, m
bile Si self-interstitials, and mobile Si vacancies. The diffe
ential equations governing the concentrations are, res
tively,

~]/]t !@Au,i #5DAu,i~]2/]x2!@Au,i #2SAuSi2Scav1SAu-I

2SAu-V , ~A1!

~]/]t !@Au,s#52SAu-I1SAu-V , ~A2!

~]/]t !@Au,AuSi#5SAuSi , ~A3!

~]/]t !@Au,cav#5Scav, ~A4!

~]/]t !@ I #5DI~]2/]x2!@ I #2SI -V2SAu-I , ~A5!

~]/]t !@V#5DV~]2/]x2!@V#2SI -V2SAu-V . ~A6!

Here theD are diffusion coefficients, the bracketed expre
sions are concentrations expressed as atomic fraction,
source termSAuSi takes account of the reaction of interstiti
Au with Au-Si precipitates,Scav treats the reaction with cavi
ties, and the termsSAu-V , SAu-I , and SI -V reflect the reac-
tions of Eqs.~11!, ~12!, and~13!, respectively. Using proce
dures and considerations discussed elsewhere,45,46 these
source terms are constructed in a manner appropriate fo
versible, diffusion-limited reactions that approach equilib
specified by Eqs.~3!–~6! and by

@ I #5exp~2DGI /kT!, ~A7!

@V#5exp~2DGV /kT!. ~A8!

The resulting source terms are
SAuSi54pDAu,i$RAuSiNAuSi~x!%$@Au,i #2exp~2DGAuSi /kT!% for @Au,AuSi#.0, ~A9!

Scav54pDAu,iNSi$Rcav/ncav%„@Au,i #$Acav~x!2@Au,cav#%2@Au,cav#exp~2DGrc /kT!… for @Au,cav#/Acav<u t ,
~A10a!

Scav54pDAu,iNSi$Rcav/ncav%$@Au,i #2exp~2DGoc/kT!% for u t<@Au,cav#/Acav,1, ~A10b!

SAu-I54pDINSiRAu-I$@Au,s#@ I #2@Au,i #exp~2DGAu-I !%, ~A11!

SAu-V54p$DAu,i1DV%NSiRAu-V$@Au,i #@V#2@Au,s#exp~2DGAu-V!%, ~A12!

SI -V54p$DI1DV%NSiRI -V„@ I #@V#2exp$2~DGI1DGV!/kT%…. ~A13!
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TABLE II. Additional parameters evaluated from independent information.

Parameter Value Source

DAu,i (0.1 mm2/s)exp(20.4 eV/kT) See Sec. II B
DI (20 mm2/s)exp(21.2 eV/kT) Ref. 3
DV (100 mm2/s)exp(20.4 eV/kT) Representative value, Ref. 48
DGI 3.8 eV– 9.9kT Ref. 3
DGV 4.2 eV– 3.7kT Ref. 3 with aboveDV

RAuSi 1 nm Order-of-magnitude estimate
NAuSi(x) Chosen to reproduce initial@Au,AuSi# RBS analysis
Rcav 10 nm Ref. 32
ncav 104 10-nm cavity with monolayer wall coverag
RAu-I 1 nm Order-of-magnitude estimate
RAu-V 1 nm Order-of-magnitude estimate
RI -V 1 nm Order-of-magnitude estimate
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Here theR are effective reaction radii,NAuSi is the number of
Au-Si precipitates per unit volume,NSi is the atomic density
of Si, ncav is the number of chemisorbed Au atoms per cav
whenu51, andAcav is the concentration of Au atoms boun
to cavities whenu51, expressed as atomic fraction. A
thoughRAuSi varies with changes in@Au, AuSi#, this effect is
inconsequential in the present context and is neglected
superficial difference in nomenclature from Refs. 45 and
is that the entropy-related prefactors of Boltzmann fact
have been incorporated into the temperature-dependent b
ing free energiesDG. In order to accommodate numeric
solution of this formalism, the above source terms were
tered as discussed elsewhere46 to produce slight rounding
wherever there is a discontinuity in a first derivative. T
method of numerical solution has been describ
elsewhere.45,47

Table II lists the values and sources of parameters
were not determined in the present study. The reaction r
are the least critical quantities. This is so because the ph
l-
uc

r,

ee

rla
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6
s
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ii

si-

cal system evolves during annealing with local ne
equilibrium among the reacting species at any given de
and the radii influence only the approach to that local eq
librium; as a result, even order-of-magnitude changes in
radii are found to be inconsequential for predicting obse
able properties. Hence, very rough estimates of these q
tities were deemed sufficient. It should also be noted that,
our experiments and also for others dealing with Au in Si
which we are aware, the experimentally measured prope
are determined predominantly by products of diffusion co
ficients with equilibrium concentrations of the mobile sp
cies, rather than by the values of the individual factors. A
result, for example,DI exp(2DGI /kT), DV exp(2DGV /kT),
and DAu,i exp(2DGAuSi /kT) are known much more accu
rately than their individual factors.~See, e.g., Ref. 1.! Con-
sequently, in assigning parameter values, we sought par
larly to be consistent with the best available information
the products. The choice forDAu,i was discussed in Sec. II B
-
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