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Diffusion and transient trapping of metals in silicon
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In this study, the transport of ion-implanted metals to cavities and subsequent metal dissolution have been
examined for short- and long-annealing times using Rutherford backscattering and channeling, transmission
electron microscopy, and neutron activation analysis. A band of nanocavities in Si is found to be a very
efficient sink for implanted Au and Cu during short-time annealing. In this case, the system appears to be in
pseudoequilibrium where the fraction of soluble metals is well below the expected solubility even when bulk
phase~silicide! is present. However, long-term annealing results in dissolution of metals and progression
towards thermal equilibrium solubilities. We suggest that the slow equilibration is a result of both the local
metal supersaturation and disorder resulting from implantation. The role of defects~particularly Si interstitials!
in both the transient and slow equilibration processes is discussed. For example, metal transport and trapping
at cavities are defect mediated processes and subsequent dissolution can also be defect limited.
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I. INTRODUCTION

With the reduction of device dimensions, there is a ne
to reduce concentrations of metals in Si to well below th
equilibrium solubilities at present processing temperatu
Metals inadvertently introduced during processing are
diffusers and can accumulate in active device regions, c
ing dramatically reduced device performance. Metals can
removed from active device regions by the introduction
so-called gettering layers, which are regions of preferen
accumulation of metals. It is crucial to understand t
mechanisms of metal gettering to such layers where
transport is largely influenced by the diffusivity and solub
ity values1 of different metals in Si. Most gettering pro
cesses, at equilibrium, are believed to take place through
of two main mechanisms.2 Relaxation-induced gettering re
quires a supersaturation of the metallic impurities in the b
of the wafer and favorable nucleation/precipitation sites
the gettering layer. Such a supersaturation is achieved du
cooldown as a result of the strong temperature dependen
the solubility limit of metals in Si, thus providing a stron
driving force for fast-diffusing metallic impurities to accu
mulate and locally precipitate at favorable trapping sites
the getter layer.2 Such a process requires that the cooling r
is sufficiently slow so as to facilitate long-range metal tra
port to the getter layer during cooling. In contra
segregation-induced gettering does not require a supersa
tion of metals in the wafer. In this case, gettering is due
enhanced solubility or new compound formation in the g
PRB 590163-1829/99/59~12!/7990~9!/$15.00
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tering layer, thus resulting in a new equilibrium partitionin
of metals in the bulk and the getter layer, which can dram
cally reduce the bulk concentration at all temperatures
equilibrium. Such a gettering mechanism is more suitable
the needs of the device industry, which is aiming at levels
metallic impurities ,1010cm23,3 far below the solubility
levels of metals in Si at processing temperatures of 60
950 °C.

The above gettering processes occur in thermodyna
equilibrium. It is debatable as to whether such mechanis
can still be valid in cases where the gettering layer has b
generated by ion implantation, thereby providing a local
persaturation of metal and a high concentration of defe
which together constitute a decidedly nonequilibrium situ
tion. If metals are introduced by ion implantation, even
implantation doses as low as 1013cm22, a substantial meta
supersaturation is obtained and considerable implanta
damage results. In such cases, the gettering process ca
deed be dominated by nonequilibrium processes with the
teraction of implantation-induced defects playing a domin
role.

Au is a case where the availability of defects plays
crucial role in diffusion and solubility even under equilib
rium situations. Au diffuses by continuously sampling su
stitutional (Aus) and interstitial (Aui) sites. Its substitutiona
solubility is much higher than its interstitial solubility. How
ever, there are two mechanisms proposed for Au transp
namely, the Frank-Turnbull mechanism4 and the kick-out
mechanism5–8 represented by Eqs.~1! and ~2!, respectively.
7990 ©1999 The American Physical Society
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TABLE I. Table comparing the substitutional and interstitial solubilities of different metals at diffe
temperatures quoted from Ref. 1.

Species Dose
~cm22!

Annealing
temperature
1 hr ~°C!

Amount of metal
gettered~cm22!

Corresponding concentration
of metals if equilibrated

throughout the wafer~cm23!

Solubility level
~cm23!

Au 831013 850 831013 1.631015 231015

Cu 631014 780 631014 1.231016 4.231016

Au 9.231014 950 931014 '50% above sol. limit 9.231015

Cu 2.231015 780 *1.931015 at sol. limit 4.231016

*at surface and cavities.
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Aus ~1!

Aus1Sii
Aui , ~2!

whereV and Sii represent vacancies and Si interstitials,
spectively. When Au is diffused into Si, it is known to e
hibit a characteristic U-shaped profile with high concent
tions of Au at both surfaces, which act as strong sinks fo
interstitials. The Au concentration in the middle of th
U-shape profile increases with the square root of time
characteristic that is best explained by the kick-out form
ism whereby the rate at which Au goes substitutional in
bulk of the wafer is limited by the slow removal of excess
interstitials. Thus, the equilibration of Au in Si is muc
slower than would be expected based on the product of~in-
terstitial! diffusivity and ~substitutional! solubility due to the
slow removal of Si interstitials from the bulk of the wafe
Further studies6–8 on Au diffusion in highly dislocated re
gions in Si clearly show that dislocated regions are a
strong sinks for Si interstitials and can give rise to W-shap
Au profiles. Those studies clearly show the influence
strong sinks on both the Au profile and the effective diff
sion rate. Cu diffusion is believed to be less complex
nature. The interstitial solubility of Cu is much higher tha
the substitutional solubility and because of its hig
interstitial diffusivity, Cu predominantly diffuses interst
tially and remains in interstitial sites: it does not requ
point defect interaction or defect removal for equilibration1

Consequently, such differences between Au and Cu sh
be important in understanding gettering mechanisms in
ion-implanted case where high concentrations of defects
present and the system is initially far from equilibrium.

This study aims at understanding the gettering behavio
ion-implanted metals to cavities in Si. Our results clea
indicate a complex gettering mechanism where metal-de
interactions seem to play a crucial role. Initially, essentia
all the implanted Cu and Au can be gettered to cavities
processing temperatures with the amount of metals in s
tion being extremely low. However, long-time annealing
sults in partial release of metal from cavities and the es
lishment of an apparent equilibrium situation. This lo
equilibration process appears to be limited~for both Au and
Cu! by nonequilibrium defect-mediated processes.

II. EXPERIMENT

In the various experiments, both Czochralski~Cz! and
float-zone~FZ! Si wafers of~100! orientation were used a
indicated below. However, the qualitative behavior of t
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initial transient gettering stage and the final equilibrati
process are the same, independent of whether FZ or Cz
fers are used. For some of the equilibration experime
some FZ wafers polished on both sides were used the
reducing the possibility of a competition with backside g
tering due to mechanical damage.

Si wafers were implanted with either~a! 50 keV or ~b!
100 keV H2 to a dose of 331016cm22 at room temperature
The damage generated by these two implants was pr
nealed at 850 °C for 1 hr to form a band of nanocavities
depths 0.6mm and 1.0mm, respectively.9 The depth of the
cavities was chosen carefully to allow quantitative analy
of the different metals at the cavities by Rutherford bac
scattering~RBS!. The Cu signal at depths greater than 0
mm is hidden by the Si edge when analyzed by a 2-MeV
beam with the detector at an angle of 168° from the direct
of incidence. The metals were introduced in the near surf
of the wafers by ion implantation, which allows the met
concentration to be adjusted with respect to the solubi
level of the respective metals in Si at the processing temp
ture. For instance, a 70-keV Cu implant to a dose of
31014cm22 and a 95-keV Au implant to a dose of
31013cm22 at room temperature were chosen for expe
ments requiring concentrations of metals throughout the
fers, which are below the respective solubilities at 780
and 850 °C~see Table I!. On the other hand, a Au dose o
131015cm22 would be an amount of Au well above th
amount expected to go into solution at 950 °C.

The anneals in this study were all performed under flo
ing Ar gas in conventional quartz tubes. The annealing te
peratures were chosen based on the diffusivity and o
properties of Cu and Au in Si. Consequently, for equilibr
tion experiments, annealing temperatures of 950 °C w
used for Au experiments. For Cu, long-annealing treatme
were carried out at 780 °C for 24 hr. In this case, the ann
ing temperature was not increased above 800 °C in orde
minimize any possibility of Cu evaporation.10 The samples
were usually removed from the hot zone of the furnace s
that the temperature dropped to below 500 °C in a few s
onds.

RBS was the main quantitative method of measuring
metal profiles and checking the implanted dose while cro
sectional transmission electron microscopy~XTEM! allowed
the characterization of the microstructure of the samp
With these techniques, low concentrations of soluble me
cannot be detected. As a result, neutron activation anal
~NAA ! was performed to determine the absolute amoun
metals present in the wafers and, together with appropr
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7992 PRB 59J. WONG-LEUNGet al.
etching techniques, allowed the measurement of the abso
amount of metals present in the bulk of the wafers. The N
measurements were carried out at the Kyoto University
actor. Samples~in this case, high-quality Fz wafers wer
used in order to keep the background counts low! were irra-
diated for 206 hr in the core irradiation facility with a nom
nal thermal neutron flux of 4.731013n/cm2 s. Gamma rays
from the irradiated samples were measured about 4 an
days after the end of irradiation by a pure Ge detector.
densities were calculated from a gamma-ray peak at 41
keV caused by the197Au(n,g) 198Au decay reaction. The
surfaces of samples, including the cavity layers, were etc
off by a mixture of HNO3 and HF, followed by an aqua regi
clean ~a mixture of HCl and HNO3!. Etched depths calcu
lated from weight loss were about 30mm. Gamma-ray yields
were measured before and after etching to determine the
cation of the Au.

In order to assess the effect of cavities on the equilibra
expected for the different metals and annealing conditio
appropriate control samples were prepared by perform
similar annealing treatments on plain Cz Si wafers subjec
similar metal implants.

III. EXPERIMENTAL RESULTS

Figure 1 shows the typical RBS profiles of Au in a Cz
wafer with preformed cavities and 831013Au cm22.
Clearly, a 2-hr anneal at 850 °C relocates almost all of
implanted Au to the cavity band with very little Au in solu
tion in the wafer. Our previous XTEM studies have show
that the cavities created under these conditions have an
ternal surface coverage close to 131014cm22.9 Hence, we
expect that a Au dose of 831013cm22 will decorate the
cavities at close to a monolayer coverage and is insuffic
to form Au precipitates at the cavities. The RBS profiles
Cu indicate a similar behavior. As shown in Fig. 2, in simil
samples with cavities and a Cu dose of 631014cm22, most
of the implanted Cu was driven to the cavities after a 1

FIG. 1. RBS-R spectra showing the distribution of Au i
samples containing H-induced defects preannealed at 850 °C
hr prior to a Au implant to a dose of 831013 Au cm22, ~s! as-
implanted and~n! annealed at 850 °C for 2 hr.
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anneal at 780 °C. This Cu dose is well above a monola
coverage on the cavity walls and results in bulk-phase p
cipitation at the cavities.9 In both the Au and Cu cases, th
total amount of metal measured by RBS is essentially
same after annealing as before with little apparently in so
tion. These two results clearly indicate that the amount
metals in solution in the wafers is well below their know
equilibrium solubilities in Si~e.g., Table I!, independent of
their widely different diffusivities.

A key question is whether equilibration of the metals h
been achieved in the cases discussed above or equilibr
is limited by metal-defect interactions and complex diffus
ity. Hence, longer annealing time experiments were
signed. Fz Si wafers polished on both sides were use
the equilibration experiments. For NAA measurements, h
grade Fz Si wafers of~100! orientation were implanted with
100-keV H and annealed at 850 °C for 1 hr to preform t
cavities. 95-keV Au was implanted into the wafers to
dose of 331013cm22. The samples were annealed at 950
for 1 hr to drive the Au to cavities. Long-annealing trea
ments were carried out at 950 °C for 24 hr on these and o
samples implanted with Au doses below 1014cm22. Typical
results are summarized in Fig. 3, the open circles in Fig
and in Table II. In Figs. 3~a!, 3~b!, and 3~c!, the peaks indi-
cated by arrows are gamma-ray emissions arising from
activation of Au. After annealing at 850 °C for 1 hr, accor
ing to the RBS results~Fig. 1!, the implanted Au is relocated
to the cavities without significant ‘‘loss’’ of Au. An etch o
the near surface region should remove most of the implan
Au. In the NAA spectra, Fig. 3~b!, the peaks correspondin
to Au were lowered by more than an order of magnitu
compared to the as-implanted spectrum, showing that m
of the Au is at the cavities, with very little Au in solution in
the wafer after the 1-hr anneal at 850 °C. This is in agr
ment with the RBS results previously discussed and sho
in Fig. 1 and with the cavity sample in the lower part of Fi
4. Note that the as-implanted Au doses in Fig. 4 measured
RBS are not exactly the same for samples with cavities
samples without cavities. However, the trends for annea

r 1
FIG. 2. RBS-R spectra showing the distribution of Cu i

samples containing H-induced defects preannealed at 850 °C f
hr prior to a Cu implant to a dose of 731014 cm22, ~s! as-
implanted and~n! annealed at 780 °C for 1 hr.
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samples are clear. The results for the control sample~without
cavities! also show that a short anneal results in most of
Au being retained in the implanted damage region, w
again only a small amount of Au in solution. However, af
the samples were annealed for 24 hr at 950 °C, the R
analysis showed no Au peaks at the cavities or at the sur
for samples both with and without cavities, as shown in F
4 where the Au concentration is below the detection lim

FIG. 3. Neutron activation analysis spectra from samples c
taining cavities and 331013 Au cm22: ~a! as-implanted,~b! after
1-hr anneal at 850 °C and etched by HNO3 /HF solution and aqua
regia, ~c! 1 hr at 850 °C, 24-hr anneal at 950 °C and etched
HNO3 /HF solution and aqua regia.

FIG. 4. Graph showing the amount of Au detected by RBS
samples with and without cavities after different annealing tre
ments: at surface for samples without cavities, at cavities and
face for samples with cavities.
e
h
r
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('1013cm22). However, the NAA spectrum of low-dos
samples confirmed that all the implanted Au remained in
sample after the long anneal, with no evidence for Au eva
ration. The quantitative NAA results are summarized
Table II. After a short anneal, essentially all the implant
Au is trapped at cavities or the surface but after a long
neal, the Au is released into solution throughout the bulk

It is interesting to examine the behavior for high-dose A
which exceeds the solubility limit when distributed throug
out the wafer. With a Au implant dose close to
31015cm22, a 1-hr anneal at 850 °C results in the relocati
of most of the implanted Au from the surface to the cavit
as shown in the RBS spectra in Fig. 5. Figure 4~filled sym-
bols! shows that short-time annealing of samples with a
without cavities results in the accumulation of essentially
the Au at cavities or within implant damage, respective
Previous XTEM investigation of samples with similar co
erage of Au at the cavities after a 1-hr anneal at 850
showed the decoration of the internal surfaces of w
faceted cavities with the nucleation of Au precipitates at
cavity band.11 A typical micrograph of this sample is illus
trated in Fig. 6~a!. However, after the sample with cavities
subjected to a long, high-temperature annealing treatm
we observe a substantial decrease in the amount of Au a
cavities, as shown in Figs. 4 and 5. It is interesting to n
that the decrease in the amount of Au, if distributed throu
out the wafer, corresponds to a concentration (
31015cm23) close to the solid solubility limit of Au in crys-
talline Si at 950 °C (9.231015cm23).1 Although, RBS can-
not detect such a low concentration of Au in bulk Si o
anneal conditions are consistent with those previously us12

to achieve a uniform Au distribution throughout a Si waf
up to the solid solubility limit. XTEM examination of the
Au sample with cavities after the long anneal@Fig. 6~b!#
revealed a dramatic evolution of the microstructure. Prior
the long anneal, few strain fields and dislocations were
served close to the depth of the cavity band@Fig. 6~a!#. After
the long anneal, empty cavities are not observed and the
precipitates have grown larger at the expense of the sm
ones. In some parts of the sample, the precipitates appe
have migrated closer to the surface thus extending its di
bution over a much larger distance. In such cases, the
cipitates were often pinned to well-defined, long dislocati
lines. XTEM observations indicate that such cases do
dominate the microstructure of the sample and this is
agreement with the RBS spectrum in Fig. 5, where the p
tions of the Au profile at the cavities before and after t
long-annealing treatment are identical. Also shown in Fig
~filled circles! is the case of long-time annealing of a samp
without cavities. In this case, little Au goes into the soluti
but a dramatic Au-enhanced oxidation of the surface~to a
depth of around 1000 Å! was observed despite the fact th
the samples were annealed in Ar. This enhanced oxida
has been reported previously13 and this process appears
inhibit the dissolution of Au. No oxidation was observed
samples with cavities and little Au was retained at the s
face.

With reference to the low-dose Cu~below the solid solu-
bility level! we can also track the behavior of implanted C
during short- and long-annealing times at 780 °C. The res
are summarized in Fig. 7~open symbols! for a Cu dose of

-
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t-
r-
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TABLE II. Summary of the amounts of Au detected by NAA in the different samples.

Sample

Before etching After etching

Areal density
~Au/cm2!

Concentration
~Au/cm3!

Areal density
~Au/cm2!

Concentration
~Au/cm3!

Short annealing 4.83 1013 1.3 3 1015 5.4 3 1011 1.7 3 1013

~60.88 3 1013! ~60.16 3 1015! ~61.0 3 1011! ~60.23 3 1013!

Long annealing 4.83 1013 1.3 3 1015 3.9 3 1013 1.2 3 1015

~60.88 3 1013! ~60.17 3 1015! ~60.72 3 1013! ~60.16 3 1015!
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3.431014cm22 into samples with and without cavities. Du
ing the short-time~1-hr! anneal, all of the Cu is trapped a
cavities, or in the implant damage region for the sam
without cavities. In the latter case, a small amount~'10%!
of Cu may be in solution but, in the case of the cav
sample, all the Cu is located at cavities. However, afte
subsequent anneal for 24 hr at 780 °C, Cu has clearly
solved. In the case of the sample without cavities, essent
all Cu is now in solution~within the detection limit of RBS!
whereas the sample with cavities has 231014Cu cm22 still
residing at the cavities despite the fact that the amount of
in solution is still well below the solubility limit. Possible
explanations for this behavior are given in Sec. IV.

In the case of high-dose Cu~above the solubility limit!,
RBS analysis as shown in Fig. 8 showed that more than 9
of the implanted Cu either diffused to the cavities or w
retained at the surface after the first anneal. XTEM exa
nation in Fig. 9~a! indicates the presence of bulk-phase Cu
the cavities, as shown by the moire´ fringes, consistent with
our previous reports.9 Figure 7 summarizes the high-dose C
behavior for two Cu doses above 1015cm22 into a sample
with cavities and one without. In the case of the sam
without cavities almost 30% of the Cu appears to go i
solution during 1 hr at 780 °C with the remainder trapp

FIG. 5. RBS-R spectra showing the Au profile in samples a
implanted with H and Au (131015 cm22) ~s!, then annealed a
850 °C for 1 hr~n! and finally reannealed at 950 °C for 48 hr~j!,
respectively.
e

a
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lly

u

%
s
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t

e
o

within the implant damage region. RBS analysis of t
samples subjected to the long-annealing treatment~see Figs.
7 and 8! indicates a loss in the amount of Cu located at
cavities. Again, the decrease in the amount of Cu at the c
ties detected from RBS is consistent with the solubility v
ues of Cu at 780 °C. The amount of Cu undetected by R
if distributed uniformly throughout the whole wafer, corre
sponds to a concentration (2.531016cm23) close to the solu-
bility value of Cu at 780 °C (4.231016cm23). This is a very
surprising result since one would expect, from the kno
diffusivity and solubility values of Cu at 780 °C,1 that Cu
would equilibrate throughout the bulk of the wafer within 2
s. Thus, Cu should have equilibrated during the short~1 hr!
anneal at 780 °C. In contrast to the Au case, XTEM exa
nation@see Fig. 9~b!# indicated that the microstructure of th

FIG. 6. XTEM micrograph of Si implanted with H and Au (1
31015 cm22) ~a! after 1-hr anneal at 850 °C and~b! a further 48-hr
anneal at 950 °C.
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sample changed very little during the long-annealing tre
ment, i.e., the size and the density of cavities, the size
bulk-phase Cu precipitates did not change. This is proba
due to the fact that in the Cu case the long-annealing tr
ment was performed at the same temperature as the in
anneal to drive Cu to the cavities. The size and shape of
cavities induced by He implantation has been previou
shown to be largely dependent on the anneal
temperature,14 with the equilibrium shape being reached af
1 hr annealing.

IV. DISCUSSION

One of the most interesting~and surprising! results in this
study is the initial accumulation, during short-time anne

FIG. 7. Graph showing the amount of Cu detected by RBS
samples with and without cavities after different annealing tre
ments: at surface for samples without cavities, at cavities and
face for samples with cavities. The measured as-implanted Cu d
are not the same for samples with cavities and those without c
ties.

FIG. 8. RBS-R spectra showing the distribution of Cu i
samples implanted with both H and Cu,~s! as-implanted,~n! an-
nealed at 780 °C for 1 hr,~j! annealed at 780 °C for 1 hr an
reannealed at 780 °C for 24 hr.
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ing, of essentially all the Au and Cu to either implantatio
damage or to a cavity band. During this process, only a sm
fraction of the metals appear to be in solution at the ann
ing temperature. As indicated earlier, this might be expec
for Au, which requires long-annealing times and the remo
of excess Si interstitials before uniform substitutional so
bility can be attained.1 However, for Cu, a 1-hr anneal a
780 °C might be expected under equilibrium conditions,
result in Cu dissolution up to its solubility limit. Our obse
vations indicate that such Cu dissolution does not occur
the following reasons. First, if we assume that Cu dissol
up to its equilibrium solubility limit at the annealing tem
perature, based on literature solubilities and diffusivities
Cu in Si between 500 °C and 800 °C, we would expect l
than about 531013Cu cm22 to accumulate at cavities from
relaxation gettering during our relatively rapid quench~N.B.
This calculation is based on our quenching rate being abl
cool this sample to below 500 °C in a few seconds!. How-
ever, we observe essentially all of the implanted Cu eithe
the surface or cavities following annealing. Second, we
equivocally demonstrated previously, by hot RBS measu
ments, that implanted Cu accumulates at cavities during
nealing. Consequently, our short-time annealing res
indicate that the implant~near surface! damage and a cavity
band are initially strong sinks for diffusing metals, with littl
tendency for metals to dissolve. In this situation, Si conta
ing surface damage or a band of cavities can be consid

n
t-
r-
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FIG. 9. XTEM micrograph of Si implanted with H and C
(2.231015 cm22) ~a! after 1-hr anneal at 780 °C and~b! a further
24-hr anneal at 780 °C.
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7996 PRB 59J. WONG-LEUNGet al.
far from thermodynamic equilibrium. The system appears
achieve a ‘‘pseudoequilibrium’’ with very low Cu solubility
in competition with strong sinks for diffusing interstitials an
even bulk~silicide! phase if the overall metal concentratio
is sufficiently high. In this metastable state, with implan
tion damage and cavities, a new pseudoequilibrium partiti
ing may result.

For the short-time anneals, the comparison between
results for samples with and without cavities is interesti
We note that the introduction of metals by ion implantati
leads to a local, very large supersaturation of metal withi
heavily damaged region. There is thus a strong driving fo
for local precipitation during annealing in competition wi
diffusion away from the implanted region. Without cavitie
we find that the metal atoms are totally trapped within
implant damage region even in high-dose cases where
phase is observed. However, when a cavity band is pres
essentially all of the metals are transported to cavities wh
bulk phase is again observed for sufficiently high dos
Therefore, there is a competition between trapping and b
phase formation of metals at surface damage and at cav
In the ‘‘pseudoequilibrium,’’ metastable situation achiev
during short-time annealing, a balance~or new partitioning!
exists between the fractions of metals in bulk phase, trap
at appropriate sites and a small amount in solution. Thus
the presence of strong sinks, the fraction of soluble m
~both Au and Cu! can be well below the thermodynam
equilibrium value as illustrated in Fig. 10.

In terms of the long-time annealing behavior where b
Au and Cu appear to dissolve into solution, let us consi
the Au case first. According to the diffusivity and solubili
values of interstitial Au at 850 °C, the diffusion length of A
for 2 hr at 850 °C is'1750 mm ~the case for Fig. 1! and
about 5 hr is required to redistribute 831013Au cm22 from
the surface to the back of the wafer. However, previo
data12 in the Au-Si system have shown that annealing tre
ments at 950 °C for more than 20 hr are required to at
uniform solubility of Au through the wafer. Such slow
equilibration behavior has previously been attributed to
complex diffusion process for Au in Si, where the effecti
diffusivity is quite low5,12 and determined by the remova
rate of Si interstitials.

Thus, the slow equilibration of Au is likely to be a resu
of the complex diffusion of Au and the conversion of A
from interstitial sites into substitutional sites. However, t
oxidation of the internal surfaces of the cavities is equa
likely to be another factor affecting the release of Au fro
the cavity band. Gaoet al.15 recently reported the oxidatio
of the internal surfaces of cavities after a two step ann
with the final one at high temperature~'1180 °C! under a N
ambient. The presence of a thin shell of amorphous ox
was attributed to internal oxidation resulting from the pre
ence of oxygen in Cz wafers. Such an oxide has not b
characterized in our samples and the relative contribution
different processes to Au dissolution are currently un
study. However, we note that, in our case, the dissolution
Au from cavities was observed both in Cz and Fz Si waf
where the concentration of O differs by two orders of ma
nitude. Thus, although internal oxidation may play some r
in the slow dissolution process, it is unlikely to be the p
mary reason. In this context, it is interesting to compare
o
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long-time annealing behavior of high- and low-dose A
cases.

The evolution of the microstructure of the high-dose A
sample during the long anneal involves a reduction in
number of ‘‘empty’’ cavities in favor of Au~or Au-Si eutec-
tic! precipitates. Also, there is a growth in the size and
local migration of some of the Au precipitates. In this latt
case, molten Au precipitates and their possible zone mig
tion might have arisen as a result of the high-temperat
gradients in the sample created during the heating-up
cool-down stages. Indeed, the movement of such molten
cipitates has previously been observed16 to leave tracks deco
rated with Au. The Ostwald ripening process contributes
growth of Au precipitates and is a process known to resul
a reduction in the free energy of the system.

In the low-dose Au case, Au does not form bulk pha
and decorates the internal surfaces of the cavities. In
situation, it is harder to explain why the Au dissolves fro
the cavities if strong Au-Si binding17 at cavity walls persists
following long-time annealing. However, Fig. 6 suggests th
Au-decorated~‘‘empty’’ ! cavities may not survive a long
anneal at 950 °C. This possibility and/or the passivation
the internal surfaces of the cavities at 950 °C might expl
the eventual dissolution of low-dose Au from cavity wall
Further experiments need to be done to clarify this situati

Although the complex, defect-mediated diffusion of A
might account for the slow equilibration of Au, such a reas
cannot account for similar behavior for Cu in Si. Simp
calculations using the product of the diffusivity and th
solubility values of interstitial Cu at 780 °C indicate th
631014cm22 of Cu can be transported from the surface to
depth of 0.5mm within 0.02 s and to the back of the wafe
within 15 s. Thus, one would expect Cu to equilibrate~under
thermodynamic equilibrium conditions! after such an anneal
ing treatment. Yet, for all doses of Cu in this study, w
observe very little Cu in solution after a 1 hr anneal at
780 °C: like the case of Au, the Cu is either trapped at
surface implant damage or at the cavities. Furthermore, C
observed to form bulk phase~at cavities! and it is therefore
all the more surprising that the Cu is slow to dissolve. Aga
we can argue that a new ‘‘pseudoequilibrium’’ partitioning
established between concentrations of Cu trapped at diso
and on cavity walls, in bulk phase and in solution. In su
cases, the Cu solubility, in competition with Cu trapped~at
cavities and disorder!, is orders of magnitude lower than th
solubility at thermal equilibrium. However, after longer-tim
annealing, Cu does dissolve and the system appears to m
towards thermodynamic equilibrium. Why does this happe

In attempting to explain the slow dissolution of Cu, w
note that in all cases in this study we have both bulk ph
Cu and Cu trapped at disorder~and cavity walls! after short-
time annealing. Indeed, the tendency for a supersaturate
implant dose to precipitate as Cu3Si is strong during anneal
ing. Hence, there is a competition between silicide format
and Cu diffusion away from the high implant region durin
the initial stages of annealing. Once a silicide forms dur
this transient process, it must dissolve for Cu to diffu
However, as pointed out in Ref. 18, an excess of Si inter
tials will help the dissolution of Cu3Si as the formation of
Cu3Si is accompanied by emission of Si interstitials. Inde
we have previously shown that the silicide formation proc
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can inhibit the extent of Cu diffusion and gettering
cavities.19 The fact that the cavities are strong sinks for
interstitials will favor the silicide reaction rather than its di
solution. Thus, the slow equilibration of Cu may indeed b
result of the slow dissolution of Cu from silicide in cavitie
and/or in surface damage and the key role of Si interstit
in this process. The fact that Ostwald ripening does not oc
for Cu-filled cavities, is presumably a result of the low
annealing temperature compared with the Au case. In a
tion, Cu trapped at disorder may be stable only as long as
disorder persists. Long-annealing times at 780 °C may be
the annealing out of disorder and the corresponding gen
tion of Si interstitials may lead to the slow dissolution
Cu3Si. Thus, we suggest that the slow equilibration of Cu
dominated by disorder and the role of defects in trapping
dissolution processes. The time taken for the system
achieve thermal equilibrium is determined by the operat
rate-limiting defect interaction process.

At 780 °C, the residual Cu left at cavities following long
time annealing is about 231014cm22 ~Fig. 7!. This may sug-
gest that this amount of Cu remains strongly bound to ca
ties and has little tendency to dissolve. Indeed, Mye
Follstaedt, and Bishop20 have indicated that the driving forc
for the diffusion of Cu to cavities is the strong bonding sit
provided by the internal walls of the cavities. In such a ca
we might expect the Cu to accumulate to about 1 monola
or roughly equivalent to the number of Si atoms occupy
the internal surfaces of cavities. Previously, we have es
lished the density of Si atoms on the cavity walls to
around 131014cm22 of sample for our 850 °C preanne
conditions. It is possible that long-time annealing cause
stable Cu-Si surface structure at the internal cavity w
which contains more than a monolayer of Cu. Alternative
Cu may have accumulated at the cavities during quench
and may explain the amount of Cu accumulated in exces
the monolayer coverage at strong bonding sites at the in
nal cavity walls. We reiterate that the morphology of t
cavities does not appear to change after long-time annea
~e.g., see Fig. 9!.

Finally, Fig. 10 summarizes the various stages in
progress towards thermodynamic equilibrium of a syst
consisting of an implanted metal source in close proximity
disorder or cavities, which provide strong interstitial sink
The implanted metals are initially supersaturated within
highly disordered region of Si~solid curve in Fig. 10!. In the
first ~transient! stage for short-time annealing, the metals a
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rapidly redistributed~through rapid interstitial diffusion! to
the disorder or strong sinks presented by a cavity band w
out appreciably dissolving into the bulk~dashed curve in Fig.
10!. In such cases, we suggest a pseudoequilibrium in wh
the amount of metals in solution in these wafers is well b
low the level expected for thermodynamic equilibrium in t
absence of disorder or cavities. However, the release of
metals from disorder or cavities can be limited by vario
processes such as strong trapping of metals to defects
cavity walls, the stability of defects and the availability of
interstitials to mediate transport and/or dissolution of me
silicides. As a result of such metal-atom defect interactio
the system may be slow to reach thermal equilibrium~dotted
curve! even for very fast interstitial diffusers such as C
This slow equilibration may mean that the system never
tains thermodynamic equilibrium under normal Si process
times.

In conclusion, a high-implanted concentration of Cu a
Au can be relocated from the near surface to a band of na
cavities during annealing with concentrations of metallic i
purities in the bulk of the wafer far below the equilibrium
solubility levels. This~transient! gettering process, despit
appearing to be metastable, may be useful in removing m
impurities from active device regions when the anneal
time is insufficient to achieve thermodynamic equilibrium
For longer annealing times at appropriate temperatures,
system slowly progresses towards equilibrium determined
the thermodynamics of the system.

FIG. 10. Schematic summarizing the sequence of events in
gettering of implanted metals to cavities.
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