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It is suggested that the recently proposed two-parameter model impurity potentials of the
shallow~level group-V donors in silicon may be scaled to give the model impurity potentials
of the deep-level group-VI donors of the same row in the Periodic Table. It is shown that in
the case of sulfur this suggestion follows naturally from examining the behavior of the true
impurity potential in the central-cell region. By extending the multivalley effective-mass
approximation (EMA) to singly ionized sulfur donors in silicon, using recently available op-
tical data, it is found that indeed the potential parameters of sulfur are essentially identical
to those of phosphorus, as expected from this model. A heliumlike model in the multivalley
EMA is also developed and applied to the two-electron neutral group-VI donors in silicon.
The calculated energy of neutral sulfur agrees well with observed thermal activation energy.
Using the scaled model impurity potentials of As, Sh, and Bi, the energies of substitutional
Se, Te, and Po in Si are predicted. It is also suggested that the same procedure may be ap-~
plied to acceptor states. Holes bound to deep-level acceptors may be described simply by
scaling the impurity potentials of the shallow-level group-IIl acceptors. The effects of the
A; valence band and the 4y’ conduction band on the deep-level donors are discussed. These
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effects are found to be small for singly ionized sulfur in silicon.

I. INTRODUCTION

The effective-mass approximation (EMA) of Kohn
and Luttinger'~® has been highly successful in de-
scribing the electronic structure of the excited
states of shallow-level impurities in semiconduc-
tors. In the case of group-V donors in silicon,
good agreement with experiment is obtained even
for the 1s states when the EMA is modified to take
into account the multivalley nature of the conduc-
tion band. *~" However, the simple EMA has not
been successfully applied to deep levels. As a
result, several distinctly different theoretical ap-
proaches to the problem of deep-level defects have
been adopted, with varying degree of success. We
shall briefly discuss some of these efforts below.

To a certain extent these approaches can be
grouped into three categories: (i) the free-atom
approximation, (ii) the modified effective-mass
approximation, and (iii) the intermediate ap-
proaches. ® In the free-atom approximation, the
impurity electron is considered so tightly bound
that it sees essentially the potential of a free atom
perturbed by the crystalline fields. The wave
function is described in terms of the free-impurity-
atom functions. This method has been applied to
transition-metal impurities® and interstitial im-
purities. 10 However, only qualitative results were
obtained because of the large number of uncertain
parameters involved.

The modified effective-mass approximation dif-
fers from the Kohn- Luttinger EMA in that a more
realistic impurity potential is used in the central-

4

cell region. ''~!® Usually, to account for the cen-
tral-cell correction, the potential is partitioned
into two parts. For » >R, a simple screened Cou-
lomb potential is assumed, while for » <R, var-
ious models have been used to approximate the
potential. A review of these models has been given
by Miiller. ®* The calculated energy is a function
of R, and in general there is some critical range
of R in which the energy changes rapidly. *'*® In
the case of phosphorus and singly ionized sulfur in
silicon, Miiller found by fitting the experimental
energies that R(P)=3.8 a.u. and R(S")=2.6 a.u.,
which is inconsistent with the fact that both phos-
phorus and sulfur have the same core configura-
tion. One intrinsic difficulty of these EMA ap-
proaches, when applied to silicon and germanium,
is that the valley-orbit interaction is neglected,
which has been shown to be important even for the
shallow impurities. *~7

Of the intermediate approaches, only a few will
be discussed here. The Wannier representation
in the pseudopotential formalism has been applied
by Hermanson'*'*® to exciton and impurity states
in rare-gas solids with good agreement with exper-
iment, using a simple interpolation model for the
band structure. However, the method may not be
practical for germanium and silicon where the
band structure is much more complicated. The
two-band approximation has also been applied to
the deep levels. 1*™*® Analysis of the equations in
the two-band approximation indicates that, depend-
ing on the details of the impurity potential, some
impurity centers can capture both electrons and
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FIG. 1. Comparison of the effective electronic radial
charge densities of sulfur and phosphorus ion cores in
silicon. Arrows indicate positions of outermost maxima.
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holes simultaneously. **''" However, because of
the complexity of a two-band approximation, only
semiquantitative results -have been obtained even
in the simplest band-structure model.'” Another
approach is the near first-principles treatment by
the so-called LCAO-MO technique. **?° In this
method, a defect level is simulated by a large
cluster of host atoms surrounding the defect. The
electronic states of this defect “crystal” are then
computed by using the LCAO-MO method. In or-
der to determine the energy levels with respect to
the band edges of the crystal, a very large cluster,
up to 100 atoms or more, may be needed. There
are also the quantum defect?! and the 5-function-
potential®?® methods which have been used to calcu-
late photo-ionization cross sections.

Recently we proposed a two-parameter model
impurity potential of the form U(T)= - (e%/e7)
XZ 414(T), where € is the dielectric constant of the
crystal, and Z,(7)= (1-e™® +Bre™"), to describe
the shallow-level group-V donors in silicon. 8"
Using the multivalley EMA and the variation meth-
od, the potential parameters B and b were obtained
by fitting the experimental 1s (4,)~ 2p+ and 1s(T',)
- 2p+ transition energies. Also, we suggested
that the impurity potentials of the group-V donors
may be scaled to account for the deep-level group-
VI donors of the same row in the Periodic Table. 2
In this paper, we shall test this idea by extending
the multivalley EMA to sulfur donor centers in
silicon, using the recently available 1s-state ener-
gies of the singly ionized sulfur in silicon. %-27
Testing of this idea in other group-VI donors can-
not be done at present because of the lack of ex-
perimental data.

The outline of this paper is as follows. In Sec.
II the impurity potential of sulfur is discussed
and compared with that of phosphorus. We shall
show that the comparison leads to the natural sug-
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gestion of scaling the group-V impurity potentials
to describe the group- VI impurities. In Sec. III
the multivalley EMA will be extended to obtain the
electronic structure of sulfur and other group-VI
impurities in silicon. A heliumlike model in the
multivalley EMA is also developed to describe the
two-electron neutral donors. In Sec. IV the elec-
tric-dipole transition matrix elements of the sing-
ly ionized sulfur centers are calculated and com-
pared with available experiments. Finally, in Sec.
V, some corrections to the multivalley EMA for
deep levels are discussed.

II. IMPURITY POTENTIAL OF SULFUR IN SILICON

It was shown’ that the true impurity potential in

‘the central-cell region is given qualitatively by a

point charge of e AZ at the nucleus plus an effec-
tive electronic radial charge density of — e Ap ,(r)
distributed inside the central cell, where AZ is
the difference between the atomic numbers of the
impurity and the silicon atoms, and Ap,(r) is the
difference between the radial electronic charge
distribution functions of the impurity ion and the
Si**ion. In Fig. 1 we have plotted |Ap,| of both
sulfur and phosphorus in silicon for comparison,
using the Herman-Skillman table of atomic func-
tions.?® Figure 1 clearly indicates that the radii
of the distribution of Ap ,(P) and Ap,(S) are about
the same, which is consistent with the fact that
both sulfur and phosphorus have the same ion core
configuration (1s22s%2p%), and that Ap,(S) is almost
exactly twice Ap,(P). This, together with the fact
that AZ(S)=2AZ (P), means that the impurity poten-
tial of sulfur should be essentially twice that of
phosphorus, yet the radii of the central-cell cor-
rection to the two potentials should be essentially
the same.

This observation naturally suggests that the
phenomenological model impurity potential®? of
phosphorus in silicon may be scaled to describe
that of sulfur in silicon. That is, we take the
model impurity potential of singly ionized sulfur
to be

U(S™)= - €*/er) Zote (S™) , @.1)
where

Zo:(8™)=2[1= e +Bre™], @2.2)
and € is the dielectric constant of silicon. The fac-

tor of 2 in Z,4;(S™) comes from the fact that an
electron in a singly ionized center sees an effec-
tive nuclear charge of + 2. We expect the poten-
tial parameters B and b to be essentially identical
to those of phosphorus.

We also note that the radius of maximum Z .,
which measures the radius of the central-cell cor-
rection, is given by R;= (B+b)/Bb, which is in-
dependent of the scaling. Thus, in our model, R,
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TABLE I. Comparison of the peak position Rz of the
effective impurity charge with the effective radius R, -
of the impurity ion core for sulfur and phosphorus in
silicon.

b B Rz Ryon Ry
(a.u.) (a.u.) (a.u.) (a.u.) Rju

P 0. 8724 7.310 1.283 0.765 1.68

S 0. 8783 7.316 1.275 0.695 1.83

is essentially the same for both phosphorus and
sulfur, as it should be according to the discussion
of Ap, above. Hence, our model impurity poten-
tial does not have the inconsistency between sulphur
and phosphorus as does the cavity model used by
Miiller, ** who found that the cavity radius of sul-
fur is much smaller than that of phosphorus.

II. MULTIVALLEY EMA

A. Singly Ionized Sulfur Centers in Silicon

The multivalley EMA previously used for the
group-V donors®? can easily be extended to include
singly ionized sulfur in silicon. The sulfur model
impurity potential is taken from (2.1) and (2. 2).
The potential parameters b and B are determined
by fitting the calculated 1s (4,) -~ 2p+ and 1s (T;)

- 2p+ energies to experiment, as was done for
the group-V impurities, using the recent optical
data of 1s (A,)~ 2p+=587. 95 meV 2 and 1s(4,)

~ 15 (T3)= 425 meV.?"

In Table I the potential parameters b and B for
singly ionized sulfur are compared with those of
phosphorus. Here R; is the peak position of Z g,
and Rj,, is the position of the outermost maximum
of 14p,I. The results in Table I clearly indicate
that the potential parameters are indeed essentially
identical for phosphorus and sulfur in silicon. This
close agreement gives further confidence to the
proposed model potential, for describing not only
shallow donor impurities, but also deep donor im-
purities.

The energies calculated with b=0. 8783 a.u. and
B="1.316 a.u. are given in Table II together with
the experimental values. The agreement between
theory and experiment is good, except for the
2s (T,) state. In the calculation we have neglected
the coupling between states of the same symmetry. 2
Since the 2s(T,) state lies between the 2p, state and
the 2p+ states, and since there are twice as many
2p+ states as 2p, states, the coupling with the 2p,
(T'5) and the 2p + (T;) states would have the net ef-
fect of depressing the energy of the 2s(T;) state.

In extending the multivalley EMA to include
singly ionized sulfur in silicon, we have implicitly
assumed that the donor electron has components
only from the six A, valleys of the conduction band,
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and that the central-cell correction is not strong
enough to appreciably couple in the valence bands.
This is consistent with the observation that the
emission and capture rates of holes are negligible
compared with those of electrons.3' We shall
give a semiquantitative estimate of the effects of
the valence and higher-energy conduction bands
in Sec. V.

B. Neutral Sulfur Centers in Silicon

It was recognized by Breitenecker et al. 2 and

Glodeanu® that double-donor or double-acceptor
impurities in semiconductors may be described by
a heliumlike model. Glodeanu started with the
equation

Zet Ze® e? - -
A T Fn(rl’rZ)

ﬂz
[ v 2e 2o, o
€7y €ry €lry—Tryl

2m

=EFn(-f1: ;2) ) (3 1)

which is just the extension of the hydrogenlike one-
valley EMA to a heliumlike donor, but with the free-
electron mass m, for the donor electrons instead
of the effective mass m*. The use of m instead of
m* in (3. 1) amounts to neglecting the periodic po-
tential and band structure of the host crystal. 3
Nevertheless, Glodeanu’s result does not compare
satisfactorily with experiment.

"The multivalley EMA can be extended to describe
a heliumlike double-donor impurity in silicon. We
shall take neutral sulfur as a specific example.

TABLE II. Binding energies of singly ionized sulfur
centers in silicon.
Variation
parameters Energy (E,—E)
(a.u.) (meV)

State a; a; Theory Experiment
3p, 25.3 15.5 11.25% 11.88°
2p, 25.3 15.5 25,312 25.31°
2s(E) 17.2 17.2 33.16 oo
2s(Ty)  15.8 15.8 35.73 40.27°
2p, 16.9 10.2 45.51% 45.29°
2s(A)  10.3 10.3 62.29 eee
1s(B) 14.2 14.2 147.48 ces
1s(Ty)  10.2 10.2 188,26 188.26°
ls(d) 7.3 7.3 613.26 613.26™°

20btained in the one-valley parabolic-band EMA. Cen-
tral-cell correction is 0. 01 meV for 2p+ and 3p+, and
0.13 meV for 2p,.

bFrom Refs. 24 and 25. The 2p* level has been matched
to the present theory (25.31 meV) instead of 4 times
Faulkner’s value in Ref. 30 (25.60 meV), 0.28 meV of
this difference comes from the difference in the low-
temperature dielectric constants used, [(here)/(Faulkner)]?
=(11.46/11.40)% and 0.01 meV from the central-cell cor-
rection included here.

°From Ref. 27.
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In this case the two-electron Hamiltonian is
H=H(1)+H(@)+ U,y (11,15, (3.2)

where H(1) and H (2) are just the one-electron mod-
el Hamiltonians of the singly ionized sulfur center
and U,, (T4, T») is the electron-electron interaction
which includes the effect of screening by the di-
electric function of the host crystal. In terms of
the model impurity potential, H(1) is given by

HQU)=H*+ U™, 3.3)

where H° is the one-electron Hamiltonian of the
pure crystal, and U(S™) is the model impurity po-
tential of sulfur which has been determined in Sec.
II. Now, since the bare electron-electron interac-
tion is

ez 2 lk (1 = 2)
S A — (3. 4)
ITy = 1,1 2m ke ’ :

the screened electron-electron interaction, in the
linear response theory, can be written as

e . e? . RAET)
Ve (Fss rz)=§;z—f @ (3.5)

where € (k) is the k-dependent dielectric function

of silicon. We use
BE? Cy?
1/€(R)=;
/€(k)= -r—z—+;z——ﬁz—+;2:;‘r,

with @=0.7572 a.u., A=1.175, B=0.3123 a.u.,
B=-0.175, y=2.044 a.u., and C=1ilg, as given
by Nara and Morita.3* The two-electron wave
function, assuming both electrons in the 1s(4,)
state, is

®(1,2)=2(1)%(2), 3.6)

where ®(1) and ®2) are just the one-electron wave
functions of the 1s (4,) state given by &7

8
W)= oL Fi(Rwi() (3.7
= k
and
a=(1,1,1,1,1,1)/V6 . (3.8)

The Fourier transform of F;(k) is F;(T), which is
taken to be of the form

Fy(T)= (ma®y™V2e™* 3.9)

where a is the variation parameter.
The energy E (S*) of the neutral sulfur is given
by

(®(1,2)I1H| (1, 2))
®(1, 2)12(1, 2))
_2<_(1)‘H(1)|‘1’(1))+ (21, 2) U, (Ty, Tp) 121, 2))
@M)I2Q) @, 2)12(1, 2))
(3.10)

E(S")=

The first term is just twice the 1s (4,)-state energy
of a singly ionized sulfur center. The second term
is the electron-electron interaction energy, which
has been evaluated in terms of the variational pa-
rameter in Ref. 35 using a spherical approximation
for terms that involve more than one valley. Mini-
mizing the energy with respect to the variational
parameter, we obtain

a=variational parameter (effective Bohr radius)
=8.1a.u.
and

E(S")=-928.2 meV . (3.11)

Now, from Secs. II and III A, the ground-state ener-
gy of singly ionized sulfur in silicon is E (S**)=-613.3
meV. Therefore, the first ionization energy of
neutral sulfur in silicon is

E(S'™")-E(S")=(928.2-613.3) meV=2314.9 meV.
(3.12)

Using dark capacitance transient techniques,
Rosier and Sah® observed a thermal activation
energy of 302+1.1 meV due to neutral sulfur cen-
ters in silicon. This value is slightly smaller than
the calculated first ionization energy. The differ-
ence of 315-302=13 meV can be accounted for by
a thermal (phonon) excitation process via excited
states.

It is known from the study of helium and helium-
like ions®® that for these systems the usual excited
states are such that one of the two electrons is in
the ground state. If the excited electron is in a state
of large » and [ #0, then its wave function does not
overlap appreciably with that of the inner (ground-
state) electron. In that case, the inner electron
sees essentially no screening by the outer electron,
while the outer electron sees total screening by the
inner electron. Thus, for these states, the ener-
gies of He are approximately equal to those of H
plus the ground-state energy of He*. And the ioniza-
tion energy of a helium atom with an electron in an
excited (n,l #0) state is approximately given by the
ionization energy of a hydrogen atom in the corre-
sponding (%, !) state.

Thus, in our heliumlike model for neutral sulfur
centers in silicon, an excited state of neutral sulfur
would consist of one electron in the ground state
1s(4,), whose energy is just the ground-state energy
of the singly ionized sulfur, and another electron in
an (n,l,m) state, whose energy is just the corre-
sponding (%,l, m)-state energy of a group-V donor
electron. In other words, the first ionization ener-
gy of a neutral sulfur center in the [1s@,)](n,1,m]
state is given approximately by the ionization energy
of a group-V donor center in the corresponding
(n,1,m) state. For n=2, this energy is about 10 meV. "

The same argument also applies to the excited 1s
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TABLE III. Predicted first ionization energy, E (im-
purity*) — E (impurity*), of the neutral centers and the
ground-state energy, E (impurity™), of the singly ionized
centers of Se, Te, and Po in silicon.

Energy (E,—E)
(eV)
Center State Se Te Po
1s(E) 0.132 0.137 no minimum (H)
singly 1s(Ty) 0.158 0.161 0.147
ionized 1s(Ay) 1.123 0.539 1.937
neutral 1st ionization 0.585 0.265 1.003

states, since by symmetry, the excited-state wave
tunction ®,5¢,) or ;55 has zero amplitude at the
nucleus where the amplitude of the ground-state
wave function @54, is maximum. Thus, the first
ionization energy of a neutral sulfur center in the
[1s@,), 1s(T,)] or [1s(4,), 1s(E)] state is about 32
meV.”

The above result indicates that in the indirect
thermal ionization of neutral sulfur centers via ex-
cited states, an electron is first thermally excited
to the n = 2 state, which is probably thermally
broadened appreciably, and then thermally excited
into the conduction band. During the transition pro-
cess the other electron remains in the ground state.

C. Other Group-VI Donor Impurities in Silicon

The above results show that the two-parameter
model impurity potential of sulfur in silicon is es-
sentially identical to that of phosphorus in silicon,
except for the scale factor which accounts for the
difference in the valencies of the phosphorus and
sulfur atoms. Also, it was suggested that the im-
purity potentials of the other group-V donors may
be scaled accordingly to account for the group- VI
deep-level donors of the same row in the Periodic
Table.?® That is, we expect that substitutional im-
purities of Se, Te, and Po in silicon may be de-
scribed by the potentials

U(Se™)=2U(As™) , U(Te™)=2U(Sb") ,

3.13)
U(Po™)=2U(Bi*) ,

where U(As™), U(Sb*), and U(Bi*) are the model im-
purity potentials of As, Sb, and Bi in silicon.” This
model may then be used to predict the energy levels
of Se, Te, and Po in silicon, using the results of
Secs. III A and III B.

In Table III, the predicted first ionization energies
of the neutral centers and the 1s-state energies of
the singly ionized centers of Se, Te, and Po in sili-
con are given. The predicted results show that the
1s(A,) donor states of Se and Po are in the valence
band (energy band gap of silicon equal to 1.12 eV)
and would always be occupied. They form reso-
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nance states in the valence band. No experimental
data are available for comparison with the predicted
results.

It is evident that this procedure can be extended
to group- VII triple donors. A similar procedure
may also be applied to holes bound to the deep-level
acceptor impurities, such as group-II double ac-
ceptors Zn, Cd, and Hg and group-I triple acceptors
such as Cu, Ag, and Au, by using the impurity po-
tentials of the group-III shallow-level acceptor im-
purities Ga, In, and Tl, respectively.

IV. ELECTRIC-DIPOLE MATRIX ELEMENTS

With the trial wave functions obtained in the vari-
ation calculation of the energies, the electric-dipole
matrix elements for singly ionized sulfur centers in
silicon have been calculated. The results are given
in Table IV. These values may be used to estimate
the intensities of the absorption lines from the equa-
tion®

fopf(ﬁw)dﬁw:[(l;?;‘ )z-né-] 4ﬂ3za

Xtw | (Flr|i)|?,

where 7 is the optical index of refraction, € is the
optical dielectric constant, E./E, is the effective
electric-field ratio at the trap center, and a=e?/ic
is the fine-structure constant. No experimental data
are available for comparison. However, by using
an effective field ratio of (E.4/Eq)=2 for the 1s(4,)
—~1s(7,) transition and a ratio of (E./Eq)=0.5 for
the 1s(A{)~2p and 1s(4,)— 3p transitions, we were
able to match the observed photothermal ‘ionization
spectrum of electrons from singly ionized sulfur in
silicon very well. 2" Such effective field ratios are
not unreasonable in view of the many approxima-
tions involved in calculating the electric-dipole ma-
trix elements.
V. SOME POSSIBLE SOURCES OF CORRECTIONS
FOR DEEP LEVELS
A. Effect of the A; Valence Band

4.1)

It has long been recognized that for deep-level

TABLE IV. Matrix elements |{fI¥14)|% for singly.
ionized sulfur centers in silicon. The effective Bohr radii
of the s states are from variational energy calculations,
while those of the p states are assumed to be (¢/2)tmy/
m*)=19.5a.u.

Transition IFIFIEY 12 (107 cm?)
1s(Ay) —1s(T) 4,23 x1073
1s(4;) —~25(Ty) 1.23x10™
1s(Aq) = 2p(Ty) 0.633

1s(A)) — 2p + (T,) 1.26

1s(Aq) —3py(T2) 0.199

1s(Ay) =~ 3p = (Ty) 0.398
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impurities the one-band effective-mass approxima-
tion breaks down. Several attempts have been made
to take into consideration the effects of both the con-
duction band and the valence band. *®!7 Analysis of
the equation in the two-band approximation indicates
that, depending on the details of the impurity poten-
tial, some impurity centers can capture both elec-
trons and holes simultaneously. '*!" However, be-
cause of the complexity of a two-band approximation,
no quantitative results have been obtained even in the
simplest band-structure model. Nevertheless, we
could give a rough estimate of the effect of the va-
lence band on the energy and the wave function by
following the analysis of Kohn.* Again, we shall
take singly ionized sulfur as a specific example of
a deep-level donor.

Let F (k) and F,(k) be the wave-function compo-
nents from the conduction band and the valence
band, respectively. Then, F,(K)is given approxi-
mately by3®

F,(K)=- Z} (vk|U|cKYF (k') .

E(k) E

(5.1)
Now,

(vk|U|ck")= [ drulie ™ Vu e ™, (5.2)

and the periodic function u},u.,,» may be expanded in
the form

Uttop= 20 C (G)e'®F (5.3)
G#

where Gis a reciprocal-lattice vector. There is

no G=0 component in Eq. (5.3) because of the

orthogonality of the valence- and conduction-bzlnd

states. Assuming that only one component of G

is important, then (5. 2) and (5. 3) give
Wk|U|ckY~C(@) UG+K' -k), (5. 4)

where U(K) is the Fourier transform of U(f). Sub-
stituting (5 4) into (5. 1) and making the substitution

of k"= G +k’, we obtain
FRe g 5 o -BrE 50

(5.5)

Since F (K)~ [1+a**?]?, where a* is the effective
Bohr radius of the ground state, the ratio

F (k" - G)/F,(k") is of the order of [a*G]™.
Therefore, in order of magnitude, Eq. (5.5)is
given by

- 1
F.,(E)— - Ev(E)_E

C(G) _‘ = ”n
oF 5, VE -B)F (K.
(5.6)

Since the potential energy is of the same order of
magnitude as the ionization energy, we may fur-
ther approximate the sum in (5. 6) by

g U(K” = K)F(K")~E,F (k). (5.7)
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Finally, (5.6)and (5.7) give
FK)| . C@GE
F (k)| [E u(E)-—E][Ia*G]‘* (5.8)

Taking the values of E;=0.61 eV and a*="7.3 a.u.
for singly ionized sulfur, E (R)—E=~4.0-0.61 eV
for k= (0. 85, 0, 0)27/a, ¥ where a is the lattice
constant of silicon, and assuming C(a)ﬁ 1.0 and

G ~2m/a, we obtain (F,/F,)=4.5%10". There-
fore, for singly ionized sulfur in silicon, where
the ground-state level lies about midway between
the conduction-band and valence-band edges, the
wave-function component from the valence band

is small compared with that from the conduction

band. This offers an explanation of the observa-

tion by Rosier and Sah® that the thermal emission
rate of electrons is much larger than that of holes.
The effect of the valence band on the ground-state
energy is to shift it upward by (F,/F,f=(2%x10%)%,
which is very small.

B. Effect of the A,, Conduction Band

In general, the inclusion of wave-function com-
ponents from the higher-energy conduction bands
has the effect of lowering the ground-state energy
calculated using only wave-function components
from the 4, valleys. For silicon, E (4,)— E(4z,)
=0.50+0. 05 eV at k= (0. 85, 0, 0)2n/a.*® This is
comparable to the ground-state energies of most
deep-level impurities. Therefore, one would
expect the coupling between the 4; and the 4,.
bands to be appreciable for the deep-level impur-
ities. Using Eq. (5. 8), with the subscript v re-
placed by 4,., we obtain (F,,,/Fs,)=1.7X 10™ for
singly ionized sulfur in silicon, indicating that the
effect of the 4;, band is also very small.

VI. SUMMARY

It was suggested that the impurity potentials of
the shallow-level group-V donors may be scaled
to give the model impurity potentials of the deep-
level group- VI donors of the same row in the Pe-
riodic Table. By extending the multivalley EMA to
include singly ionized sulfur centers in silicon, it
was found that the model impurity potential of sul-
fur is indeed essentially identical to that obtained
by scaling the model impurity potential of phos-
phorus.

It was also suggested that the same ideas may
be applied to holes bound to deep-level acceptor
impurities, by scaling the impurity potentials of
the shallow-level group-III acceptors.

A heliumlike model in the multivalley EMA was
also developed and applied to the two-electron
neutral group- VI donors in silicon. Dielectric
screening was included in the electron-electron
interaction energy. The calculated energies of
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neutral sulfur agree well with the experimental
thermal activation energies.

Using the scaled impurity potentials of As, Sb,
and Bi, the energy levels of substitutional Se, Te,
and Po in silicon were predicted.

The contribution from the 4A; valence band and

T. H. NING AND C. T.

SAH

1

the 4,. conduction band to the wave function and
energy of the deep-level donors was discussed.
For the case of singly ionized sulfur in silicon,

the effects of the A; valence band and the 4,. con-
duction band were found to be small compared with
the A, conduction band.
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