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Even-Parity Levels of Donors in Sit
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Tifteen excited “even-parity’ levels of donor impurities in Si are identified. Observed
photoexcitation to these levels in 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 this Letter we identify fifteen peaks in the
absorption spectra of seven donor centers in Si
with (transitions to) levels having even parity in
the effective-mass approximation (EMA)." The
binding energies of these levels,>”™ as well as
two excited and seven ground even-parity levels
previously identified,® ™ are given in Table I,"*7%

together with corresponding binding energies'®
calculated®? in the EMA. Figure 1 shows these
levels graphically in relation to nearby p lev-
els.2™?2 We 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 an asterisk. When more than one
reference is cited for an entry, the tabulated value is determined from the first refer-
ence, which usually gives the sharpest absorption peak, although values from other
references usually agree within experimental error.

Ground 2s 3s 3d,
EM? 31.27 8.83 4.75 3.75
P 45,5474 4.1+0,03%%¢
As 53.7607¢ 9.11¢ 3.8+0.03%%e
Bi 70.97f"8 8.7881.f 4,72+0.03%" 3.79+0.07*M8
Sy 109.53 3.83%
Sg’ 187.66 8.21 (A)* 4,56 (Ay)* 3.90%
8.84 (E)* 4.8 (E)*
S¢d 370.49 7.61%K 3.75%
Sp} 613.55 10.14* 5.13% 3.73%
aRef. 12. hRef. 8.
bRef. 2. 1 Ref. 9.
Ref. 3. i Ref. 11, but see Ref. 10.
dRef. 4. kNote that the direction of the shift due
€Ref. 5. to central cell corrections is opposite
fRef. 6. to that expected.
8Ref. 7.

1490



VOLUME 25, NUMBER 21

PHYSICAL REVIEW LETTERS

23 NOVEMBER 1970

EM . S S S, S

Theory P As Bi A B c >
T T T T T T T T
-3»—__‘_13pt____ o R L L R o
I —
- /o
3d° _
sF Nag .
"“\"" —— - -——— - =2
" 3p,
£ \2
S -7+ P
b -
& —
2 -
S —
oL —2s . —
-1o1~ _
TS
s

-12

FIG. 1. Some donor energy levels in Si. For clarity,
only levels from the 2p, to the 3py are shown. Odd-par-
ity levels are indicated by dashed lines and even-parity
(s and dy) levels by solid lines. EM theory: all levels
from Ref. 12. P: p levels from Refs. 2 and 3; 3d,
level from Ref. 4. As: p levels from Refs. 2 and 3;
2s from Ref. 5; 3dy from Ref. 4. Bi: 2p), 2p:, 3Py
from Ref. 6; 2s from Ref. 9; 3s, 3d), 3p: from Ref. 8.
S4, Sp, Sc, Sp: all levels from Refs. 10 and 11.

lowing considerations.

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 S;'!) into a nondegen-
erate A, a doubly degenerate E, and a triply de-
generate T,. Except for Li,'* the ground level
is the 1s(A,). Electric dipole transitions from an
A, level are allowed only to T, levels.

In the EMA the m =0 E and m =0 T, (and also
the m =x1 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,™ P, As,? and Sb,? and for the
1s(T,) of Bi.”® One would expect even better
agreement for higher s levels.

For m #0, for odd-parity m =0, and approxi-
mately®® for non-s even-parity m =0, the enve-

lope factors'” of donor wave functions in 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 1 and Table I show that these expecta-
tions are fulfilled for a number of additional
even-parity levels. For 3d, the agreement with
EM is remarkably good,?! even for the deep do-
nors (Bi and the four S centers) where break-
down of the EMA is expected to be greatest,??
The identification of the 3d, is corroborated by
the m =0 character indicated by Bi Zeeman spec-
tra.>®*** As expected, the agreement for 3d, lev-
els is generally better than for 1s, 2s, and 3s
levels; this is particularly noticeable for the
deepest donor Sy,

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 should be observable in photoexcitation spec-
tra, since electric-dipole transitions from a 1s
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,
indicating that breakdown of the EMA is not sig-
nificant for shallow donors. However, the 3d,
is evident for P **2% 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 3p,. We attribute
the presence of these broadened 3d, peaks and
broadening of the p peaks to perturbing effects of
other defects, possibly ionized impurities. For
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 matrix elements give =4 for
the 3d,-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 controlled 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 s levels,
for which the oscillator strengths are typically
seen to increase markedly relative to p levels.
For the neutral donors S, and Sp, 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
Sp peaks are generally narrower than those of
the ionized donors S¢ and Sp.**

The identifications made above (1) 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.

TWork sponsored by the U. S. Department of the Air
Force.

*Present address: Physics Department, University
of Manitoba, Winnipeg, Man., Canada.
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EM Hamiltonian in the limit of no EM anisotropy.

’R. L. Aggarwal and A. K. Ramdas, Phys. Rev. 140,
A1246 (1965).

R. L. Aggarwal and A. K. Ramdas, Phys. Rev. 137,
A602 (1965).

‘3. W. Bichard and J. C. Giles, Can. J. Phys. 40,
1480 (1962).

5H. J. Hrostowski and R. H. Kaiser, J. Phys. Chem.
Solids 7, 236 (1958).

A. Onton, P. Fisher, and A. K. Ramdas, Phys. Rev.
Lett. 19, 781 (1967).

"H. J. Hrostowski and R. H. Kaiser, J. Phys. Chem.
Solids 4, 315 (1958).

1492

8. Zwerdling, K. J. Button, and B. Lax, Phys. Rev.
118, 975 (1960).
. E. Krag and W. H. Kleiner, Bull. Amer. Phys.
Soc. 15, 279 (1970).

Uy, E, Krag, W. H. Kleiner, H. J. Zeiger, and
S. Fischler, J. Phys. Soc. Jap., Suppl. 21, 230 (1966).

UwW. E. Krag, W. H. Kleiner, and H. J. Zeiger, un-
published.

!2R. A. Faulkner, Phys. Rev. 184, 713 (1969).

13w, E. Krag, W. H. Kleiner, and H. J. Zeiger, in
Proceedings of the Tenth International Conference on
the Physics of Semiconductors, Cambridge, Mass.,
1970 (to be published).

UR. L. Aggarwal, P. Fisher, V. Mourzine, and A. K.
Ramdas, Phys. Rev. 138, A882 (1965).

Y For brevity, excited 1s levels have not been included
in Table I. Such levels have been observed for all the
centers in the table (Refs. 2, 10, 11, 13, and 14) as
well as for Li (Ref. 14) and Sb (Ref. 2), but not neces-
sarily by photoexcitation to these levels.

18A11 binding energies have been determined assuming
that the 2p, level has the EM value (Ref. 12) 6.40 MeV.

1"W. Kohn and J. M. Luttinger, Phys. Rev. 98, 915
(1955).

%W, Kohn, Solid State Phys. 5, 257 (1957).

%4, Nara and A. Morita, J. Phys. Soc. Jap. 23, 831
(1967). This paper considers Dy; site symmetry for
Li donors.

20Exac’cly, if the EM tensor were isotropic.

A Except for P; but see below.

2The greater deviation for the neutral S 4 and Sg cen-
ters than for the singly ionized S, and S, centers may
be related to the increased importance of donor-elec-
tron correlation effects for S, and Sy; also the ob-
served trigonal symmetry splitting of the s (T'y) levels
of S5 (Ref. 10) suggests the likelihood of a discrepancy
for the 3d, such as that observed.

¥W. E. Krag and W. H. Kleiner, unpublished.

%The possibility that the 3d, contributes to the ob-
served peaks cannot be entirely ruled out, since the
EM 3d, position is not known, the Bi Zeeman (Ref. 8)
evidence seems not conclusive, and Sy and S; spec-
tra under uniaxial stress suggest m = +1 character
(Ref. 23).

%In Ref. 4 the 3d, was identified as the 4p,.

%We have seen both the 4p, and the 3d, simultaneously
in spectra (Ref. 20) of the deeper donors S, and Sp.

3. J. White, Can. J. Phys. 45, 2695 (1967).



