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Several deep double donors due to sulfur and selenium impurities, both isolated and in pairs, have
been investigated in infrared-absorption and uniaxial-stress experiments. The study of several simi-
lar centers in their different charge states allows trends in parameters to be revealed. Particular at-
tention is given to the applicability of effective-mass theory (EMT) and the deformation-potential
approximation (DPA) to the various states studied. The np excited states are well described by
EMT and hence their behavior under stress by the DPA. The deep 1s ground states do not follow
DPA but shift linearly with respect to the center of gravity of the conduction bands with shift rates
that increase with the ionization energy of the centers. Excited ls states which are deeper than pre-
dicted by EMT are also observed to deviate from DPA. A perturbation approach beyond the DPA
is developed to fit and compare data. For nontetrahedral centers the stress lifts their orientational
degeneracy. The 1s( A )—ns transitions of chalcogen pairs are well described by DPA if matrix
elements that couple the ns states are accounted for. For some centers, stress-induced crossings be-
tween allowed and forbidden states reveal information on states [1s (E) and spin-triplet states] that

are not accessible by dipole transitions.

I. INTRODUCTION

Sulfur and selenium give rise to a number of different
deep donor centers in silicon."? Several of these defects
have been studied in detail using high-resolution
Fourier-transform spectroscopy.> From these measure-
ments it is known that chalogens such as sulfur and
selenium show very pronounced Rydberg series of excited
states. As in the case of shallow group-V single donors,?
these are well described by effective-mass theory (EMT).
In contrast to the shallow donors, dipole transitions from
the deep ground state to valley-orbit-split ns states are—
when allowed by symmetry—rather strong at the chal-
cogen centers, because the ground state can no longer be
described within EMT. The valley-orbit splitting, which
is most pronounced for 1s states, reflects the local sym-
metry of the center and the observed dipole selection
rules governing the transitions between the valley-orbit-
split s states give information on the defect symmetry.

In this study we examine how well EMT and the
deformation-potential approximation (DPA) describe the
behavior under stress of the rich electronic structure as-
sociated with several sulfur and selenium related centers.
The deep s ground states, the valley-orbit-split 1s excited
states, and the Rydberg series of excited states are stud-
ied for the neutral and singly ionized charge states of iso-
lated impurities and impurity pairs with the exception of
the charged Se pairs. A perturbation approach beyond
DPA is used to fit our data when required. The parame-
ters that characterize the behavior of the various centers
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and charge states under stress are compared to reveal
trends.

The centers are labeled following the notation by
Janzén et al.,” where the superscript of the label is the
charge state of the center before excitation while a sub-
script 2 indicates a center consisting of a pair of atoms.
For example, D° and D, ™ denote the neutral charge state
of an isolated center and the ionized charge state of a
pair, respectively. To facilitate comparison with other
studies, the ground-state binding energies of the different
centers are given in Table I together with their respective
labels.

One might expect double donors with two bound elec-
trons to bear a greater resemblance to helium than to hy-
drogen. However, all observed transitions for the neutral
charge state correspond to one-electron excitations from
the doubly occupied 1s(A4;) ground state which leave
one of the two electrons in a ground-state orbital. This
inner electron is highly localized compared with the ex-
tended orbital of the excited electron, as witnessed by
ESR and electron-nuclear double resonance (ENDOR). 3
Thus, as far as all one-electron excitations are concerned,
the inner electron shields the double charge of the core
effectively, letting the outer electron experience a closely
hydrogenlike potential.® However, many-electron effects
are clearly observed and may be substantial when the
outer electron can penetrate the core, as is the case in the
1s(A;)1s(T,) configuration,’ for which the spin-triplet
states have been identified in uniaxial-stress® studies.
Spin-triplet states will only be discussed briefly here be-
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TABLE 1. Binding energies and corresponding labels of the
seven centers studied.

Binding energy (Binding energy)

Center (meV) (cm™1)
S,° 187.61* (1513.2)
Se,’ 206.44° (1665.0)
Se’ 306.63* (2473.1)
s° 318.32° (2567.4)
S, " 371.1 (2993)
Se ™t 593.3° (4785)
S+ 613.5° (4948)

2Reference 2.
YReference 32.

cause they have been described in detail elsewhere.®’

The binding energies of 1s(E) states to which dipole
transitions are forbidden have earlier been inferred from
Fano resonance experiments.' We show here how
uniaxial-stress experiments may confirm these assign-
ments.

Recently, Krag et al. have published a reevaluation of
their results on sulfur-related centers.!"!? Our analysis
of the spectra and the stress dependences differ in some
instances from that of Krag et al.; new aspects of the
sulfur centers are revealed at the highest stresses attained
in the present study.

II. SAMPLE PREPARATION
AND EXPERIMENTAL METHODS

The samples for this study were prepared by diffusion
in sealed quartz ampoules at 1200 °C between 60 h and 3
weeks. The amount of dopant in the ampoules was es-
timated to give a vapor pressure of about 1 atm at the
process temperature. The quenching procedure after
diffusion affects the concentration ratios between different
types of centers. The samples were quenched in air to
produce isolated centers. If pairs were desired, the sam-
ples were left in the furnace, which was switched off and
allowed to cool to approximately 500°C over approxi-
mately 2 h before the samples were removed. Both Czo-
chralski and float-zone Si crystals were used, with resis-
tivities ranging from 6 to 1000 Q cm for n-type samples
and from 2 to 14 Qcm for p-type samples. n-type sam-
ples were used for the study of neutral centers, and p-type
material to obtain charged centers, where different resis-
tivities were used to adjust the Fermi level. Before
diffusion, the samples were lapped, polished, and etched
to remove sawing damage. Since the chalcogen dopants
tend to attack the surface of the samples at elevated tem-
perature, the samples were gently repolished after
diffusion. After orientation of the crystal axes by x-ray
Laue backscattering, samples were cut to typically
2X2X6 mm?>. The sample dimensions were measured us-
ing a micrometer. The spectra were recorded using a
Bomem DA3.02 Fourier-transform infrared (FTIR) spec-
trometer equipped with cooled InSb and Hg,_,Cd,Te
detectors. A continuous-flow He cryostat was used to
provide sample temperatures around 10 K. After lapping

the end surfaces parallel, the samples were mounted in a
stress apparatus where stress is applied to the sample by a
pneumatic cylinder via a push-rod. The force is calculat-
ed from the gas pressure in the cylinder, which is moni-
tored on a precision gauge. A wire grid polarizer on a
KRS-5 substrate was used to study the polarization selec-
tion rules.

Typical spectra are presented in Fig. 1, showing that
the spectral lines remain sharp up to the highest stresses.
A convenient measure of the inhomogeneity of the stress
field in the sample is the ratio of the stress-induced
broadening to the line shift. In our experiments this ratio
was on the order of 5%.
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FIG. 1. Spectra of transitions to the higher excited states of
Si:Se™ taken for a series of [110] stresses using unpolarized light
along [110]. The spectral lines have been labeled according to
their final states and remain sharp even when their stress-

induced splittings become as large as 100 cm ™.
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III. THEORETICAL CONSIDERATIONS

A. Effective-mass theory

The extended excited orbitals of the chalcogen donors
in silicon are well described by EMT.!32 The s states are
split by central cell effects and valley-orbit interaction,
and their wave functions are written as symmetry-
adapted linear combinations:

6
Y= 2] a;F;(r)¢;(r), (1)
i=

where the sum is taken over the six (100) conduction-
band minima. The F;(r) are hydrogenic EMT envelope
functions, and the ¢j(r) are Bloch functions from the bot-
tom of each valley. For centers with 7,; symmetry (such
as the isolated substitutional'*!> chalcogen centers) the
six ns states split into an ns(A4,), an ns(T,), and an
ns (E) state.'® The coefficients a; of the different linear
combinations are given by

valley: X -X 3y -y z -z

4, a ‘/LE a1 1 11 1

E 6 -2 (=1 -1 -1 -1 2)
V12

£ . (1 1 -1 -1 o0 0)

T, x = 1@ -1 0 0 0 0
2 \/15

— 0 0 1 -1 0

y ‘/12 ( 0 )

z v ( 0 0 1 1)

The 1s( A,) orbital is the only 1s orbital with nonvanish-
ing amplitude at the impurity, thus an electron in this or-
bital will be affected more by the central cell potential
than if it were in the 1s(E) or 1s(T,) orbitals. If the cen-
tral cell potential is attractive, the 1s( A4 ;) state is the
ground state, as it is for all isolated centers in this study.
The binding energy of the ls state in one-valley EMT is
31.26 meV. Scaling atomic values, one can estimate the
ionization energy of the 1s(A4,)* ground state of a He-
like double donor D° to be about 56 meV, while for D "
one obtains 125 meV by multiplying the EMT value by 4
to account for the double charge of the core. As can be
seen from Table I, the effect of the central cell potential is
formidable not only for D, but also for D*. The 1s(T,)
and 1s(E) states of the neutral centers, however, remain
within a few meV from the 31.26-meV value. The corre-
sponding states of the D" centers are somewhat deeper
than 125 meV. Altarelli'’ has shown that this effect is
partly explained by a greater valley-orbit interaction at
these ionized centers. As discussed below, the behavior
of the 1s(T,) states of D ™ under uniaxial stress also indi-
cates that these states are too deep for EMT to be valid.
In T; symmetry electric dipole transitions will be sym-
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metry allowed from the 1s(A4,) ground state to the
1s(T,) excited state,” but not to the ls(E) state. If the
1s(A4,) envelope function were hydrogenic as given by
EMT, the transition probability from the ground state to
the 1s(T,) state would be close to zero as is the case for
the shallow group-V donors. For these donors the ioniza-
tion energies and thus envelope functions are close to
EMT. For the deepest group-V donor, Bi, with an ion-
ization energy of 70.98 meV,!'® weak transitions to the
1s(T,) state have been observed,'’ demonstrating that
the ground-state envelope function already deviates
significantly from EMT for this binding energy. For the
chalcogen donors studied here, the ionization energies are
much larger and the oscillator strengths of the
Is(A,)—1s(T,) transitions are comparable to those of
the 1s(A4,)—2p, or 1s(A4,)—2p, transitions. The
deeper the donor, the stronger the relative strength of the
Is(A,)—1s(T,) transition.

The D, and D, " centers are trigonal centers oriented
along the (111) axes, and from optical experiments?
their point group has been determined to be D;,;. The
symmetry-adapted linear combinations of single-valley s
states for a center oriented along [111] are given below:

valley: X -X ¥ -y z -z
. 1

A4f af e (1 1 1 11 1)
1

EtY 67 — (-1 -1 -1 -1 2)
V12

e" 1 (1 1 -1 -1 0 0)
1

Al a, 7—6— (1 —1 1 —1 1 —1)
_ _ 1

E ] — (-1 1 —1 1 -2)
V12

£ 1 a -1 -1 1 0 0)

3)

Since D, point group is the direct product of C;, and i
(inversion), we have chosen the irreducible representa-
tions of the C;, point group as labels; parity is indicated
by a plus sign for even and minus sign for odd parity.
The 1s( A ) state is believed to be the ground state.?’
The components of the electric dipole operator transform
as A] and E ~, and hence transitions to 1s(E ") are for-
bidden by parity. This is consistent with experiment,
since only two absorption lines due to 1s( 4, )— ls tran-
sitions are visible in absorption for the D,° and D, "
centers. If the point group were C;, instead of D;,, pari-
ty would not be a good quantum number and we would
expect three spectral lines, which in fact have been ob-
served by Wagner et al.?' for mixed pairs of S and Se.
The energies of the 1s (E *) states for both S and Se neu-
tral pairs, on the other hand, have been deduced from
phonon-assisted Fano resonances, ' thus all valley-orbit
split s states are accounted for.
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B. The deformation-potential approximation

The behavior of electron states of donors in silicon un-
der uniaxial stress is often well described by the
deformation-potential approximation.?>?33 This is cer-
tainly the case if the states in question are well approxi-
mated by one-valley EMT, i.e., for all non-s states, which
will follow their respective band edges rigidly. Further,
states which are well described by Eq. (1), i.e., which are
linear combinations of contributions from narrow regions
around each band minimum, also follow DPA under
stress. Their envelope functions may differ from EMT
but will be sufficiently extended in real space for the
Fourier transform to remain confined to small regions of
k space. States which do not fulfill these conditions re-
quire an analysis extended beyond DPA, which will be
discussed in Sec. ITI C.

Uniaxial stress applied to a multivalley semiconductor
crystal will cause shifts in the energies of the
conduction-band minima. For a semiconductor with
(100) conduction-band minima like silicon, the shift of
the jth minimum with respect to the center of gravity of
the conduction bands is given by

SE(j):Eu(Sn_312)[(5‘7)2_%]71 : 4)

Here =, is the shear deformation potential, s, and s,
are components of the elastic compliance tensor, f1 is a
unit vector in the direction of the force, and T is the mag-
nitude of the applied stress (negative for compression).
The shift of the valleys with respect to the center of grav-
ity is given in Table II for stress directions of high sym-
metry.

As already mentioned, non-s states will follow their
respective conduction-band valley, and their splitting pat-
tern with respect to shift rates, relative intensities of tran-
sition lines, and polarization selection rules can therefore
be deduced from the information given in Table II and
from the symmetries of the envelope functions. The po-
larization selection rules of 1s(A4,)—np transitions are
given in Figs. 2(a) and 2(b) for stresses along [001] and
[110]; the rules for [111] stress are trivial since the lines
do not split.

Since s states contain contributions from different val-
leys, their behavior under uniaxial stress is more compli-
cated, but may be determined using perturbation theory.

TABLE II. Stress-induced shifts of the conduction-band val-
leys with respect to the center of gravity according to the
deformation-potential approximation (DPA).

Shift in energy

Stress with respect
direction Valleys to center of gravity
/X\, AA’A, _’)\' —A
Filfoo1] 2,2 24
2,—2 —A
F||[110] POPNPPN A
XXy, Yy 7
F|[[111] all minima 0
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FIG. 2. Polarization selection rules for ls—np transitions
with uniaxial stress applied along [001] and [110].

Assuming that these states can be decomposed into con-
tributions from each valley which under uniaxial stress
follow their respective band edge, matrix elements be-
tween s states of the strain perturbation V are given by
(disregarding the center-of-gravity shift)

6 .
(v, IV¥,)=3 aPa''8E') . (5)
ji=1

These matrix elements, evaluated within a- manifold of
degenerate states [e.g., 1s(7T,) or 1s(E) in T; symmetry],
determine the splitting pattern. In Table III the expecta-
tion values of the perturbation are given for the 1s(4,),
1s(T,), and 1s(E) states according to Eq. (5). Using Eq.
(5) to obtain matrix elements coupling different states,
e.g., 1s(A4,) and 1s(E) in T,;, one must further assume
the envelope functions to be equal. If their overlap is less
than one, the coupling matrix elements will be reduced
and the shear deformation potential =, obtained from a
fit to the coupling observed in experiment will be smaller
than that obtained from the splitting of non-s states.*!®
Evaluating the matrix elements for forces F applied along
the high symmetry directions used in our experiments
(FJ|[001], [110], and [111]), it becomes clear that only the
states labeled @, and 6 are mixed by the stress; for the tri-
gonal centers only equal-parity a, and 0 states mix.

The mixing of the 1s(A4,) ground state and the 1s(E)
excited states under stress is clearly visible for shallow
donors,?* 8 although the effect is smaller than calculated
using the conduction band Z,. The disagreement be-
tween theory and experiment increases with the binding
energy of the donor, which confirms that the deviation of
the ground-state envelope function from simple EMT
reduces the coupling. For the isolated chalcogen centers
studied in this work we do not observe any coupling,
which is not surprising, since the ground state and the
1s(E) state lie more than 150 meV apart even for the
most shallow centers. However, the effect on 4, and
E ~ states of D,% and D, " centers is quite pronounced, as
will be seen below.

C. Uniaxial-stress effects beyond DPA

To the same extent as the ground state deviates from
the EMT description, DPA fails to describe its behavior
under stress. This is also the case for certain excited
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TABLE III. Stress dependence of the valley-orbit-split 1s states of a donor in T; symmetry accord-
ing to the deformation-potential approximation (DPA). Coupling between the a, and 6 states has been

neglected.

T, irreducible

Shift in energy

representation Electron state F||[001] F||[110] F||[111]
A, a 0 0 0
T, x —A +A/2 0
y —A +A/2 0
z +2A —A 0
E 0 +A —A/2 0
€ —A +A/2 0
A=Z= (s, —s5,)T/3
states with large binding energies. Moreover, the D, 1
centers consist of pairs of atoms along the four different VAIZ v 3 (Vix TV + V)
(111) axes of the silicon lattice. At zero stress, these :
center.s are orientationally degenerate, but uniaxial stress Vi o= 7( W,V —V,,),
may lift this degeneracy. 6
To linear order in the strain €, we write the perturba- 1
tion in Cartesian coordinates as VEe= V2 Veix = V),
3
V= 2 I/,-jE,-j ’ (6) VTz,x = yz? VTz,y: sz ’
ij=1
. . and
where the { V};} are electronic operators. The DPA is ob-
tained by applying this perturbation to band states. VTZ,z =V >

From the symmetry of the conduction bands at the mini-
ma along the (100) directions in silicon, it follows that
the linear shifts of the valleys can be expressed in terms
of two independent deformation potential constants, =,
(dilation) and =, (shear).?® In this section we apply the
perturbation ¥V to arbitrary defect states to obtain the
splitting pattern and the interaction between states. The
DPA results given above are recovered as the limiting
case for extended EMT-like states. In this limit the pa-
rameters of the general case either vanish or become ex-
pressible in terms of Z, and Z,.

To exploit the symmetry of the defect, we write Eq. (6)
in irreducible tensor form

V= 2 Vl",rsl",r ’ (7)
r,r

where the s are the row indices of the irreducible repre-
sentations I' of the appropriate point group. The only
operators that to first order can shift the nondegenerate
ground state or the center of gravity of degenerate excit-
ed states are those that are invariant under the point
group, i.e., belong to A4, whereas noninvariant operators
may lift electronic degeneracies.

In T, symmetry, the second-rank symmetric tensor €
decomposes into the irreducible representations A4,, E,
and T,, and thus we have

V= VAIEAI T VeoEg ot Vi,
+2Vy cer Ve e, VL) s (8)

with

and where the € , are defined analogously.

Changes in the transition energies observed in experi-
ment are due to the difference in shift rate of the final and
initial states. These shift rates are determined by the in-
variant operators V Ap which for degenerate excited

states only affect their center of gravity. We define the
transition stress parameter A | as

ﬂ1=%§(<elVAlle)—(gIV,,llg)), 9)

where e stands for excited state and g for ground state.
In a one-electron picture, e.g., for a single donor, A,
measures the difference in shift rate between the excited
and the ground state of the electron. If one assumes that
the EMT-like excited states follow the conduction bands
rigidly, A ; obtained from 1s( A4,)— np transitions deter-
mines the shift in energy of the ground state relative to
the center of gravity of the conduction bands, which is
given by A (s, +25,,)T. For shallow donors where also
the ground state is described by EMT, A, will be zero.
For a double donor with two interacting electrons, the
one-electron picture breaks down and A, can no longer
be related to the stress behavior of one-particle levels.
Perturbation operators of E and T, symmetry lead to
the splitting of degenerate excited states, i.e., of the
1s(T,) and 1s(E) states in T; symmetry. We consider
operators of E symmetry first. To obtain the splitting
patterns we have to evaluate the matrix elements within
the degenerate set of states, i.e., within the bases of the ir-
reducible representations E and T',. Since the reductions
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of the direct products EXE=A4,+A4,+E and
T,XT,=A+E+T,+T, both contain E once, non-
vanishing matrix elements are allowed by symmetry.
Furthermore, all matrix elements within each degenerate
set can be expressed in terms of one parameter: given one
matrix element all others are simply related to it by the
Wigner-Eckart theorem using coupling coefficients given
by, e.g., Griffith.?> The matrix elments between E states
can all be expressed in terms of the parameter

-1
B VB(E,9|VE,E|E,8> . (10)

The corresponding secular matrix is given by Kaplyan-
skii, 26 merely replacing the tensor elements of o by those
of €. In Ref. 26 the perturbation is defined as a function
of stress instead of strain which introduces compliance
tensor elements into our expressions for the shifts. As
long as the 1s(E) states are well described by EMT, DPA
yields B=—Z=,/6. The resulting splitting pattern is
given in Table III. For T, states we similarly define the
parameter B’ as

-2
3

which reduces to =, /3 within EMT and DPA. From the
secular matrix®® one obtains the splitting pattern of
1s(T,) states given in Table II1. For the 1s(T,) states of
D™ centers, which have the largest binding energies of all
excited states of the chalcogen donors (considerably
larger than expected from EMT), we find significant devi-
ations of B’ from its DPA value =, /3. Operators of E
symmetry thus yield splitting patterns for E and T, states
which are similar to those of the DPA but the parameters
will in general differ from the DPA values.

All matrix elements of operators of T, symmetry van-
ish in DPA. For the deep 1s(T,) states of D *, however,
Vr, introduces an observable coupling with matrix ele-

B’ (Tyx |V | Tyx) , (11)

ments determined by the parameter

C=2€TyyVr, (Ty2) (12)

and the secular matrix again given in Ref. 26.
Noninvariant operators not only cause a splitting of ex-
cited states but may also lead to a coupling of excited
states. Operators of E symmetry may couple the 1s(A4,)
to the 1s(E,0) state. As mentioned in Sec. III B above,
for EMT-like ground states the coupling strength is sim-
ply related to Z,. Finally, since EXT,=T,+T,, Vy,

may also contribute to the interaction between 1s(E) and
1s(T,) states, which is observed when these states are
shifted into resonance by the uniaxial stress.

Centers with D;; symmetry may be oriented along any
of the (111) axes of the cubic lattice. At zero stress, the
electronic states of these centers are energetically degen-
erate, but uniaxial stress applied to the crystal may lift
this orientational degeneracy. Studying the effect of
stress applied along a given axis on inequivalent centers is
equivalent to studying the effect of inequivalent stress
directions on one center with a definite orientation, i.e.,
[111]. For C;, or D;,; symmetry, V contains two contri-

u-*
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butions from operators transforming as 4,: V 4,4, and

VA,lsA,l,where

1
VAl \/§(V"X w V)
and
1 % %
VA'n \/—3( v T Ve x) -

The er, are defined analogously. The first operator leads
to a transition stress parameter -4, which is defined ex-
actly as for centers of T, symmetry. Matrix elements of
the second operator vanish in DPA but will, for the deep
ground states of chalcogen pairs, be responsible for the
lifting of the orientational degeneracy. We define the
transition stress parameter .A , as

1 1
2V73
Our analysis shows that the excited states are well de-
scribed by DPA and that the excited electron does not
contribute to A ,. For a single donor in a one-electron
picture A, will be determined by the ground state to the
extent that it deviates from EMT. For a double donor,
neither A | nor A, can simply be interpreted in terms of
one-particle level shifts.

The labels A ; and A, and their respective definitions
are chosen to comply with Ref. 27, where the perturba-
tion is defined as a function of stress and not of strain,
which again introduces compliance tensor elements into
our expressions for the shifts. Using the strain tensor for
different stress directions, we obtain the shifts and split-
tings of the ground states of orientationally degenerate
C,, or D,, centers given in Table IV. It is important to
remember that the splitting of the ground state is due to
the crystallographic inequivalence of different centers,
thus no thermalization effects occur as long as the ground
states are well below the Fermi level. In addition to the
effects associated with the ground state of orientationally
degenerate centers, we have to consider the effects of
stress on the electronic degeneracy of the excited states.

A= ((e[VA,lIe>—(g|VA,l|g)). (13)

TABLE IV. Stress dependence of the ground states of orien-
tationally degenerate centers with C;, or D3, symmetry.

Relative
Stress direction intensity Shift in energy
[o01] 4 A (s, +25,)T
A s
[110] 2 A,<s1,+2s,z)+% T
A s
2 A,(s”+2s12)—% T
[111] 1 A sy +28,)+ Ay | T
A 544
3 A (s +2515)— T
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As an example we expect the 1s(4,)—2p, absorption
line in C;, or D;,; symmetry to split into four lines for a
stress along the [110] axis.

IV. RESULTS

A. D° centers

Figures 3 and 4 show the splitting of the higher excited
states of S° and Se®. The splitting patterns and polariza-
tion selection rules are entirely consistent with the ex-
pected behavior of T,; donors described by EMT and
DPA. In all the measurements, the 1s( A4,)—2p, transi-
tion energies for the three stress directions were fitted to
our parametrized linear theory using multiple regression
analysis, weighing each direction by the corresponding
inverse variance in slope. We obtain =, =8.7+0.5 eV
[(7.0£0.4)X 10* cm™!] for the shear deformation poten-
tial constant of S° and =, =8.5+0.4 eV [(6.840.4)X 10*
cm '] for Se’. The errors were estimated by adding the
errors of the slopes, the pressure, and the sample area.
All other relative errors were at least an order of magni-
tude smaller. The area turns out to be the most critical
parameter, and since our samples were small compared
to, for example, those of Tekippe et al.,?* the relative er-
ror becomes quite large: we estimate it to be 3%:; the er-
ror in pressure is estimated to 2%. For all calculations
where values of the compliance tensor components were
needed, we wuse the 4.2-K values of Hall:?3
$1;—512=9.745X 10" 2 m¥/N, s,, +2s5,,=3.363 X102
m?/N, and s5,,=1.246X10""" m?/N. These values
should not change significantly between 4.2 K and our
measurement temperatures of around 10 K. The
ground-state stress parameters obtained are
A, =1.0£0.06 eV [(8.0£0.5)% 10> cm™!] for S° and
A =0.89+0.07 eV [(7.1+0.6) X 10* cm '] for Se’.

Figures 5 and 6 show the splitting of the
Is(A,)—1s(T,) transitions of the S° and Se® centers.
The 1s(T,) state has the same symmetry as the np states
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and thus the polarization selection rules are the same.
For [110] stress, the upper branch shows a complicated
behavior, which we attribute to an avoided crossing of a
component of the 1s(T,) state with a component of the
ls (E) state to which dipole transitions are symmetry for-
bidden at zero stress.” Figures 7(a) and 7(b) show qualita-
tively how the 1s(T,) and ls(E) states are expected to
split under uniaxial stress for stresses along [001] and
[110]. For stress along [001] the point group is reduced
from T, to D,;,and for [110] stress to C,,. The com-
ponents of the states are labeled with the irreducible rep-
resentations of the respective point group according to
which they transform. Equal-symmetry components may
interact, whereby the crossing components are mixed and
both become visible in absorption. When components of
different symmetry cross, no coupling is expected, and in
fact no effect is seen at the other crossings in Fig. 7.
From the expected linear behavior of the 1s(E) com-
ponents we can estimate the 1s(E) binding energy to be
31.7 meV for S° and 31.4 meV for Se®. These values
agree well with those obtained from the study of
phonon-assisted Fano resonances, '° and thus confirm the
previous assignment.

In the lower branches of the Se° spectra, another
avoided crossing is observed. As shown in a previous pa-
per,? the interacting state in this case is a component of a
level from the spin-triplet 1s(7,) term and the interac-
tion which mixes the two components is the spin-orbit
(s.0.) interaction. Due to the smaller s.o. interaction of
the lighter element sulfur, no crossing and thus no cou-
pling is observed in the S° spectra. For the heavier chal-
cogen tellurium,® the effect becomes much more pro-
nounced due to the larger s.o. interaction. Tuning the en-
ergy level separation of the spin-singlet and spin-triplet
terms by uniaxial stress, one effectively tunes the interac-
tion between these levels, so that also spin-triplet states
become visible in optical absorption at near-resonance
when their mixing with spin-singlet states due to the s.o.
interaction becomes sufficiently strong.
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FIG. 7. Schematic splitting diagram of the 1s(7,) and 1s(E)
states for (a) [001] and (b) [110] stress. The components of the
stress-split states are labeled by the irreducible representations
of the appropriate point group. Crossing components of the
same symmetry may interact, as indicated by the circle in the
upper branch of the 1s (T, ) state for stress along [110].

B. D centers

Uniaxial-stress spectra of the higher excited states of
S* and Se™ are given in Figs. 8 and 9. The charge of the
center is manifest as a fourfold increase in the binding en-
ergies of the excited states. In our sulfur doped samples,
electric field broadening effects® due to charged acceptors
in the originally p-type material made the 1s(4,)—3p.
line very broad, which made accurate measurements of
this line difficult. The spectral line of St assigned by
Krag et al.'' to be a 2p, replica we interpret as the
25(T,) state, or 2s (I';+T'g) if spin is included. The line
is too broad for the spin-orbit splitting between I'; and I'g
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to be resolved (see below). At first glance, the spectra
seem to follow DPA for a T, center rigorously, and the
splitting of the respective 2p. lines give the following
values for the deformation potential constants and

ground-state stress parameters: Z=,=8.2+04 eV
[(6.7£0.4)X10* cm™ '] and A,=1.2+0.08 eV
[(9.5£0.7)X10° cm™'] for S*, Z,=8.24+04 eV
[(6.6+£0.4)X10* cm™!'] and A ;=1.4+0.1 eV

[(120.8) X 10* ecm ™ !] for Se*. Studying the splitting of
the 2p, and 2s(I';+T'g) states of Se™ for stress along
[110], however, one finds two lines in the upward-going
component (Fig. 9) where only one line is expected. For
the 2s(I';+I'g) component two lines are observed in a
limited stress range only, which may indicate that some
kind of avoided crossing takes place. In the case of 2p,
both lines are clearly visible up to the highest stresses
once they appear. If these anomalous splittings were due
to inhomogeneous or misaligned stress, one would expect
to see similar effects for all lines, including the 2p, and
3po lines, which is fiot the case. We have at present no
explanation for the extra splitting observed.

The 1s(T,) state of S™ and Se™ have binding energies
of 184 meV (1480 cm ~!) and 164 meV (1320 cm™!), con-
sequently they are the deepest excited states of the chal-
cogen donor set. The spin-orbit interaction is propor-
tional to the gradient of the electronic potential; an elec-
tron in these states is highly localized near the impurity,
and thus it will be strongly affected by this interaction.
The 1s(T,) is found to split into a 1s(I'";) (corresponding
toJ =1)and a 1s(I'y) state (corresponding to J = 3); the
binding energies given above are weighted means of the
1s(I';) and 1s(I'g) energies.

The s.o. interaction can be combined with the stress
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FIG. 8. Stress dependence of transitions from the ground state to the higher excited state of S*. The lines are drawn using param-

eters obtained from a fit to the 1s( 4,)—2p . transitions.
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dependence from DPA.° However, it turns out that such
an s.0. extended DPA is not able to describe the stress
dependence of the 1s(T,) states of S* and Se*, and
therefore the more general approach described in Sec.
IIIC has to be used. The stress dependence of the
1s(A,)—1s(I;) and 1s(A,)—1s([) transitions of S*
and Se* are shown in Figs. 10 and 11. The behavior pre-
dicted by the DPA together with a linear ground-state
shift is indicated by dashed lines. As can be seen, the
splitting for both centers is smaller than expected: by a
factor of 0.37 for S* and by 0.55 for Se*, reflecting the
deviation of the parameter B’ defined in Eq. (11) from its
DPA value /3.

The darker lines drawn in Figs. 10 and 11 have been
obtained from a numerical fit to the data. The parame-
ters in the fit included the reduction factor of the split-
ting, as well as linear and quadratic shifts of the center of
gravity of the lines. The quadratic term was included ad
hoc since it obviously improved the fit, but it has no foun-
dation in our linear theory. Since the deeper ground state
shifts linearly, we expect this nonlinearity rather to be
due to an interaction between states than to quadratic
stress effects. For S*, we clearly observe a splitting of
the upper components for F||[111], and also an unexpect-
ed divergence of the two lower components for F|[110].
These two effects are easily accounted for by including
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FIG. 10. Stress dependence of transitions from the ground state to the 1s(I';) and 1s(T'g) state of S*. The darker lines are ob-
tained from a numerical fit discussed in the text. The lighter lines indicate the stress dependence expected from the deformation-

potential approximation (DPA).
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FIG. 11. Stress dependence of transitions from the ground state

to the 1s(I";) and 1s([y) state of Se*. The darker lines are ob-

tained from a numerical fit discussed in the text. The lighter lines indicate the stress dependence expected from the deformation-

potential approximation (DPA).

stress perturbation operators of 7', symmetry, i.e., includ-
ing the parameter € defined in Eq. (12), for which we ob-
tain a value of @=—0.15 eV (—1.2X10° cm™'). The
effect from a similar value of @ for Se™ would be much
smaller due to the larger spin-orbit splitting. Since no
effect was observed experimentally for this center, no
value of € for Se™ could be determined.

The most prominent effect of the T, operators for
[110] stress lies in the polarization selection rules. From
DPA, we would expect to see both the lower components
for E||[110] and E||[110], which indeed is observed for
Set. For ST at higher stresses, the lowest component is
only visible for E||[110], whereas the second lowest is
visible only for E||[110]. The observed variations of tran-
sition probabilities are entirely consistent with the ob-
tained value of C.

C. D,° centers

These centers consist of pairs of impurity atoms orient-
ed along the (111) axes of the crystal. The trigonal sym-
metry has virtually no effect on the np states, which fol-
low EMT within experimental accuracy. The stress
dependence of the transitions from the 1s( 4 ) ground
state to the higher excited states of S,° and Se,’ are
shown in Figs. 12 and 13. The splitting patterns are in
agreement with the discussion above; the np states are de-
scribed by DPA and the ground states of inequivalent
centers shift as described in Table III. The polarization
selection rules fully corroborate this interpretation. Nu-
merical fits to the 2p . splitting of the two centers give
=,=8.8%+0.5eV [(7.1£0.4) X 10* cm '], A, =0.44+0.05
eV [(3.6+0.4)X10° cm '], and A,=—1.5+0.08 eV
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FIG. 12. Stress dependence of transitions from the ground state to the higher excited state of S,°. The lines are drawn using pa-

rameters obtained from a fit to the 1s(4,)—2p transitions.
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FIG. 13. Stress dependence of transitions from the ground state to the higher excited state of Se,’.

rameters obtained from a fit to the 1s( 4,)—2p ; transitions.

[(—1.2+0.06)X 10* cm ™ !] for S,°, and Z,=8.5+0.5 eV
[(6.9+0.4)% 10* cm '], A =0.55+0.06 eV
[(4.5+0.5)X10° cm™!], and A2=—1.5i0.08 eV

[(—1.2+0.07)X10% cm '] for Se,’.

As mentioned above, the 1s state is split into 1s( A1+ ),
Is(E™), 1s(A; ), and 1s(E~) by the valley-orbit in-
teraction. Parity selection rules forbid transitions be-
tween equal parity states, and thus only two absorption
lines are observed at zero stress due to 1s( A, )— ls tran-
sitions. The stress dependence of these transitions are
shown in Figs. 14 and 15, and from the splitting pattern
it is quite obvious that the state with the greater binding
energy of the two is the 1s(E 7 ) state, which lies close to
the EMT value of 31.26 meV. The 1s( 4 ) state actually
has a lower binding energy than predicted by EMT. A
possible explanation of this effect is offered by the calcu-
lations of Sankey and Dow.?® They find that two of the
pair’s four extra valence electrons are in an A, state
near the valence band. Orthogonalization effects may

The lines are drawn using pa-

lead to repulsion between this A, state and the
1s( A; )1s( A[ ) configuration of the double donor.

From Figs. 14 and 15 we see that the splitting of the
Is(A 1+ )— 1s transitions is nonlinear, in contrast to the
1s( A} )—np transitions. This is an effect of the mixing
of the a, and 6 states discussed in Sec. III B. The lines in
Figs. 14 and 15 have been drawn taking into account this
mixing of the @, and 0 states as given by the DPA, using
stress parameter values obtained by fitting the
1s(A;)—2p. splitting. Obviously, a more general
treatment as used in Ref. 11 is not required. The theoret-
ical polarization selection rules for 4,— A, transitions
under uniaxial stress have been given by Kaplyanskii®’
and for 4,—E transitions by Hughes and Runciman.?
We find that our results are in good agreement with these
predictions. In some cases, however, we were unable to
detect lines which are predicted to have a small but finite
strength. This was probably due to our limited signal-to-
noise ratio.
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indicates a coupling of components of the two states.
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D. D,* centers

Since we were not able to produce enough Se,* centers
in any of our samples for reliable measurements, only the
S," center was studied. The S," center has a binding en-
ergy of 371.1 meV. For this center, the trigonal symme-
try produces comparatively large effects, in that also p
states are observed to split into an 4, and an E~ state
at zero stress: the 2p is split by 0.3 meV and the 2p, by

broadened; Janzén et al.? attempted to explain this by
lifetime effects due to resonant phonon interaction, simi-
lar to the case of Si:Bi.!® In contrast to Si:Bi, however,
the broadening remains when the lines are shifted by
stress. Thus some other mechanism has to be involved in
the observed broadening.

The stress dependence of the higher excited states is
shown in Fig. 16. Due to electric field broadening in our
samples, transitions to 3p and higher states were not ob-

14 meV.? The 2p, states appear substantially served. Since the 2p . line is split already at zero stress, it
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FIG. 16. Stress dependence of transitions from the ground state to the higher excited state of S,™. The lines are drawn using pa-
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pling of components of the 1s( 4, ) and 1s(E 7).

is difficult to make a reliable fit. Furthermore, a small in-
homogeneity in the stress makes the two lines at zero
stress merge into one as the stress is increased. In spite of
this, the 2p, components were still the best lines for the
numerical fit, from which we obtained =, =8.5+0.4 eV
[(6.8+0.4)X 10* cm™'], A,=0.81+0.11 eV [(6.5
+0.9)X10* ecm™!], and A,=—1.8+0.1 eV [(—1.4
+0.08)X 10* cm '] for this center. Using these parame-
ters and accounting for the mixing of the @, and 0 states
within DPA (Sec. II B), we obtain the lines drawn for the
2p, components. The fit is good, especially if one consid-
ers the width of the lines, which also made it impossible
to resolve the two lines going towards higher energies for
[001] stresses.

The 1s(A;)—2s(A; ) transition shows a stress
dependence which indicates interaction with the 2s(E )
state. We did not observe any absorption line which
could be assigned to this state, but from a simple fit of the
Is(A{)—>2s(A; ) stress dependence and assuming
DPA matrix elements we obtained an estimated
Is( A7 )—2s(E ™) zero stress transition energy of 2709
cm ™! This value was used when drawing the figure for
the 1s( A} )—2s( A ) transition.

In Fig. 17 we present the splitting of the
Is(A;)—>1s(A; ) transition. The splitting pattern
shows some effect from coupling to the 1s(E ) state, and
the polarization selection rules are entirely consistent
with those given by Kaplyanskii.?” The 1s(E ) state al-

most exactly coincides with the 2p, state of a sulfur-
related complex, designated S, "(X,) by Janzén et al.?
In our samples the concentration of this complex was too
high to enable us to perform any measurements on the
1s(E ~) state of S, ™.

V. DISCUSSION

From our experiments we conclude that the np states
of all the chalcogen donors studied under uniaxial stress
behave according to the DPA. Since the binding energies
of these states are accurately given by EMT, the validity
of EMT apparently implies the applicability of DPA.
Hence, one can, e.g., determine the shear deformation po-
tential =, from the splitting of the np states. Averaging
over the values of =, for the different centers given in
Table V we obtain Z,=8.5+0.2 eV [(6.8+0.2)X 10*
cm™']. This value compares well with the value
Z,=8.77%£0.07 eV obtained from measurements on shal-
low donors by Tekippe et al.?* Krag et al.'! have previ-
ously quoted a value of Z,=7.9 eV (no error bars given)
for sulphur centers. Li et al.’® obtained a value of
Z,=11 eV for chalcogen centers in Si from DLTS (deep
level transient spectroscopy).

The stress dependence of the 1s(A4,)—1s(T,) transi-
tions at D° and the corresponding transitions at D,
centers are found to be well described by the DPA, al-
though the ionization energies of the 1s(T,) states may

TABLE V. Stress parameters obtained from experiment in the present study.

Center =, V) [E, ecm™Y)] A, €V) [A, em™)] A, (V) [A, em™1)]
S,° 8.8+0.5 [(7.1+0.4)X 10%] 0.44+0.05 [(3.6+0.4) X 10°] —1.5+0.08 [(—1.240.06) X 10*]
Se,’ 8.5+0.5 [(6.9+0.4) X 10*] 0.55+0.06 [(4.5+0.5)X 10°] —1.5+0.08 [(—1.2£0.07) X 10*]
Se 8.5+0.4 [(6.8+0.4)X 10%] 0.89+0.07 [(7.140.6) X 10%]

S° 8.7+0.5 [(7.0+£0.4) X 104]

S,* 8.5+0.4 [(6.8+0.4)X10%]
Se™ 8.2+0.4 [(6.610.4)X 10%]
S+t 8.2+0.4 [(6.7£0.4) X 10%]

1.040.06 [(8.0+0.5)X 10°]
0.8140.11 [(6.5+0.9)X 10°]
1.440.1
1.240.08 [(9.5+0.7) X 10*]

—1.840.1 [(—1.4%0.08) X 10%]

[(12+0.8) X 10°]
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differ by a few meV from the EMT value. It should be
noted that for the impurity pairs, it is necessary to take
into account the matrix elements introduced by DPA
which couple the ns( 4, ) and ns(E ) states. For all
these nearly EMT-like excited states the wave function
seems to be sufficiently localized at the conduction-band
minima for DPA to be valid. Thus the behavior under
stress is well understood and one can in detail analyze the
observed avoided crossings between optically forbidden
and allowed final states. From such studies the zero-
stress binding energy of the 1s (E) state of D° could be in-
ferred, confirming the previous prediction based on
phonon-assisted Fano resonances, and spin-triplet 1s(7,)
states, or strictly speaking, spin-triplet terms of the
1s(A,)1s(T,) configuration could be clearly identified.
The applicability of DPA thus yields the possibility to
shift final states in a controlled manner and thereby
detect optically forbidden final states.

In contrast to the shallow excited states, the deep
ground states of the chalcogen donors are not well de-
scribed by EMT, and their stress dependence is not given
by DPA. This is reflected in a shift of the centers of
gravity of the 1s( A4,)—np transitions when stress is ap-
plied. This shift is measured by the stress parameter A |,
plotted in Fig. 18 versus ionization energy of the center.
Within a one-particle picture, A, thus determines the
difference in stress dependence between the ground state
and the conduction bands for the double donors in their
singly ionized charge state. A, tends to increase with in-
creasing ground-state ionization energy. For the neutral
double donors the initial state has two electrons in a
1s(A,) orbital, in the final state the 1s(A4,) orbital is
singly occupied. Assuming these orbitals in a first ap-
proximation to be the same, and further assuming the
electron-electron interaction to be unaffected by the shift
under stress of the initial-state 1s( A4,) orbital, A, again
measures the shift of this orbital relative to the conduc-
tion bands. A ; would in this case have the same value
for the neutral and the ionized charge states of a given
center. This is not found experimentally which can be
explained by a non-negligible relaxation of the inner or-
bital upon excitation of the donor, which leads to
different shift rates of the two orbitals. Also for the neu-
tral donors one notes a trend of increasing A ; with in-
creasing ionization energy, which reflects an increasing
deviation of the 1s( 4 ) orbital from EMT.

Other groups have studied chalcogen donors using
DLTS under pressure. Li et al.*° have used uniaxial
stress, and Jantsch et al.’' hydrostatic pressure. The
pressure coeflicients of the ground states obtained from
these measurements may be compared if the hydrostatic
coefficients are multiplied by %, since hydrostatic pressure
on a cube may be viewed as simultaneous uniaxial stress
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FIG. 18. Ground-state shift parameter A, as a function of
ionization energy.

from three perpendicular directions. With this normali-
zation both groups obtain pressure coefficients corre-
sponding to our parameter A , that are approximately 1.5
times larger. It is unclear, however, whether ir and
DLTS data may be compared directly. We feel that ir
measurements are more direct and thus better suited for
the purpose of obtaining pressure coefficients of electron-
ic states.

The 1s(A4,)—1s(T,) transitions at Dt centers show
considerable deviations from DPA also for the 1s(T,) or-
bital of the excited electron. The greatly reduced split-
ting compared to DPA and the clear observation of an in-
teraction between split components which is not predict-
ed by DPA express the deep character of these excited
states.

For the pairs D, a second stress parameter A ,, which
vanishes in DPA, expresses the lifting of the orientational
degeneracy of these trigonal centers. Here the splitting
pattern resulting from a nonzero .A, offers additional in-
formation on the symmetry of the center. For .4, we find
values around —1.5 eV (cf. Table V). Krag et al.!' define
a parameter V, which is related to A , through A ,=1.5V.
Even with this normalization the values of Krag et al.
are slightly smaller than ours, consistent with their small-
er value of = .

In all cases where an approach beyond DPA was war-
ranted, the data could be parameterized in terms of a per-
turbation taken to be linear in stress. The sole exceptions
were the 1s(A4,)—1s(T,) transitions at D" centers,
where a quadratic shift of the center of gravity of the
lines was introduced ad hoc, which, however, was attri-
buted to a stress-induced interaction between states rath-
er than a truly quadratic stress effect.
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