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A theoretical analysis has been made of infrared absorption spectra measured earlier for four
deep-lying sulfur donor centers in Si. The analysis is based on a group-theoretic treatment for the
behavior of electronic levels under uniaxial stress. The data consist of absorption frequencies and
polarization selection rules determined for calibrated uniaxial stress applied along the [001], [111],
and [110] axes. Both 1s—np transitions and 1s— 1s transitions are observed. The 4 and B centers
(binding energies 0.1095 and 0.1877 eV, respectively) are found to be He-like, while the C and D
centers (binding energies 0.3705 and 0.6136 eV, respectively) are found to be He*-like. The D-
center spectra are consistent with T, symmetry, while the 4-, B-, and C-center spectra are con-
sistent in most respects with Cs, or D34 symmetry. The analysis of the 15— np spectra yields values
of ~7.9 eV for the conduction-band pure shear deformation potential, somewhat lower than the
value of ~10 eV determined from spin-resonance experiments. A well-defined 15(4)grouna
—1s(T,) spectrum is observed for the D center; 15(A4)youa— 15 (E) and 1s(A4)grouna— 15 (A4})
spectra are observed for the B center. From comparison of the data with theory, parameters of the
ground and excited levels are determined. One noteworthy result is the finding that the 1s—np
spectral frequencies observed under stress for the A center are consistent with a twofold-degenerate
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1s (E) ground state.

I. INTRODUCTION

The study of impurity states in semiconductors was
given great impetus by the early experiments of Burstein
et al.' on the infrared-absorption spectra of shallow
donors in Si and Ge, together with the theoretical analysis
of these spectra by Kohn and Luttinger.> More recently,
the properties of deep-lying impurity states in semicon-
ductors have attracted great interest because such states
can have an important influence on the performance of
semiconductor devices. In this paper we report a study of
the electronic structure of four deep-lying S centers in Si.
This study involves a detailed analysis of earlier data® on
the infrared-absorption spectra of S-doped Si measured at
~10 K as a function of calibrated uniaxial stress.

There have been a number of recent, detailed studies of
the infrared-absorption spectra of S and other chal-
cogenides in Si in the absence of stress.* The study of
such spectra in the presence of calibrated uniaxial stress
adds considerably to the power of the experiments, yield-
ing information on the stress-dependent Hamiltonians and
symmetries of the states observed, as well as information
on the impurity site symmetries. A recent study’ of this
type on oxygen-associated states in Si has helped greatly
in elucidating the nature of these states.

The first theoretical treatment of donor states in Si
(Ref. 2) applied to shallow donors. This treatment was
based on the effective-mass approximation (EMA), ac-
cording to which the states are derived from linear com-
binations of contributions from the six conduction-band
minima in a manner appropriate to the state symmetries.
The theory assumed further that the behavior of states
under applied stress is given by the deformation-potential
approximation (DPA),® which describes the changes in en-
ergy of the conduction-band edges with stress. More re-
cent theoretical treatment of the deeper-lying chal-
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cogenide donor states’ indicates that these states deviate
considerably from an EMA description.

The four S centers discussed in this paper, which we
designate as 4, B, C, and D,? have ground states lying,
respectively, 0.1095, 0.1877, 0.3705, and 0.6136 eV below
the conduction-band edge.’ Their excited np, and np.
levels are well described by the EMA and DPA. Their
ground states and low-lying excited states are derived
from 1s-like states, but are considerably perturbed from
the simple EMA description, as expected for moderately
deep-lying levels. However, the framework of the EMA is
adequate for obtaining the symmetries of these levels. Us-
ing these symmetries, we have employed group-theoretic
arguments to derive expressions giving the energies of the
levels as functions of the magnitude and orientation of ap-
plied stress. These expressions have been compared with
experimental results to obtain parameter values describing
the stress behavior of the levels. The measured values are
found to deviate considerably from those predicted by
EMA-DPA theory.

In Sec. II of this paper we describe briefly the sample
preparation and experimental apparatus used in our study
of the S centers in Si. The theoretical description of
energy-level behavior under uniaxial stress is given in Sec.
III. In Sec. IV the analysis of the spectra of the four
centers is presented. The centers are discussed in the or-
der of our decreasing understanding of their electronic
structure.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Samples to be doped with S were cut from Si boules to
a size of 13X 134 mm?, with the cut faces oriented by
x-ray diffraction. The boules were either nominally un-
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doped (with resistivities up to several thousand ohm-
centimeters) or doped with B to 10'® cm 2, depending on
whether the S centers were to be neutral or ionized. The
samples were ground, cleaned in hydrogen fluoride etch,
and rinsed with water and alcohol. Each sample was then
placed in a fused silica ampoule with approximately 3 mg
of 99.99%-pure sulfur. The ampoule was sealed off under
vacuum, placed in a furnace, and maintained at a tem-
perature of 1280°C for about 30 h. After this period, ei-
ther the ampoule was pushed out of the furnace into a
bath of ethylene glycol for rapid cooling, or the furnace
was turned off and the sample allowed to cool in place.
After cooling, the sample was removed from the ampoule,
the faces were ground, and the electrical type and resis-
tivity were checked. All the measured samples were n
type. The sample was then polished to a size of
10X 10x2.5 mm?, with the opposite faces plane and
parallel to 1 um.

B. Measuring apparatus

The sample was placed on the base plate of a vacuum
chamber that was in thermal contact with the copper bot-
tom of a Dewar containing liquid helium (see Fig. 1).
Stress was applied by means of a stainless-steel rod that
was enclosed in a stainless-steel tube and passed through
the Dewar to an anvil on top of the sample. The force
was provided by nitrogen gas from a cylinder connected
to a calibrated air piston that was attached to the top of
the Dewar. To obtain uniform stress on the upper and
lower faces of the sample, Teflon spacers were inserted be-
tween these faces and the anvil and base plate, which had
machined surfaces. The maximum total force applied was
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FIG. 1. Sketch of apparatus for measuring infrared-
absorption spectra under calibrated uniaxial stress.
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usually about 400 1b, though some spectra were measured
to values about 20% higher. The monochromator was a
Perkin-Elmer model 98 modified for use with a foreprism,
and a Princeton Applied Research lock-in amplifier was
used as the main amplifier. The Dewar was placed in the
afteroptics of the monochromator, with the sample orient-
ed so that the monochromatic beam passed through a 1-
cm length of silicon. The highest absorption coefficient
measured for any of the transitions was about 4 cm ™.

III. THEORETICAL DESCRIPTION OF SPECTRA
IN THE PRESENCE OF STRESS

A. 1s—np spectra in the EMA and DPA

The conduction band of Si consists of six band-edge
minima located along [100] axes in k space, at approxi-
mately 0.85 of the distance to the X point. The constant-
energy surfaces associated with the band edges are some-
what cigar-shaped, with effective masses m,/m,=0.192
and m;/my=0.90. These masses have been used by
Kohn? and later by Faulkner’ to predict the energy levels
of hydrogenic donors in the EMA. The levels calculated
by Faulkner are shown in Fig. 2, along with the positions
of the levels deduced from experiment for the 4, B, C,
and D centers of S in Si.> (The data are summarized in
Tables I and II. Some of the identifications of weak tran-
sitions come from Ref. 10.) In plotting the positions of
the experimental levels, we have aligned the 2p. levels
from experiment with the calculated 2p . levels. The 4
and B centers have been identified® as neutral S centers,
which are analogs of the He atom. Since the excited
states of He form a hydrogen-atom-like series, we can ex-
pect the plot of the 4 and B excited p states to match
reasonably the calculated effective-mass spectrum of a hy-
drogenic donor with Z=1, as it indeed does. On the oth-
er hand, the C and D centers have been identified® as
singly charged He*-like centers with Z=2, which sug-
gests that the energies of the excited levels relative to the
band edge are a factor of 4 larger than they would be for a
hydrogen-like center. Accordingly, the experimental
spacings between levels for the C and D spectra in Fig. 2
have been scaled down by a factor of 4 for comparison
with the hydrogenic effective-mass levels. A more de-
tailed comparison of the experimental spectra with the
calculated effective-mass spectra is deferred to Sec. IV.

The 1s-like levels for donors in Si in the EMA are writ-
ten as

6
Y(r)= 2 ajF'j(f)(ﬁj(f) , (1)
j=1

where the a; are coefficients, and F;(r) and ¢;(r) are,
respectively, envelope functions and Bloch functions at
each conduction-band edge. The 1s envelope functions
have nonvanishing wave functions at the origin, and are
therefore subject to a central-cell perturbation at the posi-
tion of the donor atom.? This perturbation mixes wave
functions from the six electron minima and lifts their de-
generacy, producing states (in the usual substitutional T,
symmetry)
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FIG. 2. Energy-level diagram for S centers determined by infrared-absorption measurements.

Y1s(A4)=(1/V6)(1,1,1,1,1,1) (1), (1a)
(1/V12)(—=1,-1,—1,—1,2,2)
Yis(E)= (2z2—x%—yp?), (1b)

7(1,1,—1,—1,0,0) [V3(x2—p?)],

(1/v2)(1,—1,0,0,0,0) (x),
¥ (T,)= {(1/v2)(0,0,1,—1,0,0) (»),
(1/v2)(0,0,0,0,1,—1) (z) .

(1c)

The ordered entries give the coefficients a; of the contri-
bution to the wave function from the valleys along the
axes (X, —R%,¥, —¥,2, —2). The terms to the right give the
transformation properties of the wave functions. For
most simple hydrogenic donors, the 1s(A4,) state is the
ground state, while the 15 (E) and 1s(T,) states are closer
in energy to the effective-mass 1s state.

The np-like levels, which have vanishing wave func-
tions at the origin in EMA, are only weakly affected by
the central-cell perturbation, and therefore usually retain
their sixfold valley degeneracy. For the C center, which
has non-T,; symmetry, the np levels show small splittings
(see Sec. IV C).

In the presence of strain, the jth valley in Si shifts by an
amount

AV =E Le+E,§j—+1)e, (2)

where E| is the dilatational deformation potential, E, is
the pure shear deformation potential, € is the strain ten-
sor, and [ is the 3 X3 identity matrix. The strain due to
an applied stress T is

€e=ST,

where S is the elastic compliance tensor. If the applied
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TABLE 1. Transition energies for sulfur centers in silicon.

Transition energy (eV)
Transition A B C D
1s—1s 0.07045 0.22096
0.07903 0.22161
0.07998 0.15641 0.2219%4 0.429 34
0.8070 0.16120 0.22576 0.429 68
0.32360 0.56797
1s—2p, 0.09791 0.176 15 0.32479 0.57301
0.34453
1s—2p+ 0.10313 0.18126 0.344 89 0.58795
0.34844 0.59208
1s—3pg 0.10403 0.18215 0.348 99 0.59303
I1s—3p+ 0.10642 0.18452 0.358 68 0.601 38
1s—4p, 0.106 19 0.184 34
1s—4p+ 0.107 34 0.18549
1s—5p+ 0.18621
Weak
1s—3d, 0.10570 0.18376 0.35551 0.598 52
1s—2s(E) 0.178 82
(4)) 0.179 45 0.34006 0.57304
1s —3s(E) 0.18286
(Ay) 0.183 10 0.59308
0.108 11 0.18570
0.10849
TABLE II. Calculated and observed energy levels for sulfur centers in silicon.
Calculated Observed
EM A B C/4 D/4
Level (eV) (eV) (eV) (eV) (eV)
Ground —0.03127 —0.1095 —0.1877 —0.3705/4 —0.6136/4
—0.01173 —0.011408
2po —0.01151 —0.01159 —0.01155 001143 001015
—0.00649
2p+ —0.006 40 —0.006 37 —0.006 44 —0.00640 —0.00641
—0.00552 —0.005 38
3po —0.00548 —0.00547 —0.005 55 —0.00538 —0.005 14
3p+ —0.00312 —0.00308 —0.003 18 —0.00296 —0.00306
4po —0.00333 —0.003 31 —0.003 36
4p+ —0.00219 —0.002 16 —0.00221
5p+ —0.001 44 —0.00149
2s(E) —0.008 88
(A)) —0.008 83 —0.008 25 —0.007 61 —0.01014
3s(E) —0.004 84
(A ~0.00475 0,004 60 ~0.00513
3d, —0.00375 —0.003 80 —0.00394 —0.00375 —0.00377
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stress is purely compressional along the direction i, then
T=Tnn. (Note that T is negative for compression.) In
that case, for the jth valley,6

AEV=E (S +25)T+Ey(Sy; —Sp)(nf—3)T,  (3)

where 7n; is the component of the vector fi along the jth
valley axis.

Since the np levels for the six valleys are essentially de-
generate in the EMA, Eq. (3) describes how these levels
will shift and split in the DPA with the application of a
compressional stress along the fi direction. Combining
Eq. (3) with Eq. (1a), we also see that the 15(4,) ground
state in T,; symmetry should shift under stress by

Agls(A])=E’|(Sll+2S12)T, (4)

where E| may not be quite the same as E,, since the
ground state may contain an additional small contribution
outside the EMA from other bands. If E| and E/ are the
same, then the center of gravity of the 1s(4)—np spec-
trum should not shift under applied stress. As noted
above, for deep donors the EMA may not be accurate, and
the DPA description of the effect of strain may not be
adequate (see Sec. III B).

The np, and np. levels are eigenstates of angular-
momentum component L,, although they are not eigen-
states of total angular momentum L%. The np. levels are
degenerate, but they are not degenerate with np, (see Fig.
2). The relative intensities of 1s(A4;)—nps and
1s(A,)—npy electric-dipole transitions associated with
the jth valley are, respectively,

I, =Ex3? M

|2
np 4 np4

~ A (5)
L, =(E 3P | M, |*

npg

where E is a unit vector along the optical electric field
and/_|> is a unit vector along the jth-valley axis [see Appen-
dix, Eq. (A12)].

We make use of Egs. (3) and (5) to analyze the 1s—np
spectra observed for the four S centers studied. There is
clear evidence from the stress dependence of these spectra
that three of the centers are not located in sites of T,
symmetry. The A, B, and C centers all appear to occupy
sites with trigonal symmetry (either C;, or D3y), the sym-
metry axes for the centers being distributed randomly
along (111) directions. For either C;, or D;; symmetry,
a site has a threefold symmetry axis and three reflection
planes containing the symmetry axis and making 120° an-
gles with respect to one another. In addition, a site of Dy
symmetry has a center of inversion. For our purposes,
then, the main difference between C;, and D;; symmetry
is that in D3; symmetry eigenstates are of either odd or
even parity, while in C;, symmetry they are of mixed par-
ity. This difference can affect the stress dependence of
energy levels and selection rules, allowing us, in principle,
to distinguish between the two cases. In fact, we have not
been able to distinguish convincingly between the two
cases from any of our experimental results.

It should be noted, however, that C;, and D;; symme-
try imply very different geometries for defect centers in
Si. A center which is formed by a slight distortion from a
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site of Ty symmetry cannot have inversion symmetry, and
therefore cannot have D;; symmetry. A center which has
D3, symmetry is almost certainly located at a site which
has D, symmetry in the perfect Si lattice.

A perturbation of C;, or D3; symmetry causes a T,
state in T, symmetry to break up into E + A, states, pro-
ducing 1s-like states in the EMA of the form

Yisa,)=(1/V6)(1,1,1,1,1,1) (1), (6a)
a/V12)(—1,—-1,—1,—1,2,2)

(2z22—x2—y%),  (6b)
+(1,1—1,—1,0,0) [V3(x2—ypH],

’»l/ls(E)z

(1/v12)X(—=1,1,—-1,1,2,=2) 2z—x—y),

"= 6
YisE) 1(1,-1,-1,1,0,00 [V3(x—p)], (6¢)

Uigany=(1/VOL =11, =11, =1) (x+y+2).  (6d)

For a C;, perturbation, the 4, and A states and the E
and E’ states will also be admixed, giving states of mixed
parity.

B. Spectra of donors outside the EMA-DPA: T, symmetry

Although the EMA combined with the DPA seems to
work well in describing 1s and np states of shallow donors
such as P, As, and Sb in Si (binding energies ~0.04—0.05
eV), it is not adequate to give an accurate description of
the behavior of S in Si (binding energies ~0.1—0.6 eV).
It has been shown from spin-resonance hyperfine-splitting
data!' that the D-center ground-state wave function
differs strongly from that predicted by the EMA theory,
although the D center appears to occupy a site of T; sym-
metry.

The general Hamiltonian describing the behavior of a
set of levels in the presence of strain can be written as

Hy, = 2 Uaﬁeaﬁ » (7
a,B

where the coefficients U,g are symmetric functions of
donor-electron coordinates (U,g=Upg,). For a given
center, the U,g’s describing one set of donor levels may
not be the same as those describing another set, since the
admixture of contributions from different band edges may
not be the same for different states.

In the case of T; symmetry, it is useful to rewrite Eq.
(7) in the form where the combinations of U’s appearing
transform explicitly as bases of irreducible representations
of the T; group. The result is

Hy=a18+5Gie1+ 566+ 3 VaTa (8)
a
where
A= D €ge A1,
€1=2€,; — €4 —€),
€=V3en—e,), | £ (8a)

Tx =€ppy Ty =€z, T;=6€y, T,,
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‘;'EUaa’ A4,

a
G =2U, —Up—U,y,
G, =V3Uu—U,), | E>
Vi=Uy,, Vy=Ug, V,=U,, T;.

a;

(8b)

In these equations, the subscripts x,y,z refer to cubic axes
in the crystal.

The strain energy of the 1s(A4;) level can be calculated
from Eq. (8) by noting that the only term having a non-
vanishing matrix element with respect to an A, state is
the term with spatial dependence transforming as A4,.
The result for the energy, writing the strain in terms of
stress and elastic compliance coefficients, is of the form
1
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g(A])=$0(A1)+a(311+2512)T, 9)

where a =(A4;| 7 3 . Ugy | A;). This is the same result
we would get from the EMA wave function, given by Eq.
(la), and the DPA valley shift, given by Eq. (2), if we
identified a with E,.

We can apply Eq. (8) to a threefold T, state by noting
that only terms in Eq. (8) with spatial dependence
transforming as A4, E, and T, have nonvanishing matrix
elements with respect to a T, state. The resulting matrix
elements can be conveniently written in terms of an effec-
tive Hamiltonian to be evaluated between states of
pseudo-angular-momentum L=1. The effective Hamil-
tonian, including a spin-orbit term, is

H=AL-S+(a/2)L(L +1)(S1;+281,)T —(G/6){[3L}—L(L + 1)1(3n7— 1)+ 3(L2—L)(n}—n})}(S}, —S ;)T
—VI(LyL,+L,Ly)nyn, +(L, Ly +LyL)n;ng +(LyLy,+L,L,)n,n,184T , (10)

where
a=(x|Ug|x),
G={x|Uyx—U,|x),
V=A(z|Ug|x),

and n,,n,,n, are direction cosines of the applied stress
with respect to cubic axes. Equation (10) is to be evaluat-
ed with respect to angular momentum basis states,

Vil=—(1/V2)(x +iy) ,
W=z, (11)
Yl=(1/v2)(x —iy),

and the matrix elements of U are taken with respect to
basis states transforming as x, y, and z. In obtaining Eq.
(10) we have used obvious relationships between matrix
elements of the U components with respect to x, y, and z.
If a=E,, G=E,, and V=0, Eq. (10) yields the same re-
sult as the EMA with the wave functions given by Eq.
(1c) and the DPA valley shift given by Eq. (3).

The electric-dipole operator transforms as T, in Ty
symmetry, and hence electric-dipole transitions are al-
lowed only between the A, ground state and T, excited
states. In fact, 1s(A4,)—1s(T,) transitions should not be
electric-dipole-allowed because both states have the same
parity. However, parity can be mixed by interaction with
neighboring defects, leading to weak absorptions.
15(A;)—1s(T,) transitions have been observed for Bi in
Si (binding energy ~0.07 eV), and an EMA-DPA analysis
based on a Hamiltonian of the form of Eq. (10) gave an
excellent fit to the stress dependence of the spectrum.!?
The deformation-potential parameter G found necessary
to fit the spectrum was only slightly less than the 1s—np
deformation potential E,, and the measured spin-orbit pa-
rameter A was very close to that calculated for Bi in Si.'?
We have applied Eq. (10) to the analysis of the 1s(4,)
—1s(T,) spectrum observed for the D center (see Sec.
IV A), and find that the results differ strongly from the
EMA-DPA expectations.

C. Spectra of donors outside the EMA-DPA:
C;, or D3; symmetry

Although some puzzles still remain in the analysis of
the spectra, there are good indications that the 4, B, and
C centers have Cj, (or D;3;) symmetry, with their symme-
try axes randomly distributed along (111) directions. We
discuss the Cj, case; the treatment for D;; symmetry is
essentially the same.

In C;, symmetry, T, states decompose into A,+E
states. To take account of the C;, symmetry, we regroup
combinations of the U’s appearing in Eq. (8) to transform
as bases of irreducible representations of this group with a
symmetry axis along [111]. The result is

Hy=a10+5G €14+ 566+ V74 +5ViTi+5Vor2

(12)
where

Vi, =5Up+Ux+Uy), 4;,

(12a)
Vi=2U,, —U,, — Uy,
V,=V3iU,-U,, | E°
Ta, =€z +6€x+€y, Ay,

(12b)
r,sZexy—eyz—en,
TZE\/S(ey,—-ez,), E,

and the remaining terms are defined in Eqgs. (8a) and (8b).
Equation (12) represents the strain Hamiltonian for a
center with a C3, symmetry axis along the [111] direction.
For equivalent centers with symmetry axes along the oth-
er (111) directions, the energy due to an applied stress
can be found by an obvious identification of the equiv-
alent stress with respect to the particular {(111) axis.

In C;, symmetry, the 1s(T,) state breaks up into A4,
and E states, and the electric-dipole operator breaks up
into 4, and E parts. On the basis of symmetry, electric-
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dipole transitions should be possible between A=Ay,
A,<—E', E&E',and E«<A. As we have noted, however,
the distinctions between 4; and A} and between E and
E’ are, in general, not significant for C3, symmetry, since
a perturbation of C;, symmetry mixes 4; and A} as well
as Eand E'.

Applying Eq. (12) to the strain energy of an A} level
that transforms according to Eq. (6d),

E=8&o+a(Sy +2S]2)T+-§-VS44(n,n,+nznx +neny )T ,
(13)

where
]

H =[a(S,,+25,)T —(V/3)Ss(n,n, +n;n, +nxny)T]l
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a=(A'1 lal IA’I) ’

V=3(41|V4 1 41),

and ng,n,,n, are direction cosines of applied stress with
respect to cubic axes, with axes chosen so that the Cj,-
symmetry axis is along [111]. Since a perturbation of Cj,
symmetry mixes A; and A4}, Eq. (13) applies to 4, as
well as A states. In Dj3; symmetry, the distinction be-
tween A, and A remains, and the general result for 4, is
of the form given by Eq. (9) with the V term absent.

From Eq. (12), the effective Hamiltonian describing the
splitting under stress of a twofold-degenerate E’ level in
C;, symmetry can be written

+0,[(G/6)(S1; —S12)3n2—1)T +( V'/3)S4(2nn, —nyn, —n,n, )T
— 0, [(G/6)(S), =SV (nE—n)T +(V'/3)S44V3(nyn, —n,n, )T] , (14)

where I is the 2X2 identity matrix, g, and g, are the
Pauli matrices,

1 O 01
0 -1 10

aE(Ea |01 lEa)’ V=_3<Ea | VAl lEa> ’

ag;= y Tx= s

G=(E, |G| |E,), V'=+(E,|V\|E,),

and E, represents the E’ basis function transforming as
2z —x —y. Equation (14) is the Hamiltonian with respect
to two basis states transforming as E, and E,
=V3(x —y). In obtaining Eq. (14), we have made use of
the symmetry relations among matrix elements of opera-
tors transforming as bases of the C;, group.'* It should
again be kept in mind that the x,y,z axes are chosen so
that the C;,-symmetry axis of the center is along [111].
The distinction between E and E’ levels is not significant
in C;, symmetry, since a Cj, perturbation mixes E and
E’'. The V and V' in Egs. (13) and (14) are defined as
shown because in the simplest limit they become
(z | Uy | x ), the quantity defined as ¥ in Eq. (10). The
distinction between E and E’ states remains in D3y sym-
metry. For E' in D34, Eq. (14) holds. For E in Ds4, and
also for E in T,, the energy levels are described by Eq.
(14), but with the ¥ and V' terms absent because of the
parity of E states.

IV. ANALYSIS OF SPECTRA FOR S IN Si

A. D center (binding energy 0.6136 eV)

The D center has been identified by spin-resonance ex-
periments'! as an isolated S+ ion in a site of T; symme-
try. The 1s—np spectrum for this center is He*-like,’
confirming definitively that the center is singly ionized.
Our results with uniaxial stress also confirm that the
center is in a site of T; symmetry,’ but, as in the spin-
resonance experiments, these results do not distinguish be-
tween a substitutional site and an interstitial site. Recent

[

theoretical calculations!® show that the substitutional site
has lower energy, indicating that the D center is substitu-
tional.

Figures 3 and 4 show, respectively, representative ab-
sorption spectra observed for the ls—np and 1s—1s
transitions of the D center under applied stress. The vari-
ation of the peak energies with stress is summarized in
Figs..5 and 6. In Fig. 5 we have indicated the relative in-
tensities expected from the DPA expression, Eq. (5), for
polarizations parallel and perpendicular to the stress axis.
The 1s—np spectra under stress are in excellent agree-
ment with DPA predictions for transitions from a S*
15(A,) ground state to effective-mass np states, in regard
to both the stress dependence of the p-level energies and
the selection rules [see Appendix, Eq. (A12)]. However, in
the absence of stress there are two 1s—2p, absorption
lines, rather than the single line predicted by the EMA.
The stress dependence and selection rules are the same for
both lines.
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FIG. 3. Absorption spectra for the 1s(A4,)—np transitions of
the D center at zero stress and under uniaxial stress applied
along the [001] axis.
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By fitting the stress dependence of the 1s—np spectra,
using Eqgs. (3) and (9) together with published'® values of
the elastic compliance coefficients for Si (S;;=0.768
x 10712 cm?/dyn, S;;=—0.214x10"'? cm?/dyn, and
S44=1.26X10""2 cm*/dyn), we obtain a pure shear de-
formation potential E;=8.1 eV and E;(np)—[a(4;)],

=1.7 eV, where gr designates the ground state. (These
and the other parameter values obtained for all four S
centers are collected in Table III.) This value of E, is
lower than the value of ~10—11 eV obtained from spin-
resonance experiments on shallow donors in Si.'”"'®¥ The
discrepancy may be due in part to the nonideal shape of
our samples, which does not closely approximate the long
rodlike shape necessary to make inhomogeneous stresses
negligible. Nevertheless, there appears to remain a real
discrepancy for which we have no explanation.

The 15— 1s spectrum can be fitted reasonably well by
assuming that transitions take place from the 1s(A4,)
ground state to the excited 1s(T,) state, which is spin-
orbit-split in the absence of stress. Both the energies and
relative line intensities can be fitted with a Hamiltonian
for the T, state of the form given by Eq. (10), with pa-
rameters a(T,)—[a(4)],=1 eV, G(T,)=2.6 eV,
V(T,)=—0.15 eV, and A=0.22 meV (see Fig. 6).

In the absence of the V parameter, the highest-energy
transition for T along the [111] axis would not be split.
The one serious discrepancy is the splitting of the lowest-
frequency line for T applied along the [001] axis (see Fig.
4); no splitting should occur, since only Kramers degen-
eracy remains. It is possible that the observed splitting
was produced by a nonuniformity in stress.

It should be noted that in the DPA the values for G
and E; would be the same, and ¥V would be zero. Thus
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FIG. 5. Stress dependence of the peak energies for the 1s(A;)—np spectra of the D center. The pairs of numbers given for the
different lines indicate relative intensities calculated at maximum stress for light polarized parallel and perpendicular to the stress

axis.
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the 1s(T,) level of the D center, which lies only about
0.06 eV below the position of the 1s level in the EMA, de-
viates considerably from simple EMA-DPA behavior.

B. B center (binding energy 0.1877 eV)

Our B and C centers, which have respective binding en-
ergies of 0.1877 and 0.3705 eV, are shown by their
1s—np spectra to be, respectively, neutral and singly ion-
ized. We can identify these centers with centers at 0.187
and 0.368 eV that Brotherton et al. found from deep-level
transient-spectroscopy (DLTS) data to be, respectively,
neutral and singly ionized states of the same sulfur
species.!” The assignment of the B and C centers to the

same sulfur species is consistent with the symmetry prop-
erties of these centers, since both appear to have Cs, or
D,; symmetry with symmetry axes distributed randomly
along (111) directions. In addition, we can identify the
C center with a center having a binding energy of 0.37 eV
that Kravitz and Paul®® have attributed to S-S pairs on
the basis of their studies of spin resonance in the presence
of tunable infrared radiation. We therefore conclude that
the C center is probably a (S-S)* pair and that the B
center is a (S-S)° pair, the neutral form of the same
species.

Figures 7 and 8, respectively, show representative 1s
—np and 1ls—1s spectra for the B center under an ap-
plied stress. (Our discussion will be based on C,, symme-

TABLE III. Energy-level parameters for sulfur centers in silicon.

a—ag
Energy below or
band edge E\—a, G VorV E, A
Center Level (eV) (eV) (eV) (eV) (eV) (eV)
D np ~1.7 8.1
1s(T5) ~1 ~2.6 ~—0.15 0.22x 1073
[1s(A1)]e 0.6136
B np ~0 7.8
1s(47) ~15 ~0
1s(E") ~15 10.5 ~0
[1s(A)]g 0.1877 ~2.0
C np ~0 7.8
1s(E) ~3.2 +8.6 ~%1.6
[1s(A)], 0.3705 ~+2.0
A np ~—12 8.2
[1s(E)], 0.1095 +7.2 ~+22
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FIG. 7. Absorption spectra for the 1s(A4,)—np transitions of the B center at zero stress and under uniaxial stress applied along

the [110] axis.

try, although a site of D3y symmetry cannot be ruled out
on the basis of our spectroscopic observations.) Figures 9
and 10 show the absorption peak energies as a function of
stress. The 1s—snp spectra are in good agreement, with
regard to both p-level spacings and selection rules, with
DPA predictions for transitions from the 1s(4,) ground
state of a center of C;, symmetry to EMA np states.
Both the 1s—np and the 15— 1s lines are narrow, allow-
ing a fairly complete analysis of the spectra. The parame-
ters obtained from the analysis, using Eq. (13) for the en-
ergy of the ground state, are E;=7.8 eV, [V(4,)],,=2.0
eV, and E (np)—[a(A4,)],=0.

The 15— 1s transitions shown in Figs. 8 and 10 can be
fitted reasonably well by assigning the lines at 7=0 at en-
ergies of 0.156 and 0.161 eV to transitions from the
1s(A,) ground state to excited 1s(E’) and 1s(A4]) states,
respectively. This is the reverse of the identification given
in the review article by Wagner et al.?! Both the line en-
ergies and selection rules can be obtained by using the pa-
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FIG. 8. Absorption spectra for the 1s(4,)—1s(E’) and
1s(A4,)—1s(A}) transitions of the B center at zero stress and
under uniaxial stress applied along the [100] axis.

rameters a(A})—[a(A4,)];=1.5 eV, V(4])=0, a(E’)
—[a(4)]y=15 eV, V(E")=V'(E')=0, G(E')=10.5
eV, and [V (A4,)],,=2.0 eV (see Fig. 10). The one clear
disagreement with theory is that the middle line for the
[15(A4)]y—1s(E’) spectrum for T||[110] in Fig. 10 is
observed to be polarized, while the theory predicts that it
should be unpolarized (see Appendix).

Although the stress dependence of transition energies
within the [1s(A4)];—15(A4]) and [15(4})]e—1s(E")
sets is well described by the theory using Eqs. (13) and
(14), the values of a(A4j)—[a(4;)]; and a(E’)
—[a(A1)], required to obtain the best fit for T along
difference axes are not quite the same. The discrepancy
can probably be attributed to the theory’s neglect of ma-
trix elements between the excited A and E’ states. Such
elements could arise from the spatially dependent terms of
E symmetry in Eq. (12), since with increasing stress the
A7 and E’ levels come close enough together to interact.

C. C center (binding energy 0.3705 eV)

As mentioned in Sec. IV B, the C center is probably (S-
S)*. Figures 11 and 12, respectively, show representative
spectra observed for 1s—np and 1s—1s transitions of
this center under applied stress. Figures 13 and 14 sum-
marize the stress dependence of the absorption-peak ener-
gies.

The ls—np spectrum can be reasonably analyzed in
terms of transitions from the 1s(A4;) ground state
described by Eq. (13), although the analysis is complicated
by the splittings at T=0 of [15(4)];;—np, transitions
(see Fig. 13). In principle, the analysis of the angular
dependence of the complex of lines observed as a function
of stress should allow a determination of whether the
splittings are produced by the basic T; symmetry of the
center, or whether they are due to the Cj;, perturbation.
In fact, the width of the lines makes the underlying struc-
tures of the spectra uncertain, and we can reach no defin-
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FIG. 9. Stress dependence of the peak energies for the 1s(A4,)— np spectra of the B center.

ite conclusion on the origin of the T=0 splittings. From
the general pattern of line splittings for T'||[111], we esti-
mate the magnitude of V for the ground state as
[[V(A4)]y| =20 eV. The T dependence of the
[15(A4)]y—2p+ spectrum for T||[001] yields E,=7.8
eV and E(np)—[a(A4;)]e=0.

The 1s—1s spectrum shows considerable complexity
and the lines are broad, suggesting a number of centers
subject to slightly different perturbations. We can attri-
bute the strongest features in the spectrum, at energy 0.22
eV, to transitions from a 1s(4,) ground state to a 1s(E)
excited state described by a Hamiltonian having the form
of Eq. (14). This identification agrees with that given in

Ref. 21. The polarization of the spectrum for T||[001]
(Fig. 14) is similar to that for the [1s(4;)];—1s(E)
spectrum of the B center (Fig. 10), except that the polari-
zations of the higher- and lower-energy lines are reversed.
However, the presence of a number of weaker lines makes
the interpretation inconclusive. Furthermore, the pertur-
bation due to neighboring charge centers makes the appli-
cability of the polarization selection rules questionable.
From the splittings of the strongest two lines, we obtain
| G(E)| =8.6 eV and a(E)—[a(A4,)],,=3.2 eV.

For T||[111], we again attribute the two strongest lines
to the transition [15(A4)];— 1s (E). The presence of only
two strong lines can be explained if ¥'=0 in Eq. (14) for
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FIG. 10. Stress dependence of the peak energies for the 1s(A4,)—1s(E’) and the 1s(4,)—1s(A4]) spectra of the B center. The

points are calculated for the best theoretical fit to the spectra.
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the 15 (E) state. From the observed splitting we then find FIG. 12. Absorption spectra for the 1s5(4,)— s transitions

| V(E)/2+[V(4, )]gr‘ =1.2 V. Since the analysis of the of the C center at' zero stress and under uniaxial stress applied
1s—np spectrum led to |[V(A4,)], | =2.0 eV, we have along the [001] axis.

either | V(E)| =1.6 or 6.6 eV. The former value is more

probable, since it seems unlikely that a level close to the

effective-mass ground state would have a much larger

magnitude of ¥ than the ground state.
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D. A center (binding energy 0.1095 eV)

This center appears to be a neutral sulfur complex hav-
ing C;, symmetry with symmetry axes randomly distri-
buted along (111) directions. The spectral lines are
much narrower than those for the C center and slightly
broader than those for the B center. Brotherton et al.,'
using DLTS, have also observed a center in sulfur-doped
Si (which they labeled the S1II center) at a binding energy
of 0.109 eV. The most striking property of the A center

is that it seems from our analysis to have a degenerate
ground state.

Figures 15 and 16, respectively, show representative
ls—np and 1s—1s spectra of the A center. Figures 17
and 18 summarize the stress dependence of the
absorption-peak energies. The 1s—np spectra can be fit-
ted remarkably well in frequency by assuming that the
ground state is 1s(E) with a Hamiltonian of the form Eq.
(14). The parameters obtained are |[V(E)], | =22 eV,
|[[G(E)]g| =72 €V, E;=82 ¢V, and E,(np)—[a(E)],
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FIG. 15. Absorption spectra for the 1s— np transitions of the
[110] axis.

A center at zero stress and under uniaxial stress applied along the
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= —1.2 eV. The selection rules, however, do not entirely
agree with this interpretation. In particular, for T||[001]
one of the four lines observed for the 1s(E)—2p, spec-
trum should be “silent” rather than polarized [see Appen-
dix, Egs. (A16) and (A17)]. The observation of four lines
can only be explained by a small misalignment or inhomo-
geneity of stress.

The spectra for the 15— 1s transitions of the 4 center
remain unexplained. The three lines at an energy of ~0.8
eV all exhibit the same stress dependence and selection
rules, for all three directions of stress. The two higher-

energy lines are thus reminiscent of phonon replicas, ex-
cept that the energy spacings are not constant. It has not
been possible to explain the behavior of these three lines
or the line at ~0.7 eV in terms of transitions from a
1s(E) ground state to either 1s(4,) or 1s(E) excited
states of C;, symmetry, since the strain splittings, line
multiplicities, and selection rules are inconsistent with the
parameters for the 1s(E) ground state found by fitting the
observed 1s(E)—np spectra. In fact, it has not been pos-
sible to explain the 15— 1s spectra on the basis of any set
of transitions in C;, symmetry.
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FIG. 17. Stress dependence of the peak energies for the 15— np spectra of the A4 center.
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V. CONCLUSION

A number of unexplained features of the experimental
results for sulfur centers in Si are worth pursuing further,
both experimentally and theoretically. Although the main
features of the [15(A4,)];—np and [15(A4)];—15(T)
spectra for the D center can be well explained, it is diffi-
cult to understand the occurrence of two lines for the
[1s(A41)]g—2po transition. Furthermore, the observed
splitting of the lowest-energy transition in the
[15(A()]g—1s(T;) spectrum of the D center for
T||[001] cannot be explained by the theory. It would be
interesting to determine whether this splitting resulted
from inhomogeneity in the stress applied to the sample.

The B center appears to be a neutral (S-S)° pair. The
[1s(A)];— np spectra observed for this center are large-
ly understood. The theoretical selection rules for the
[1s(A4)]g—1s(A}) and [1s(4})];— 1s(E’) transitions
agree with the experimental results, except that according
to the theory the middle component of the latter transi-
tion for T||[110] should be unpolarized, while it is ob-
served to be polarized. This point requires clarification.

The C center appears to be a (S-S)* pair, the singly
charged form of the B center. Our C-center spectra were
too broad for a complete, unambiguous analysis. It would
be of interest to obtain higher-resolution data in order to
make a detailed study of some anomalies in the spectra,
particularly the splitting of the [1s(A4,)],,—2p, spectrum
in the absence of stress. One possibility is that this split-
ting is related to a central-cell perturbation for the 2pg
states, and is a manifestation of a breakup into 4 and E
states in C3, symmetry.

The A center is particularly interesting because of its
apparently degenerate 1s(E) ground state. According to
the Jahn-Teller theorem, a complex of C;, symmetry

should spontaneously distort to lift the degeneracy. How-
ever, the apparent C;, symmetry of the ground state sug-
gests that the symmetry has been restored by a dynamic
Jahn-Teller effect. The 15— 1s spectra are quite puzzling,
and warrant further experimental study. Until the struc-
ture of the A center is better understood, it will be diffi-
cult to construct a model of its ground state.
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APPENDIX: MATRIX ELEMENTS IN THE EMA

We consider matrix elements and selection rules for
electric-dipole transitions. Although our results are based
on the EMA, the selection rules are related to symmetry
properties and hold more generally.

We first consider matrix elements with respect to EMA
1s-like states for Si. The wave functions can be written in
the form

V=3 a;F,(r)uy(n)e’™”" (A1)

J
where F{ (r) are 1s-like envelope functions associated
with the jth band edge, and u j(r)ekj'r are Bloch functions
associated with the six band edges located along cubic
axes in the Brillouin zone. For convenience we define

. X . X .
functions ¥, (transforming as x) and ¢,? (transforming
as x?2) formed by combining functions associated with x
and —x, etc. We note that u _y(r)=uy(r) and find
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X, X( 2 2, .2 —ikgx 1 ox. 2 2,2 ikox _ —ikox

Y, = [F (x%y*+z )uX(r)e —Fi(x*,y°+z°)ux(r)e ]=—F1,(x WY +zuy(r)e ” —e ), (A2)
X, X (y2 424 ,2 ko | pxX (2 2 2 —ikox thox | —ikox

1/,“:_—[F1,(x y Y i+zuy(r)e O +Fi(x%, y*+2z%)uy(r)e ]———F (x%, y24z0uy(r)e * +e ), (A3)

V2 V3
T

where k( is the magnitude of the wave vector to the  where

band-edge positions in k space and X,Y,Z label pairs of 1

band edges. The form of the corresponding wave func- fE=x, X =172(y tiz) . (A8)

tions ¥, ,Illls ,1/}15 ,1/’1: can be obtained by cyclical permu-
tations of x, y, and z, and of X, Y, and Z.

Equations (A2) and (A3) and their Y and Z counter-
parts can be used to write the effective-mass wave func-
tions (la)—(1c) in T; symmetry, and these can be used to
write matrix elements. For example, line intensities be-
tween states i/ and f at angular frequency  are propor-
tional to | (i |uE|f)|?% where u is the electric-dipole
operator, and E is the electric field associated with a light
wave. The dipole operator transforms as T, and the non-
vanishing matrix elements of u between a 1s(A4,) ground
state, Eq. (1a), and an excited 1s(T,) state, Eq. (lc), can
be calculated by making use of the symmetry of the wave
functions. We obtain

(1s(A)) |py | 1s(T5))
1 Xy Yy | z¥ X
= f 75“!’]:2 +d’1s2+¢'lsz )ux('/’lsl)dT’ (A4)

with analogous expressions for the nonvanishing matrix
elements of p,,1,.

Although the matrix element given by Eq. (A4) is sym-
metry allowed, it will be very small. We can see this by
expanding Eq. (A4) and noting that all the resulting non-
canceling integrals contain in their integrands products of
high-spatial-frequency exponential terms and terms like
FI, [,LxFls, etc. In the EMA, since Ff, F}, and FZ%
have negligible high-spatial-frequency components to can-
cel those in the exponential factors, those integrals will be
negligibly small. To the extent that the EMA is violated,
these integrals will contribute to the matrix elements. In
the EMA, then, (A4) reduces to zero and 1s(4,)—1s(T;)
is parity forbidden. However, the effect of perturbations
such as fields due to charged neighbors can mix the pari-
ties of the 1s-like levels and modify (A4), producing a
small intensity for a 1s(4,)— 1s(T,) transition.

On the other hand, the matrix elements of u between a
1s(A4,) level and an np level are not small in the EMA.
To evaluate these matrix elements, we introduce the func-
tions

ikgx —ikgx
ox__, o

- ‘/5 X ux(re ), (AS)
v = -‘/—EF,;‘;,M uy(r)(e O 4o %) | (A6)

where m =O,-_F,F,’,‘;,M are the np-state envelope functions

associated with the X-band edges, and 0,+ refer to
angular-momentum-component states with respect to
principal axis X. The envelope functions are of the form

Fop =Fp(x%Ly2+20)f% (A7)

The functions ¢;‘;}m and 1/1",,;?". consist of factors that
transform, respectively, as x and x? with respect to the
variable x, multiplied by fX, which brings in additional
dependence on x, y, and z. The corresponding functions
for band edges along Y and Z are obtained by permuting
x, y, and z. Combining the expressions (AS5) and (A6)
with the 1s(A4,) wave function, Eq. (1a), we find, for the
nonvanishing matrix elements of g in T; symmetry and
the EMA,

(s | mpy= [ — el (WAF +017 +00 g dr

1
=‘/§ f lxi" pfm luX|2dT'
(A9)

Since | uy |? has the lattice periodicity and the factor in
parentheses varies slowly over many lattice spacings, we
can write

(154 | p | o)~ [ (FL'wF, wfmldr [ lux|'dr
cell

f J FX uFEfdr (A10)

if uy(r) is normalized over a unit cell. If we define
H+=p,tip,, uo=py, the nonvanishing matrix elements
of p can be written

(1s(A)) |y Inp<’f>=‘l— S noFy )dr

(A11)

<1s(A1)|y;|np’§)_ f(FI, piFp_)dr,

where
Fopo=Fpx, Fap =FpX[(F)yxiz)] .

Generalizing Eq. (A11) to any pair of band edges, we then
find that the intensity of a 1s(4,)—np transition in T
symmetry for the jth band-edge pair, which is proportion-
al to the matrix element squared of u-E, is proportional to

I, = (Ex? | M A —(EJ)2| wo|?s  (A12)
where
My, =~X— [ FlusF,,, dr
np+ 2 ‘/§ sH+5np 4 ’
(A13)

1
an0= —\73 f Frsﬂ()pnpod'r ’
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evaluated for any band edge, and p; and p, refer, respec-
tively, to components of p perpendicular and parallel to
that band-edge vector. Equation (A12), which is included
in the paper as Eq. (5), has been used to calculate the
1s —np intensities in the EMA.

For the A center, we find that the energies of the
1s—np spectrum can be fitted very well by assuming that
the center has Cs, (or D34) symmetry and that the ground
state is a 1s(E) state (see Sec. IVD). The intensities can
be calculated by using any combination of Eqgs. (6b) and
(6¢c) for the ground state (assuming Cs, symmetry) and
evaluating matrix elements of the g operator. The results
obtained in the EMA, by arguments similar to those used
in obtaining (A 10), are

(15 (E) | o) =——= [ FEwFY, dr,
(ls(Ea)lillnp.r}.’):—%6 [ FYuFy dr, (A14)

<1s(Ea)|p|np,f)=__‘3__6_ [ FEuF2_dr,

i
(1s(E,,)|plnpﬁ.‘>=7§ [ FYury dr,

(u(b:,,)}ufnp,,l,’>=:‘7_‘:—3 [ FEuFy dr, (A15)

(1s(Ep) |p |npZ) =0,

where E, and E, are the E functions transforming as
2z2—x2—y? and V3(x?—y?), respectively. These rela-
tions yield for the relative intensities of 1s(E)—np spec-
tral lines,

Igpi. =Cj(ﬁx'_‘]‘\)2 IM"Pt 12 , (A16)
I’{po=cj(ﬁ.’j) [ano |2, (A17)
where
CX=—]2-’ Cyz%’ CZ=2 for ls(Ea)_’nP ’
, \ (A18)
Cx=7, Cy=73, Cz=0 for Is(E})—np ,

and M, + ,M,,‘,0 are given by (A13). Equations (A16) and

(A17) predict that all 1s(E,)—np? transitions should be
“silent” for stress applied along [001] (the z direction).
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