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Unoccupied d states of Au impurities in silicon as studied by x-ray-absorption spectroscopy
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Samples of n-type Si(111) were ion implanted with 10'®-cm =2 Au* ions at 1 MeV energy, and
were then annealed using the rapid-thermal annealing method. Total-electron-yield Au L, 3 edge x-
ray-absorption spectroscopy was used to study the d-orbital structures of a Au atom when it is incor-
porated into the Si lattice. From near-edge absorption studies, we found that the “white-line” areas,
relative to bulk Au, of both as-implanted and annealed samples have been significantly increased. The
results show that d electrons are depleted when Au interacts with silicon. The estimated Au d-orbital
configuration is d%7> % in ion-amorphized Si, and is d°%° % in recrystallized Si. (6 is the bulk Au d-
hole number.) This provides experimental evidence that the d shell of Au impurities does not have the

full complement of ten electrons.

It is well known that Au impurities produce two deep
levels in the band gap of silicon, "2 and this has been used
to control the carrier lifetime in various devices.? Au in
silicon is known to occupy either a substitutional or an in-
terstitial site. For the interstitial site, the orbital overlap
between Au and the surrounding Si atoms is thought to be
very weak, and the Au behaves like a free atom with
closed d'® shell.? For a substitutional Au atom, a strong
interaction with four nearest Si dangling sp3 orbitals is
expected. Many models have been proposed to interpret
the electronic states of a substitutional Au. From a chem-
ical bonding point of view, all these models can be sum-
marized as ‘“‘open-shell” or “closed-shell” models. In the
closed-shell model, the Au 5d orbital is considered as a
closed shell with its full complement of ten electrons
(d'?), without any participation in chemical bonding with
neighbor silicon atoms. One typical example in this
closed-shell category is the “vacancy” model proposed by
Watkins.* This vacancy model suggests that a Au atom,
with a completely filled d '° shell, is located at a negatively
charged vacancy. This seems to be substantiated by the
calculation by Alves and Leite> using the Watson-sphere-
terminated cluster model. The open-shell model was pro-
posed by Fazzio, Caldas, and Zungc:r.3 Based on calcula-
tions using a quasiband crystal-field Green’s-function
method, Fazzio, Caldas, and Zunger find that the substi-
tutional Au d shell is not completely filled with electrons
and the effective orbital configuration of the neutral im-
purity Au is s%p%%(dfg)®%. However, neither of the
above two models have been confirmed by any experiment.
In this paper, we present our experimental measurement
of the unoccupied 54 state in Au*-implanted silicon by
x-ray-absorption spectroscopy, which include x-ray-
absorption near-edge structure (XANES) and extended
x-ray-absorption fine structure (EXAFS).

The “white line” absorption near the L, 3 absorption
edge is known to be primarily due to the x-ray-induced di-
pole transition of pj/, electrons to the unfilled portion of
d 3 orbitals (L, edge), and of p3/, electrons to the unfilled
portion of d3/, 5/, orbitals (L3 edge).®’ For a Au atom
with a filled d ¥ shell, there should be no white line at Las
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edge. This technique has been successfully used to study
the d charge transfer of a Au atom when it interacts with
other constituent atoms in a Au compound.®~'°

The x-ray-absorption experiment was conducted at the
C2 beam line of the Cornell High Energy Synchrotron
Source (CHESS). The Au L, 3 absorption is measured
through a total electron yield mode using a gas-flow elec-
tron detector.!" The detector is designed in such a way
that the silicon substrate can be rotated to diminish x-
ray-diffraction effects. An n-type 1-3-@cm Si(111) sam-
ple was implanted with 10'®-cm ~2 gold ions at 1-MeV ion
energy, using the University of Western Ontario Tandem
Accelerator. The depth distribution of Au is about 3000
A, as measured by Rutherford backscattering (RBS),
shown in Fig. 1. Some of the samples were then annealed
using a commercial rapid thermal annealing (RTA) ap-
paratus (heat pulse 410) for 15 s at 900°C. Raman spec-
troscopy measurements show that the as-implanted silicon
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FIG. 1. RBS-measured Au distributions in as-implanted and
900°C RTA-annealed Si(111) samples. The measurement was
carried out with 3-MeV He* ions at a backscatter angle of
110°.
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is amorphous, while the RTA-annealed silicon was com-
pletely recrystallized. After RTA annealing, about 30%
of the Au has segregated to the surface, as determined by
the RBS measurement shown in Fig. 1.

In Fig. 2, we show the normalized Au L;-absorption
spectra of as-implanted (dotted line), RTA-annealed
(dashed line), and bulk Au (solid line). The spectra were
normalized to the height of the edge jump. Photon ener-
gies were calibrated with the point of inflection of the Au
L3-edge jump of pure Au at 11919 eV without further
alignment. This procedure was based on our previous ob-
servation that the maximum Au core-level shift of Au in
Si relative to pure Au is only 0.6 eV. This shift is qualita-
tively insignificant in this analysis as far as the alignment
of Fermi level is concerned for two reasons: (1) the unoc-
cupied d states are not exactly localized at the Fermi lev-
el® and (2) the lifetime of the Au L; hole is about 8 eV.
The shaded region indicates the white line absorption rela-
tive to bulk Au, which already has a weak white line, i.e.,
the presence of unoccupied states in the Au d band (d
hole). From the figure, one notices the significant increase
in white line intensity (i.e., d-hole population) in Au* im-
planted, as well as RTA-annealed silicon samples relative
to bulk Au. The same trend in white line absorption is
also observed at L,-edge absorption and is shown in Fig.
3.

Using a relativistic tight-binding calculation, Mattheiss
and Dietz'? related the integrated white line absorption
coefficient A, 3 (subscripts indicate L, or L3 edge) to d-
hole population &3/, s/ (subscripts indicate spin-orbit split
d3j, or dsjp) through

A2=C'Nohw2(R;"")hsp5/3
A3=C'Noho3(R;"")2(6hs;+h32)/15,

(1a)
(1b)

where C' =4r%a/3 (a is the fine-structure constant), Ny is
the density of Au atoms, A, ; is the absorption edge en-
ergy, and R’ "% is the radial dipole-moment integral. If
we assume Rj =R} =R}*, then we can derive the
relation between the d-hole number Ahs s/> relative to
bulk Au and the white lines area A4, 3 (shaded region in
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FIG. 2. Normalized Au L;-edge absorption spectra of as-
implanted Au in silicon (dotted line), 900 °C annealed (dashed
line), and polycrystalline Au (solid line). The shaded area indi-
cates the “white lines” absorption.
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FIG. 3. Normalized Au L,-edge absorption spectra of as-
implanted Au in silicon (dotted line), 900 °C annealed (dashed
line), and polycrystalline Au (solid line). The shaded area indi-
cates the “white lines” absorption.

Figs. 2 and 3) relative to bulk Au

Ah3/2=3AA2/C s (2a)
1 5’10)2

Ahs)p=—— AA;—AA, |, 2b

5/2 ZC[ o, O3 2 (2b)

where C=C'Nohw>(RFF)% If we use the dipole transi-
tion value of platinum'? R7*=3.103x10 """ cm, the Au
atomic density No=5.89% 1022 atomscm ~°, the L,-edge
energy of 1.37x10* eV, we then get C=7.46x10*
eVem ™. AA,; can be obtained by multiplying the in-
tegrated area difference, from 10 eV below the edge to 15
eV above the edge of the normalized spectra, by Ao 3p.
The Ao, 3 are the photoabsorption cross-section differ-
ences above and below the absorption edge, and are 105.3
cm?g "' (Au L3 edge) ' and 50.7 cm?g ~' (Au L, edge),
respectively. p is the density of Au, 19.3 gcm ~3. The
values of AA; 3, together with derived d-hole number are
given in Table I. The total d-hole number Ak of impurity
Au in silicon, relative to bulk Au, is simply a sum of the
Ahy/; and Ahsj. According to Mattheiss and Dietz'?, the
d-hole number of pure Au is 0.401. We then get the abso-
lute hole number A (=Ah+0.401) of the Au impurities in
silicon. All these values are given in Table I.

From the above experiments, it is clear that the Au d
electrons are depleted when it interacts with silicon. This
clearly favors the open-shell model. This experimental
finding is not totally unexpected. From studies of Au-

TABLE 1. Relevant parameters derived from Au L3
XANES analysis.

White-lines area

(10* cm ~'eV) d-hole number
Sample AA>  AAs  Ahsn  Ahsp Ah h
Si(Au)
as implanted 0.23; 0.42; 0.094 0.15 0.25 0.65
Si(Au)
RTA annealed 0.069 0.22, 0.028 0.082 0.11 0.51




RAPID COMMUNICATIONS

45 UNOCCUPIED d STATES OF Au IMPURITIES IN SILICON . .. 8813

metalloid compounds such as AuAl; and AuGa,, Sham et
al.® have observed a comparable amount of d-electron de-
pletion in Au. The depletion of Au d electron, in the case
of interaction between Au and Si(100) surface dangling
bond, was also observed by Lu ez al.'* using synchrotron
radiation photoemission spectroscopy.

As to the geometric structure of Au in the as-implanted
silicon, i.e., amorphous silicon, no sign of Au-Au bonds
(i.e., in a Au cluster) has been found from EXAFS spec-
tra analysis. This is not surprising. It is known'> that the
solubility of Au is about approximately 6 orders of magni-
tude higher in amorphous than crystalline Si. Even at a
dose of 2x10'7 cm ~2 of 2-MeV Au *-implanted amor-
phous silicon, no Au precipitation has been observed.'>
Since the “free” interstitial Au with a closed d ' shell will
not exhibit a significant white line, the white line observed
must be from Au atoms which have some kind of chemical
bonding with nearby silicon dangling bonds, which are
abundant in amorphous silicon. It is well established that
an amorphous silicon continuous random network has a
well-defined first shell of four silicon atoms,'® and has a
short-range or even medium-range tetrahedral topological
arrangement. It is not unreasonable to assume that the
Au impurities that produce the white line are located at
tetrahedral substitutional sites, resembling its crystalline
counterpart. The corresponding EXAFS of Fig. 3 sup-
ports this view qualitatively although the EXAFS data
have larger uncertainty due to a poorer signal-to-noise ra-
tio. Figure 4 shows the Fourier transform (FT) of the Au
L3 EXAFS with k weighting of pure Au, Au in Si as im-
planted, and after annealing at 900°C. k weighting
places the emphasis on the Si backscatterers of the im-
planted samples since Si has large backscattering ampli-
tude at the low-k region where the amplitude for Au is
small. Figure 4(a) exhibits radial distribution of the first
and second shell characteristic of pure Au peaking at 2.2
and 3.1 A, respectively. These features are replaced by
two peaks at 1.4 and 2.0 A in the as-implanted sample
[Fig. 4(b)]. The radial distance of the first peak (at 1.4
A) is too short to be a Au-Si or Au-Au bond length and is
attributed to an artifact due to high-k noise. The peak at
2.0 A is shorter than expected for pure Au [Fig. 4(a)l.
This, together with the absence of a 3.0-A peak in Fig.
4(b) suggests that there is no significant Au clustering
and the peak at 2.0 A in the FT is dominated by Si back-
scattering. Assuming this is the case, we obtained a Au-Si
bond distance of 2.48(5) A by fitting the experimental
phase derived from the filtered backtransform of the FT
peak at 2.0 A (with a 1.4-2.6 A symmetric window) using
theoretical phase shifts of Mckale er al.'” This value,
despite its large uncertainty (arising primarily from static
disorder), is in qualitative accord with the theoretical
value of 2.52 A, which is obtained by the sum of the Si
tetrahedral radii'® of 1.17 A and of the Au Bragg-Slater
covalent radii'® of 1.35 A. A comparable Au-Si bond
length of 2.46 A was also reported by Sawicki, Hitchcock,
and Tyliszczak,zo who used the same EXAFS analysis
technique of 100-KeV Au*-implanted Si(111) at doses
around 10'cm ~2,

For the RTA-annealed sample (i.e., recrystallized sil-
icon) we find that the white line area, relative to bulk Au,
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FIG. 4. Fourier transform of EXAFS (k=~3-10.5A"")
with k weighting for (a) pure Au, (b) Au implanted in Si, and

(c) after annealing at 900°C. Maximum amplitudes are 2.8,
2.5, and 2.6 in (a), (b), and (c), respectively.

has been reduced by about 50%, as compared to the as-
implanted sample. The near-edge structure grows more
similar to bulk Au (see Figs. 2 and 3). This suggests the
existence of Au clusters in the annealed sample.?'*>> The
cause of the reduction in white line area may be attributed
to (1) increased numbers of interstitial Au and (2) forma-
tion of Au clusters. The EXAFS of the annealed sample
is more complex and cannot be analyzed with confidence
by a simple FT analysis. It almost certainly has multi-
phase contributions (Fig. 1). Detailed analysis requires
careful modeling and better EXAFS data, and is not at-
tempted here. Qualitatively, the results suggest that the
Au-Si bond gets a little longer after annealing if we again
assume that the Si backscatterers play a dominated role in
the low-k region of the EXAFS.

From the above experiment, we can conclude that an
open-shell model is the only model that can correctly de-
scribe the d-shell charge distribution. This is d°%7 for a
neutral substitutional Au?, according to Fazzio, Caldas,
and Zunger.® The semiquantitative values of d-shell
charges derived from our near-edge white line absorption
measurement are d*7°~% and 4% 7% for Au in as-im-
planted (amorphous) and RTA-annealed (crystalline) Si,
respectively. & is the bulk d-hole number, which is equal
to 0.401, according to Ref. 12. The actual d-hole number
for a substitutional Au may even be higher had we exclud-
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ed the absorption by interstitial and cluster Au. The Au-
Si bond length in amorphous silicon deduced from EX-
AFS is 2.48(5).

From L;3-edge x-ray-absorption measurements, we
cannot deduce any information about the Au 6(sp) charge
distribution. However, from previous Mdossbauer isomer
shifts?? of 3.3 mms ~' of dilute Au in Si, we find?* that a
Au 6s orbital actually gains 0.28 electron, instead of los-
ing 0.7 electron as predicted by Fazzio, Caldas, and
Zunger.? This suggests that the current understanding of

noble-metal impurity electronic structures in silicon is still
far from complete.
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