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Fifteen excited "even-parity" levels of donor impurities in Si are identified. Observed

photoexcitation to these levels iQ violation of electric-dipole selection rules is attributed
to effects of polarization of the donor by other defects and to breakdown of the effective-
mass approximation.

In tllls Letter we identify fifteen peaks ln the
absorption spectra of seven donor centers in Si
with (transitions to) levels having even parity in

the effective-Inass approxlBlatlon (EMA). The
binding energies of these levels, ' "as well as
two excited and seven ground even-parity levels
previously identified, ' '0 are given in Table I," "

together with corresponding binding energies
calculated' in the EMA. Figure 1 shows these
levels graphically in relation to nearby P lev-
els. ' " %e have typically identified an observed
level with the nearest effective-mass (EM) level,
a procedure which can be carried out with little
ambiguity and which can be justified by the fol-

Table I, Observed and EM binding energies (in MeV) of some even-parity donor lev-
els in Si. Newly identified levels are indicated by Rn asterisk. %hen more than one

reference i.s cited for an entry, the tabulated value is determined from the first refer-
ence, which usuRlly gives the shaxpest Rbsoxption peak, although VRlues from other
refex'ences usually agree wiUDQ experimental error.
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'Bef. 11, but see Bef. 10.

Note that the direction of the shiS due
to central ceO corrections is opposite
to tliRt expectecl. .
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lowiDg consldex'atloDS.
Si donor levels with m =0 (s,p„d„') are

six-fold degenerate"" in the EMA (neglecting
spin), there being one eigenstate for each of the
six valleys of the Si conduction-band edge. When
central-cell corrections" to the EMA are taken
into account, an m = 0 level splits in the case of
a donor with tetrahedral T„site symmetry (such
as Li,"P, As, Sb, Bi, or SII") into a nondegen-
erate &„adoubly degenerate E, and a triply de-
generate T,. Except fox' I i,"'"the ground level
is the 1&(&I). Electric dipole transitions from an
&, level are allowed only to T, levels.

In the EMA the m = 0 & and m = 0 T, (and also
the m =+I T,) wave functions can be chosen to
have nodes at the impurity center, so that cen-
tral-cell corrections are expected to be small
and the associated energies are expected to be
reasonably well predicted by the EM equation.
This expectation is fulfilled for the 1s(E) and
1s(T,) levels of Li,"II, ' As, ' and Sb, ' and for the
1s(T,) of Bi." One would expect even better
agreement for higher s ].evels.

For m e0, for odd-parity m =0, and approxi-
mately fol' non-s even-parity m = 0, tile ellve-

FIG. ] . Some donor energy levels in Si. For clarity,
only levels from the 2PO to the 3p& are shorn. Gdd-par-
ity 18v81S ar8 lndlcated by daslled lllls RIld 8v8II-pR1'1'ty

(s and do) levels by solid lines. EM theory: all levels
from Ref+ 12. P: p levels from Refs ~ 2 and 3» 3do
level from Ref. 4. As: P levels from Refs. 2 and 3;
2s from Ref. 5; 3do from Ref. 4. Bi: 2ps, 2pl, 3po
from Ref. 6; 2s from Ref. 9; 3s, 3do, 3P& fromm Ref. 8.
S~» Sg» Sg» SL)'. all levels from Refs» ~0 and ~~ ~

lope factox'8 of donol wave fuDctloDS lD the EMA
can themselves be chosen to have nodes at the
impurity center. Consequently, for such levels
one would expect especially good agreement with
EM energies. The agreement for P levels is
known to be excellent. '

Figure I and Table I show that these expecta-
tions are fulfilled for a number of additional
even-parity levels F. ol' 3do 'tile agreement wl'tll

EM is remarkably good, "even for the deep do-
nors (Bi and the four & centers) where break-
down of the EMA is expected to be greatest. "
The identification of the 3do is corroborated by
the m =0 chax'aeter indicated by Bi Zeeman spec-
tra.""' As expected, the agreement for Sd, lev-
els is generally better than for I+, 2&, and 3+
levels; this is particularly noticeable for the
deepest donox S&.

We now turn our attention from level positions
to absorption-line intensities and shapes. In the
EMA no even-parity levels of an isolated Si do-
nor shouM be observable in photoexcitation spec-
tra, since electric-dipole transitions from a Is
ground level to an even-parity level are parity
forbidden. The observation of even-parity levels
can be accounted for as a result of (1) effects of
other crystal defects and/or (2) breakdown of the
EMA. No even-parity peaks of a relatively iso-
lated shallow donor have so far been reported,
indi. cating that breakdown of the EMA is not sig-
nificant for shallow donors. However, the 3do
is evident for P "' and As ' ' in more heavily
doped samples, where the peaks are broader,
and where the 4P„which is seen as a weak peak
in the sharp spectra' so far available, is un-
fortunately obscured" by the BP, . We attribute
the presence of these broadened Sd, peaks and
broadening of the P peaks to perturbing effects of
othex' defects pos8lbly ionized impurities. Fox'
example, an ionized acceptor polarizes the do-
nor states, mixing in components of opposite
parity and destroying the parity selection rule.

The absence of s peaks in the shallow donor
spectra is likely due to differences in the induced
oscillator strengths: Estimates based on impur-
ity Stark perturbations and neglecting EM anisot-
ropy in calculating matxix elements give =4 for
the M,-to-2s intensity ratio. In this approxima-
tion we find also that the (second order) Stark
shift of the 3d, (due mainly to 4f level effects) is
downward, in agreement with observation, par-
ticularly for P (see Fig. 1). These ideas can be
tested by using samples with contx oiled doping
and/or applied electric fields, together with
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spectral line-shape theory developed in the EMA,
which should apply for shallow donors; some use
of such an approach has already been made for
excitation spectra of B acceptors in Si."

As the donor binding energy increases, break-
down of the EMA apparently becomes more im-
portant, as expected, at least for seeing levels,
for which the oscillator strengths are typically
seen to increase markedly relative to P levels.
For the neutral donors Sz and S~, ionized-im-
purity effects should be a minor factor, indicat-
ing the importance of breakdown of the EMA in
the observation of even-parity levels. This is
consistent with the observation that the S~ and

S~ peaks are generally narrower than those of
the ionized donors Sc and SL}.

"
The identifications made above (l) provide con-

fidence for a more general search for even-par-
ity levels of impurities (acceptors as well as do-
nors) for which odd-parity levels are adequately
described in the EMA, and (2) indicate the use-
fulness of controlled doping and of the Stark ef-
fect for inducing otherwise forbidden transitions.
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An EM eigenstate is labeled by the symmetry char-
acter of the corresponding eigenfunction of a one-valley
EM Hamiltonian in the limit of no EM anisotropy.
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