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The electronic structure of Cu, Ag, and Au impurities in silicon is studied self-consistently using
the quasiband crystal-field Green s-function method. We find that a substitutional model results in
a two-level (acceptor and donor), three-charge-state (A+, A, and 3 ) system, which suggests that
these defects are amphoteric. Our results show that these substitutional impurities form e-type and
t2-type crystal-field resonances (CFR) near the center of the valence band and a dangling-bond hy-
brid {DBH) t2 level in the gap. The e " and t2" states are fully occupied and represent the per-
turbed and hybridized impurity atomic orbitals (not simply a "d' " configuration). They are
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and they include the standard T temperature correction.
The overall picture is that Si:Cu has a triple acceptor (in-
dicating that it takes a substitutional or near-
substitutional site), but Si:Ag and Si:Au have a single ac-
ceptor and a single donor each.

In the work of Braun and Grimmeiss, threshold ener-
gies were measured for the Au acceptor, both through
electron emission from the conduction band (at
E,—0.555 eV) and through hole emission from the
valence band (at E, +0.61 eV). The sum of these energies
(1.166 eV) was close to the Si band gap at the temperature
at which the experiment was done, suggesting that the gap
level relaxes in a similar way when the carrier is either in
the conduction or the valence band. For the Au donor,
the corresponding results were E, —(0.75—0.83) eV for
electron emission and E, +0.345 for hole emission, which
similarly implies a small net relaxation difference. Photo-
luminescence experiments show a sharp emission line
and a peak at 0.78 eV (i.e., at -E,+0.37 eV), which is at-
tributed to the donor final state. This is close to the value
of -E„+0.345 eV obtained under equilibrium thermal
emission.

Using the best-established values for the single-acceptor
and single-donor energies of Si:Au, one would obtain an
effective Mott-Hubbard Coulomb repulsion energy of
U=E(OI+) —E(OI—)=0.28 eV, if it were assumed that
both transitions resulted from the same center (i.e., the
impurity was "amphoteric"). For Si:Ag, one obtains
U=0. 32 eV. This point is, however, the subject of an
ongoing controversy. We discuss this point next.

D. Is Si:Au amphoteric?

Whereas twenty years ago it seemed to have been
universally accepted that gold forms a substitutional im-
purity in silicon, and that this center is responsible both
for the acceptor level at E(0/ —) =E„+0.63 eV and the
donor level E(OI+ ) =E„+0.35 eV (amphoteric center),
recent conflicting measurements on emission and capture
cross sections have raised some doubts on this identifica-
tion. A recent compilation" of cross sections
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transition-atom d orbitals, one might take the point of
view that these orbitals are chemically inert (corelike) and
that group-IB impurities in Si behave essentially as mono-
valent s' species. The view of group-IB
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tion (Table II) shows the e " level to be pure d-like,
whereas the t2" level is strongly d-like, with some ad-
mixture of p character from the tails of the ligand sp or-
bitals. Figure 4 depicts the radial charge density of the
e " wave function (for Ag we sum the densities of the
two resonances) and for
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TABLE III. Population analysis of the ground state of substitutional Si:Cu (Refs. 73 and 86), Si:Ag, and Si:Au . For cornpar-
ison, the results for the silicon vacancy (Ref. 86) are also given.

Qi'
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0.000
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0.000
0.000
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0.000
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e " and t 2" valence-band levels become slightly more
deeply bound, with more localized wave functions. This
enhanced localization around the impurity contributes an
additional 0.05e and 0.20e, from

fro
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o t9 o'"(gfg)'", Ag s "p ' (dfg)'", and Au
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and Au . The N =2,3,4 system can show an
N=2~N=3 transition [first acceptor, AE ' (0/ ) in-
the vacancy or first donor, hE (+/0) in Si:Au] as well
as an N =3~N =4 transition [double acceptor
b,E '

( —/2 —) in the vacancy, first acceptor hE ' (0/ )—
in Si:Au]. For Si:Au we find the order of these levels to
be normal, i.e., the donor hE ' (+/0) is lower in the gap
than the acceptor b,E ' (0/ ). For
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