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Au-hyperdoped Si produced by ion implantation and pulsed laser melting exhibits sub-band gap
absorption in the near infra-red, a property that is interesting for Si-photonics. However, the sub-
band gap absorption has previously been shown to be thermally metastable. In this work, we study
the atomistic processes that occur during the thermal relaxation of Au-hyperdoped Si. We show
that the first step in thermal relaxation is the release of substitutional Au from lattice sites. This
process is characterised by an activation energy of around 1.6 eV, a value similar to that associated
with Au diffusion in Si, suggesting that both processes could be rate limited by the exchange of
substitutional and interstitial Au atoms. As the system further relaxes, Au is found to locally
diffuse and become trapped at nearby lattice defects, notably vacancies and vacancy complexes. In
fact, DFT results suggest that the formation of Au dimers is energetically favourable after the Au
becomes locally trapped. The dimers could subsequently evolve into trimers, etc., as other diffusing
Au atoms become trapped at the dimer. At low Au concentrations, this clustering process does
not form visible precipitation after annealing at 750 oC for 3 minutes. In contrast, spherical Au
precipitates are found in samples with higher Au concentrations (> 0.14 at. %), where the Au atoms
and the associated lattice defect distributions are laterally inhomogeneous.

I. INTRODUCTION

Single crystalline Si containing impurities at non-
equilibrium concentrations (orders of magnitude higher
than the equilibrium solid solubility limit) can be pro-
duced by ion implantation followed by pulsed laser melt-
ing (PLM) [1–3]. The ion-implanted Si layer melts during
the nanosecond laser pulse and, on cooling, rapidly reso-
lidifies into a single-crystalline structure while kinetically
trapping the impurities inside [4, 5]. The high impurity
concentrations in hyperdoped Si lead to unusual opto-
electronic properties that are of wide interest. With con-
ventional dopants such as B, P, As, and Sb, the ultra-
heavily-doped layers give rise to correspondingly high
electrical activity [6, 7]. When impurities such as chalco-

∗ wenjie.yang@anu.edu.au

gens and suitable transition metals are used to hyperdope
Si, the discrete sub-band gap levels that they introduce
extend into an intermediate band, enabling room tem-
perature sub-band gap photoresponse at near- to mid-IR
wavelengths [8–10], a behaviour which is significant for
Si-photonics [11, 12]. Novel behaviours have also been
demonstrated in hyperdoped Si nanostructures such as
nanocrystals and nanowires [13, 14].

Given the highly non-equilibrium impurity concentra-
tions achieved, the metastability of hyperdoped Si un-
der subsequent thermal annealing is hardly surprising.
During thermal annealing, Si hyperdoped with As, for
example, has been shown to form electrically-inactive
clusters and As-vacancy complexes (that appear substi-
tutional in the Si lattice) which then evolve into precipi-
tates [15, 16]. A similar behaviour has also been observed
with Sb-hyperdoped Si and As-hyperdoped Ge [17–19].
In Si hyperdoped with chalcogens (S, Se and Te), a de-
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crease in sub-band gap absorption after thermal anneal-
ing has been observed, with thermally-activated forma-
tion of electrically inactive dopant configurations being
identified as a relevant mechanism in the deactivation
process [20, 21]. In addition, kinetically-limited processes
have also been shown to contribute to the deactivation
of the sub-band gap optical absorption [22]. Such pro-
cesses are characterised by a lack of long-range impurity
diffusion, short range trapping and possible precipitation
[20, 21, 23], and have been hypothesised to give rise to
chemical states that are optically inactive [21].

With energy levels deeper in the band gap of Si
than chalcogens, transition metals have also gained
considerable interest as candidates for hyperdoping Si.
For instance, a near-IR photodetector fabricated from
Au-hyperdoped Si has already been demonstrated [9].
Clearly, further device development necessitates an un-
derstanding of the subsequent thermal stability of the hy-
perdoped material, especially since the formation of con-
tacts and other device structures, such as anti-reflective
coatings, require elevated temperature processing follow-
ing PLM. Although the annealing behaviour of Si hy-
perdoped with conventional dopants and chalcogens is
relatively well-studied, similar studies on Si hyperdoped
with transition metals remain limited to Ti [24] and Au
[25]. Studies on Ti hyperdoped Si have only focused on
the changes in electrical properties after annealing and
no structural characterisation has been attempted. How-
ever, it is worth noting that the formation of Ti-silicide
has been hypothesized to be responsible for the changes
in electrical behaviour [24]. In Au hyperdoped Si, we
have previously reported an annealing-induced decrease
in sub-band gap absorption that can be correlated with
a reduction in Au substitutionality, as Au was found to
move off lattice sites during annealing [25]. Neverthe-
less, the details of this process were not investigated and
the study focussed only on samples with a high Au con-
centration (> 1 at. %). Furthermore, the atomistic be-
haviour of the supersaturated Au atoms during thermal
annealing was not specifically examined. To this end, the
current paper aims to provide the first systematic study
of the behaviour of Au during the thermal relaxation of
hyperdoped Si. Because Au is a well-studied impurity in
Si at least at equilibrium concentrations, there is a well-
established framework for understanding its behaviour in
hyperdoped Si. In particular, we show that the first step
in this multi-step process is controlled by the same ac-
tivation energy for all Au concentrations studied, and is
also similar to that previously found for the diffusion of
Au in Si.

In this work, Au-hyperdoped Si produced by ion im-
plantation and PLM is subjected to isochronal rapid ther-
mal annealing (RTA). We have chosen to use RTA to
carry-out this study because the fast ramping rates as-
sociated with RTA compared with furnace annealing will
result in less Au diffusion during ramping. This is not
only more industrially relevant (it is desirable to retain
the high Au concentrations during post-PLM processes)

but will also allow us to study the thermal behaviour
more accurately. The change in Au distribution and
atom location at different temperatures is monitored by
Rutherford backscattering spectrometry combined with
channelling (RBS/C) and the structural changes are
examined by cross-sectional transmission electron mi-
croscopy (XTEM) for selected samples. We examine the
role of Au diffusion and trapping in the thermal relax-
ation process and explore the possibility of Au dimeriza-
tion during the thermal relaxation by comparing exper-
imental results with first-principles calculations by den-
sity functional theory (DFT) published previously in Ref.
[26], to which the reader is referred for a more compre-
hensive analysis of the DFT data. In addition, we ex-
plore whether the relaxation behaviour depends on the
Au-concentration. This is especially relevant as two dis-
tinct Au concentration regimes were previously identified
for Au in hyperdoped Si formed by rapid solidification: a
homogeneous regime at low Au concentrations where the
Au distribution is laterally uniform, and an inhomoge-
neous regime at high Au concentrations (>∼ 0.2 at. %)
where Au-rich filaments are observed [25].

II. EXPERIMENTAL METHODS

Samples were prepared by implanting various doses of
Au+ into (100) oriented n-type Si wafers (double-side pol-
ished, phosphorus-doped, resistivity 1-10 Ω-cm) at ener-
gies ranging from 50 keV to 300 keV at liquid nitrogen
temperature in vacuum. Two samples (implanted at 200
keV and 300 keV) are analysed in detail in this paper,
as the Au concentrations achieved in these samples are
representative of the homogeneous and inhomogeneous
cases, respectively. The implanted samples were subse-
quently melted by a single laser pulse from a Nd:YAG
laser. The sample that received a 200 keV implant with
a Au dose of 1 × 1015 cm−2 has a peak sub-surface Au
concentration of 0.14 at.% (as measured by RBS/C); this
sample is described as the low-concentration sample in
our analysis below. The sample that received a 300 keV
implant with a Au dose of 6 × 1015 cm−2 has a peak sub-
surface Au concentration of 1.4 at.% and is described as
the high-concentration sample. Detailed description of
the ion implantation and PLM conditions can be found
in Ref. [25].

Rapid thermal annealing (RTA) was performed in a
flowing Ar ambient using a JetFirst RTA furnace. The
temperature profiles were recorded by a thermocouple
attached to the back of a virgin Si wafer onto which the
samples were placed. The nominal annealing tempera-
ture was varied between 350◦C and 850◦C, and the an-
nealing duration was kept constant at 3 minutes. RBS
and channelling measurements were performed using 2
MeV He+ with the RBS system at ANU. A glanc-
ing angle detector situated 78◦ from the sample sur-
face normal was used for optimum depth resolution[27].
TEM was performed using a JEOL 2100F microscope on
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cross-sectional samples prepared using conventional ion-
polishing.

III. RESULTS AND DISCUSSION

A. Change in Au profile

Figure 1 (a) and (b) show the Au distribution (ob-
tained from RBS) as a function of annealing temperature
for low- and high-concentration samples, respectively.
For annealing temperatures up to 750◦C, the Au distribu-
tion in the low-concentration sample remains unchanged.
While the Au distribution of the high-concentration sam-
ple also shows no obvious change for annealing tempera-
tures at or below 550◦C (shown in Fig. 1 (b) inset), the
sharp concentration peak at ∼120 nm below the surface
begins to flatten and shift toward the surface at temper-
atures above 550◦C, indicating outward Au migration in
the top 120 nm of the sample. At the highest annealing
temperature studied (850◦C), the peak Au concentration
drops to ∼0.9 at. % and the profile is flattened in the
top ∼65-120 nm. XTEM of both samples is shown above
the respective RBS spectrum. Consistent with previous
reports on samples fabricated under similar conditions
[25], no visible defects are observed in the low concentra-
tion sample while filamentary features are observed in the
high concentration case. Note that the surface Au con-
tent decreased marginally with annealing temperature in
both cases, presumably because some Au have evapo-
rated during the annealing process, a behaviour which
has been observed before [28].

The Au concentration in the hyperdoped layer exceeds
the equilibrium solubility by orders of magnitude, even
in the low-concentration case. Therefore, at the anneal-
ing temperatures studied here, the supersaturated Au is
expected to relax toward equilibrium by thermally dif-
fusing down the concentration gradient at or below the
equilibrium solubility limit into the Au-free Si bulk, and
to precipitate at favourable sites [29], as will be discussed
in more detail later. This would cause a change in the
Au profile, which is in fact only observed for the high-
concentration sample, as shown in Fig. 1 (b). Thus, the
lack of change in the Au profiles for the low-concentration
sample [Fig. 1 (a)] is rather surprising. As such, we next
investigated the change in the lattice position of the Au
atoms by RBS/C.

B. Change in Au lattice position

The change in Au substitutionality can be deduced
from RBS/C spectra as a function of annealing temper-
ature. Here, the Au substitutionality is calculated by
comparing the Au backscatter yield from a direction that
is aligned with a crystallographic axis (‘channelled’) and
a random direction (‘random’) [30]. Figure 2 (a) and
(b) compare the backscattering spectra (one taken from

(a) (b)

FIG. 1. (a) Change in the Au concentration profile for (a)
the low concentration sample and (b) the high concentration
sample after various isochronal anneals, as measured by RBS,
plotted against the XTEM of the corresponding as-PLM sam-
ples (before annealing) with the same depth scale; inset shows
that the Au concentration profiles virtually overlapped for an-
nealing temperatures below 550◦C. The scale bars drawn on
the XTEM images are 50 nm.

a random direction and one taken from the channeled
direction) of both the low concentration and the high
concentration sample obtained before and after a 750◦C
anneal for 3 minutes.

Both samples exhibit a drastic decrease in Au sub-
stitutionality after annealing. However, examination of
these samples by XTEM, as shown in Fig. 2 (c) and (d),
reveals that the loss of Au substitutionality leads to ob-
servable Au-precipitation in the high-concentration sam-
ple but not in the low-concentration sample. In fact, the
XTEM of the low-concentration sample after annealing
[Fig. 2 (c)] appears to be identical to that taken before
annealing [Fig. 1 (a)], with no signs of Au-clustering
or precipitation to the resolution of XTEM. As we shall
demonstrate later, the apparent difference in the precip-
itation behaviour between the two samples is related to
the trapping of Au atoms to local sinks.

C. The thermal relaxation process

The mechanism by which the Au substitutionality de-
creases is further investigated by monitoring of the rate
of substitutionality loss as a function of annealing tem-
perature. Before RTA and excluding the segregated Au
on the surface, the average substitutional Au fractions
(XPLM ) within the hyperdoped layer are 87% and 50%
for the low- and high-concentration samples, respectively.
This result is consistent with substitutionality values ob-
tained previously for similar Au concentrations [25], al-
though the measured substitutional fraction for the high
concentration sample may be lower than the actual value
due to lattice disorder (strain) around the inhomogeneous
Au filaments. In both samples, this Au substitutionality
remains roughly unchanged for annealing temperatures
lower than 400◦C. At higher temperatures, the Au sub-
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(a) (c)

(c) (d)

FIG. 2. (a) The random (R) and channelled (C) RBS/C
spectra for the low concentration sample, before and after
RTA at 750◦C for 3 minutes. The inset is a magnified view of
the Au region of the spectra from channel 200 to 320; (b) The
random (R) and channelled (C) RBS/C spectra for the high
concentration sample, before and after RTA under the same
conditions as (a); and XTEM taken after RTA at 750◦C for 3
minutes on (c) the low concentration sample and (d) the high
concentration sample.

stitutionality decreases monotonically with the annealing
temperature. Although not shown here, we observed the
same qualitative behaviour for a range of Au-hyperdoped
samples with implant energies ranging from 50 keV to 300
keV, and doses ranging from 7 ×1014 cm−2 to 6 ×1015

cm−2.
To quantify the change of substitutional Au loss, we

normalise the change in Au substitutionality, 4X, to the
substitutionality of the sample measured directly after
PLM (i.e. no subsequent annealing) using

4X =
XPLM −X(T )

XPLM
, (1)

where XPLM is the substitutional Au fraction in the
pulsed laser melted sample (no anneal) and X(T ) is that
after subsequent annealing at temperature T .

In Fig. 3, the natural log of 4X
t (i.e. average rate

of substitutionality loss) is plotted against 1
T for both

samples. For the linear regions on the right (annealing
temperature < 500◦C), the average rate at which the
Au substitutionality decreases can be described by the
Arrhenius equation,

FIG. 3. Arrhenius plot of the loss of substitutionality for
both low and high Au concentrations. Linear fits are obtained
by total least square fitting using the York error-in-variable
model[31] for T<500◦.

4X
t

= Ae
Ea
kT , (2)

where t is the annealing duration, A is a rate constant,
Ea is the activation energy for the process and k is the
Boltzmann constant. In Fig. 3, an annealing duration
t = 180 s is used for all annealing temperatures and we
assume that the rate of substitutionality loss is constant
during this time[32]. Thus, the activation energy for the
loss in Au substitutionality is reasonably approximated
by the slope of the straight line, where activation energies
of Ea = 1.6 ± 0.1 eV and 1.7 ± 0.2 eV can be extracted
from the data for the low and high concentration samples,
respectively. The activation energy extracted from sam-
ples with other Au concentrations, as tabulated in Table
I, is also found to be consistent within experimental error.
Thus, the process that is characterised by this activation
energy for the initial change in Au substitutionality ap-
pears to be the same for all Au concentrations studied
here. At annealing temperatures above 500◦C, the curves
shown in Fig. 3 become non-linear and can no longer be
characterised by the same activation energy. This sug-
gests that additional, thermally-activated processes are
occurring concurrently with the loss of substitutionality
in this temperature regime (T > 500◦C).

It is interesting to note that the activation energy ex- tracted for the loss of substitutional Au in hyperdoped
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TABLE I. Activation energies (Ea) extracted from various Au hyperdoped samples after a 3 minute isochronal rapid ther-
mal anneal at annealing temperatures <450◦C. [Au]P is the peak sub-surface Au concentration, XPLM is the sub-surface
substitutional Au fraction.

Implant energy
Dose

(cm−2)
[Au]P
(at.%)

XPLM Inhomogeneous? Ea (eV)

50 keV 7×1014 0.09 87% No 1.5±0.3
50 keV 1×1015 0.18 75% No 1.4±0.2
200 keV 1×1015 0.10 87% No 1.6±0.1
200 keV 4×1015 0.44 67% Yes 1.5±0.2
300 keV 6×1015 1.4 50% Yes 1.7±0.2

Si (∼1.6 eV) is similar to the activation energy (∼1.7
± 0.1 eV) for the diffusion of Au extracted from near-
equilibrium annealing experiments on Au-implanted Si
[33]. One plausible interpretation is that both pro-
cesses are controlled by the same thermally-activated
step, which we discuss below in relation to the diffusion
of Au in Si.

Two indirect substitutional-interstitial mechanisms
have been proposed to explain the diffusion behaviour
of Au in Si. In the kick-out mechanism [34], a diffusing
interstitial Au atom ’kicks out’ a Si atom in the lattice,
takes its place and creates a Si self-interstitial. This is
described by

Aui ↔ Aus + I, (3)

where I denotes a Si self-interstitial. Analogously, the
dissociative or Frank-Turnbull mechanism, which was
originally proposed for Cu diffusion in Ge [35], has sub-
sequently been suggested for Au diffusion in Si [36]: it
involves the production of a vacancy, V . In this scenario,
Aus is dissociated into a Aui and a V . This process is
described by

Aus ↔ Aui + V. (4)

Although there is a preponderance of evidence for the
kick-out mechanism, the literature does not show unan-
imous agreement (see, for instance, Refs. [37, 38] and
references within). However, it has been demonstrated
that when the sample contains a supersaturation of sinks
for diffusing I or V , (i.e. when I in Eq. 3 and V in
Eq. 4 are removed sufficiently quickly via recombina-
tion and does not limit the diffusion), the diffusion pro-
file for the two mechanisms become identical and the ex-
change of substitutional and interstitial Au becomes the
rate-limiting process instead [39]. This latter exchange-
limited regime is likely to be operative during the diffu-
sion of ion-implanted Au, from which an activation en-
ergy of ∼1.7 ± 0.1 eV was extracted in Ref. [33], because
ion-implanted Si is known to contain sinks for point de-
fects. For instance, the so-called RP

2 defects, which are
excess vacancies created by the implantation process, are
found to cluster into thermally-stable small voids in ion-
implanted and thermally-annealed Si [40].

Furthermore the release of Au from substitutional lat-

tice positions can be written as:

Aus → Aui + V, (5)

where V denotes a vacancy. In this case, the exchange
process between Aus and Aui would also be the rate-
limiting process assuming (a) the migration of Aui and
(b) further creation of vacancies do not limit the reac-
tion. Such assumptions are not unreasonable because (a)
Aui is known to have an extremely high diffusivity in Si
[41], and (b) excess vacancies in Si are known to cluster
at favourable sites, as mentioned earlier [40]. While the
analysis above strongly suggests that the release of Au
from substitutional sites is the rate-limiting step (charac-
terised by an Ea of around 1.6 eV) for both the thermal
diffusion of ion-implanted Au in Si and the loss of Au
substitutionality in Au-hyperdoped Si, further work is
required to fully validate this interpretation. Regardless
of the physical origin of the extracted Ea, however, the
Ea value of ∼ 1.6 eV is consistent for all Au concen-
trations studied [42]. However, the apparent difference
in the final relaxation behaviour (precipitation) between
the low and high-concentration samples (as shown in Fig.
1) now needs to be addressed.

It is well-known that lattice imperfections such as
point defects, cavities and free surfaces are effective sinks
for metal impurities in Si [43]. In particular, atomic
trapping has been previously observed for equilibrium-
concentration Au in Si, during which Au atoms are found
to be trapped onto cavity walls through a chemisorption-
like process. Similarly, other imperfect regions in the
lattice (such as dislocations and other defects) are also
likely to be active trapping sites as a result of poorly-
coordinated Si atoms in/around such regions. Such lo-
cal lattice disorder and excess vacancies are expected to
trap diffusing Aui atoms. Although the hyperdoped layer
is near-perfect crystalline Si (as seen in high-resolution
TEM[25]), in a separate study [44], we demonstrate that
it does contain excess vacancies and is hence not defect-
free. Due to the presence of such traps, the excess
Au (above the equilibrium solubility limit) that was ini-
tially frozen-in to near-substitutional lattice sites follow-
ing PLM would, after being released from substitutional
sites, diffuse to favourable, local trapping sites within
the hyperdoped layer. While this behaviour is expected
at both Au concentrations studied, we believe that the
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differing size, distribution and binding energy of the trap
sites between the two concentration regimes is the cause
of the apparent difference in precipitation behaviour seen
in Fig. 2.

Unlike the trapping effect observed on equilibrium-
concentration ion-implanted samples during thermal an-
nealing, where long range diffusion of Au to cavities
or the wafer surfaces occurs [29, 43], the trapping sites
in Au-hyperdoped Si (for example, vacancies) are con-
fined to the hyperdoped layer (i.e. within the PLM melt
depth). Hence, the migration and trapping of the Au,
for both Au concentrations, is also expected to be local
within the hyperdoped layer. For the high concentration
case, the most favourable trap sites (i.e. with the high-
est binding energy) are presumably concentrated within
the top ∼110 nm, in which Au-rich filaments and a vari-
ety of associated lattice defects can be observed [see Fig.
1 (b)]. As the annealing temperature further increases,
the trap sites with the highest binding energy (such as
vacancies and small cavities [29]) may then cluster and
become nucleation sites for subsequent Au precipitation
and growth, resulting in skewing and broadening of the
Au profile. Conversely, the lack of profile-broadening
observed in the low concentration sample on annealing
[Fig. 1 (a)] suggests very local Au trapping where the
migration length is within the resolution of RBS. The
homogeneity observed in TEM in Fig. 1 (a), in contrast
to that of the high concentration sample in Fig. 1 (b),
suggests a more uniform concentration of trapping sites
interspersed within the melt depth at sufficiently high
density that none of them attracts enough Au atoms to
form a visible precipitate. Rather, we suggest that the
multitudinous trapping sites, all of which are small com-
pared with the sinks in the high concentration case, give
rise to a greater number of much smaller Au complexes
that pin Au sufficiently strongly to prevent the formation
of visible precipitates at temperatures up to 750◦C.

Although previous high-resolution TEM indicated the
formation of spherical precipitates as the final stage of
annealing [25], experimental observation of the atom-
istic evolution of this process is difficult even with high-
resolution TEM, considering that the transient configura-
tions of the trapped Au may consist of only up to a few
Au atoms. However, a first-principles analysis by den-
sity functional theory (DFT) has been recently employed
to simulate the defect formation energetics for different
atomic configurations of supersaturated Au in Si [26].
Since DFT gives the equilibrium configuration when all
the atoms are relaxed, the simulated system can give in-
sight into the relaxation process of the Au-hyperdoped Si
system following subsequent thermal annealing. We now
use these first-principles DFT results to aid the under-
standing of the atomistic behaviour of Au-hyperdoped Si
during thermal relaxation.

During the initial stage of relaxation, the loss of Au
substitutionality observed in RBS measurements is rate-
limited by the release of Au from substitutional lattice
sites and subsequent local migration to adjacent trapping

FIG. 4. Sub-band gap absorption of the low-concentration
sample after 3 minute anneals at temperatures ranging from
450◦ to 750◦. The absorption of the high concentration sam-
ple has been reported elsewhere [25].

sites such as lattice disorder and especially vacancy-type
defects [44]. Because the substitutional Au dimer config-
uration is found to be the most energetically favourable
defect reported in Ref. [26], the Au that is released from
isolated substitutional sites will strongly favour the for-
mation of a dimer, after they become locally trapped
(at isolated vacancies, for example) and relax in adjacent
sites. Other migrating Au atoms in proximity to the
dimer complex are expected to be attracted to the dimer
in a similar fashion to lower the free energy[45], evolving
into trimers, and so on, ultimately leading to the nu-
cleation of observable precipitates. Compared with the
low-concentration sample, the trap sites in the high con-
centration sample are inhomogeneous and larger, which
may result in larger Au-decorated zones that can nucle-
ate and grow into larger, well-defined Au precipitates.
This process is consistent with the continual broadening
of the Au concentration profile with increasing annealing
temperature for T > 500◦C, as shown in Fig. 1 (b).

Finally, DFT results indicate that different Au con-
figurations in the Si lattice are associated with different
defect levels within the Si band gap. In particular, iso-
lated substitutional Au, which is experimentally found
to be the primary Au configuration in an unrelaxed sys-
tem, is expected to give rise to optically active mid-gap
states that are responsible for the observed sub-band gap
optical absorption [26]. Au dimers, on the other hand,
are not expected to introduce such mid-gap states based
on DFT calculations. This result is qualitatively con-
sistent with the reduction in sub-band gap optical ab-
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sorption observed in annealed samples with a high Au
concentration, as reported previously [25]. Similarly, as
is shown in Figure 4, the sub-band gap optical absorp-
tion for the low-concentration sample studied here also
decreases with annealing temperature. The upward tail
from ∼1500 nm that is observed following the 450◦C and
550◦C anneals has also been observed previously on the
high-concentration sample, and is hypothesized to be re-
lated to other, non-Au related defects in the Si lattice
that anneal away at temperatures higher than 550◦C.
Note that the sub-band gap absorption never drops to
the virgin level even after a 750◦C anneal. As discussed
previously [25], this is a result of a small fraction of the
Au diffusing throughout the 450µm thick wafer and sub-
sequently occupying substitutional sites up to the equi-
librium solubility limit throughout the sample at 750◦C
(approximately 1 × 1014 cm−3).

IV. CONCLUSION

In conclusion, we have shown that the thermal relax-
ation of Au-hyperdoped Si is a multi-step process. The
first step of relaxation is marked by a loss in the Au sub-
stitutionality through a process that is characterised by
an activation energy of ∼1.6 eV, a value that may be
related to the rate-limiting step in the thermal diffusion
of Au in Si. This suggests that the rate-limiting step in
both cases may be the exchange between substitutional
and interstitial Au. As the relaxation progresses, our ob-
servations of the Au profile broadening and local lattice
environment strongly suggest local Au trapping at lattice
imperfections, such as vacancies, within the hyperdoped
layer. The trapped Au could then evolve into the more
energetically favourable configurations of Au dimers and
trimers. The system becomes fully relaxed when all the
excess Au atoms that were initially incorporated during
solidification into substitutional lattice sites beyond the
solubility limit evolve into observable Au precipitates (at
high concentrations). Although these observations are
only conclusive for Au-hyperdoped Si, it is conceivable
that similar thermal behaviours could also take place in
other hyperdoped materials.
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of transition-metal gettering in silicon,” Journal of Ap-
plied Physics 88, 3795–3819 (2000).

[44] Wenjie Yang, Naheed Ferdous, Peter J. Simpson, ,
Austin J. Akey, Michael J. Aziz, Elif Ertekin, and J. S.
Williams, “Vacancy trapping in si during rapid resolidi-
fication from a melt- to be submitted,”.

[45] Such a process is akin to Ostwald ripening and is ex-
pected from a thermodynamics point of view. The for-
mation of larger Au clusters reduces the surface-area-to-
volume ratio and thus minimises surface free energy.

[46] S. M. Hu, “Formation of stacking faults and enhanced
diffusion in the oxidation of silicon,” Journal of Applied
Physics 45, 1567–1573 (1974).

http://dx.doi.org/ 10.1103/PhysRev.104.617
http://dx.doi.org/ 10.1103/PhysRev.104.617
http://dx.doi.org/ 10.1063/1.1713077
http://dx.doi.org/ 10.1063/1.1713077
http://dx.doi.org/ 10.1103/PhysRevB.45.13345
http://dx.doi.org/ 10.1103/PhysRevB.49.2972
http://dx.doi.org/10.1007/978-3-7091-0597-9
http://dx.doi.org/10.1007/978-3-7091-0597-9
http://dx.doi.org/10.1063/1.1352662
http://dx.doi.org/10.1063/1.1352662
http://dx.doi.org/10.1063/1.1663459
http://dx.doi.org/10.1063/1.1663459

	On the atomistic mechanisms for the thermal relaxation of Au-hyperdoped Si
	Abstract
	Introduction
	Experimental Methods
	Results and Discussion
	Change in Au profile
	Change in Au lattice position
	The thermal relaxation process

	Conclusion
	Acknowledgment
	References


