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The effects of uniaxial stress on the no-phonon photoluminescence spectrum of the boron bound
exciton in silicon have been investigated using ultrahigh-resolution Fourier-transform spectroscopy.
Under stresses of 0 to 25 MPa, in the (001), (110), and (111) directions, up to 25 components with
linewidths of less than 10 peV have been resolved. A theoretical model, extending the shell model,
has been developed to interpret the splittings in the bound-exciton energy levels. This includes
terms expressing electron-stress, hole-stress, electron-hole, hole-hole, and valley-orbit interactions,
with spherical and anisotropic corrections. The model fits the experimental data very closely, and

gives values for the magnitude of the interactions.

I. INTRODUCTION

Since the original discovery! of photoluminescence
(PL) due to the recombination of donor and acceptor
bound excitons (BE), silicon has remained the proto-
typical material for the study of BE in indirect band-
gap hosts. Early studies? demonstrated that PL spec-
troscopy could provide a chemical identification of the
various donor and acceptor species, which has led to the
development of PL as a quantitative impurity character-
ization method for Si.37®

A doublet splitting of the BE ground state for the ac-
ceptors B, Al, Ga, and In was reported in an early ab-
sorption measurement by Dean et al.” This structure was
studied in more detail by Vouk and Lightowlers® using
PL, which revealed a doublet structure for Al, Ga, and
In, a triplet structure for T1, the deepest single acceptor
in Si, and no structure for the B BE.8 The incorrect attri-
bution of a doublet structure to the B BE by Dean et al.”
was explained by Vouk and Lightowlers® as being due to
a weak LO-phonon replica of the B BE line lying near the
stronger TO-phonon replica. The B BE has a very weak
no-phonon (NP) transition, and so in the earlier inves-
tigations was always studied in the TO-phonon-assisted
region, even though this entailed the disadvantage of a
phonon-related spectral broadening of the transition.’

Vouk and Lightowlers® proposed three possible ex-
planations for the observed splittings, all of which in-
volved hole-hole coupling between the two holes of
the acceptor BE, but could not discriminate between
these models based on the available data. The study
of excitonic systems in Si received a great impetus
upon the discovery!®™'? of bound multiexciton com-
plexes (BMEC’s) and the ensuing controversy over their
existence.!314 In particular, it was recognized by a num-
ber of researchers that the structure of the acceptor
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ground state could be used to test the validity of the
BMEC hypothesis, since the two-exciton acceptor BMEC
should decay to the BE ground state, and therefore mir-
ror the BE structure. This predicted effect was soon ob-
served, and in addition the ground states of the Al and
Ga BE were further resolved into triplets.13717

Kirczenow!® then demonstrated that the relative in-
tensities of the triplet components were well accounted
for by a simple hole-hole coupling model which neglected
any electron-hole or electron valley-orbit effects. In this
model, the two indistinguishable holes move in the field
of the acceptor ion, which has T; symmetry, and are
described by the representations I's in the notation of
Koster et al.® The hole-hole splitting is given by the an-
tisymmetric product {T's x I'gs} = 'y + '3 + I's. The
relative intensities of the triplet lines suggested that the
ordering was 'y, I's, I's with I'; lying lowest in energy.
This assignment was supported by later uniaxial stress
and Zeeman studies on BE and BMEC’s associated with
Al in Si.%0

The case of the acceptor BE, with its large hole-hole
splitting, was an explicit exception to the shell model
(SM) introduced by Kirczenow!® to explain the system-
atics of BE and BMEC spectra. In the SM the electrons
(e) and holes (h) of the complex are placed, subject to
the exclusion principle, in noninteracting single-particle
states of donors and acceptors, respectively. Thus the SM
neglected the possible splittings arising from e-e and e-h
interactions. Hole-hole interactions, except for the accep-
tor BE, were also ignored as being too small to affect the
overall structure of the BE and BMEC spectra. The ad-
vent of the SM led to considerable experimental activity,
and in particular to numerous efforts to test its predic-
tions using uniaxial stress and Zeeman splitting.20723 It
was concluded!? that the SM did a remarkably good job
of explaining the structure of BE and BMEC spectra on
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the resolution scale then available, which apart from the
acceptor BE could not reveal the fine structure resulting
from interactions between particles.

An attempt to measure the fine structure in the BE
and BMEC PL spectra which might result from such
interactions was made by Parsons,?? who used a high-
resolution scanning Fabry-Pérot interferometer in tan-
dem with a grating spectrometer. He observed fine
structure on several of the BMEC transitions associated
with the donor P, and postulated their possible origins.
The Fabry-Pérot method was perfected by Kaminskii,
Karasyuk, and Pokrovskii,?®2® who used it to study not
only the fine structure but also the effects of uniaxial
stress and magnetic fields on that structure.

In a more recent study the same technique was used
to reveal fine structure in the lowest-energy (I';) com-
ponent of the BE luminescence associated with Al, Ga,
and In acceptor BE’s.27 Since the electron in the BE can-
not couple to the I'; two-hole state to produce a splitting,
the fine structure was ascribed to an electron valley-orbit
splitting into I'y, I's, and I's states. It was unfortunately
not possible to search for similar fine structure on the
transitions from the I's and I's two-hole states, since at
temperatures high enough for these states to be ther-
mally populated, a severe broadening occurs which prob-
ably results from very rapid transitions between the BE
levels.28

This left the B acceptor BE as the only possibility for
a complete study of the BE fine structure, since B with
its repulsive central cell potential has a much smaller
BE hole-hole splitting than does Al or Ga. As a re-
sult, all the BE initial states can be populated even at
pumped He temperatures, and the thermal broadening
may be less. Early evidence for structure in the B BE
PL was a poorly resolved triplet seen with dispersive
spectroscopy.2?® Later results using the Fabry-Pérot in-
terferometer revealed additional fine structure, albeit still
poorly resolved.3?

More recently, it has been demonstrated that Fourier-
transform PL spectroscopy using a Michelson interfer-
ometer can considerably surpass the results obtained by
Fabry-Pérot interferometery, both in terms of spectral
resolution and signal-to-noise ratio.31:32 In particular, the
B BE spectrum was found to consist of nine well-resolved
components spanning an energy range of ~210 peV.3?
This immediately suggested a scheme in which each of
the three states arising from the hole-hole coupling was
further split into three sublevels due to the valley-orbit
splitting, with e-h interactions being negligible. It is the
purpose of this paper to study the fine structure of the
B BE using extremely homogeneous uniaxial stress along
the (001), (110), and (111) directions, and by modeling
the results, to arrive at a more complete description of
the ground state of an indirect BE.

II. EXPERIMENTAL TECHNIQUES

The samples were cut from x-ray-oriented float-zone
silicon with a boron concentration of 3 x 101®> cm~3, in
the shape of a parallelopiped 2 x 2 x 25 mm3 with pyra-
midal ends. They were mechanically polished, given a
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short etch in HNO3-HF (10:1), and installed in the stress
rig so that the ends of the pyramids matched small coni-
cal holes stamped in the exact centers of the ends of the
stainless-steel pistons. Such a technique?® allows pre-
cise orientation of the sample with respect to the applied
force, giving a very uniform stress at the center of the
sample.

The sample was immersed in a liquid-helium bath, at a
temperature of either 4.2 or 2 K, and excited by a focused
Ti-sapphire laser beam at 0.3 W cw, tuned to a wave-
length of 0.92 ym. Luminescence spectra were recorded
with a BOMEM DA3.01 Fourier-transform spectrometer
using a cooled InGaAs photodiode. The stress in the
samples was measured precisely by calibrating it against
the linear splitting of the phosphorus BE line,?333 which
itself was measured carefully in samples doped with
5 x 1014 ¢em™3 of phosphorus. By very careful selection of
the material for the samples, and the highly precise tech-
niques described, we were able to obtain spectra with a
resolution of 3 eV, and an inhomogeneous stress broad-
ening of the lines of less than 10 peV, for uniaxial stresses
of up to 20 MPa.

III. RESULTS

The photoluminescence spectrum of the no-phonon
(NP) boron BE transition is shown in Fig. 1. It con-
sists of nine well-resolved components, with linewidths
of about 10 ueV. Since the final state of the transition is
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FIG. 1. Boron BE no-phonon photoluminescence spec-

trum with a resolution of 3 ueV, at 2 K, with no stress. Ver-
tical ticks show theoretical predictions of the line energies.
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the ground state of the boron acceptor, which has no fine
structure, the spectral splitting is a direct representation
of the energy levels of the initial state, that is, of the BE.

The evolution of the BE spectra under uniaxial com-
pression is shown in Fig. 2 (for moderate stress) and
Fig. 3 (for some of the highest stresses used here). These
spectra have been obtained using nominally unpolar-
ized luminescence. For (001) stress (the bottom part of
Fig. 3), we show spectra recorded at 4.2 as well as 2 K.
Considerable changes occur in the relative intensities of
the lines, especially with the thermal population of the
higher-energy states.

From the energies of all the observed stress-split com-
ponents for each direction of stress, the boron BE energy
levels are calculated by adding or subtracting half the ob-
served stress splitting of the boron acceptor, depending
on the final state (m; = :!:% or mj = :t%, respectively).
The boron BE energies are shown by the points on Fig. 4.
The lines are calculated using the theory of Secs. IV and
V.

Additional data on the transitions were obtained by

93 .
92 |
o <111> 6MPa
1
11— |
cfc;’ [/ c;/\c; C3 ¢y cr o
(N W I Fl
L 1
nyf
'\
f‘ 92 | <10> 5.4MPa
CZJ €1 -
3
\ + c:,*' R ho ho
Ly i A
§ Pr o ETERE T T emm e e e
-— 1 1 1
<
I of hcz‘-
o
1 "
. | <001> 4.6MPa
91 1 ho
0
of 5
H IIIHIIIIIIIIIIM Ilibnﬁhﬁ%l | Ii
1.1502 1. 1504 1. 1506 1. 1508 1.151
Energy (eV)
FIG. 2. Boron BE no-phonon photoluminescence spectra

at moderate stress in three directions at 2 K. Lines corre-
sponding to transitions from the BE ground state are la-
beled g, those from “cold” valleys (electron energy lowered by
stress) are labeled ¢, and those from a “hot” valley (electron
energy raised by stress) are labeled h. Subscripts + and —
show the final state of the transition as |m;| = £ or |m;| = 3,
respectively. Tick marks show theoretical predlctlons The
spectra were measured at 2 K.
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measuring their linear polarization. Figure 5 shows spec-
tra recorded with polarization parallel and perpendicular
to the applied (001) stress. They are compared with the-
oretical spectra calculated as described in Secs. IV and
V.

IV. THEORETICAL FRAMEWORK

The shell model (SM),'® including the predictions it
makes for BE’s under stress,?® will be used throughout
this section.

In the absence of external perturbations, the electron
and the two holes move in a potential of tetrahedral
symmetry (T4) around the substitutional impurity site.
The BE wave function is an antisymmetrized product of
these three single-particle functions. We will construct a
perturbation matrix to describe correlations, valley-orbit
splittings, and uniaxial strain effects, using the symme-
try of the single-particle states. The magnitudes of the
perturbations will be described by a small number of pa-
rameters, which will be determined later from the exper-
imental data.

The wave function of the electron can be expressed
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FIG. 3. Boron BE no-phonon photoluminescence spectra

at 2 K under (001), (110), and (111) uniaxial stress. P indi-
cates a transition of the phosphorus BE; other labels are as
in Fig. 2. For {001) stress the broken line shows the spectrum
at 4.2 K, indicating changes in initial-state populations. The
small energy shifts between the 2- and 4.2-K spectra are not
due to temperature, but rather a small difference in the stress.
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FIG. 4. Energy levels of the boron BE un-
der (001), (110), and (111) stress, obtained
by adding (squares) or subtracting (circles)
half of the boron acceptor splitting to the ob-
served photon energies. The lines show theo-
retical predictions.
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as a product of a spinor, I's, and a spatial part
Om = Fp(r)um(r), the product of a smooth envelope
function, Fy,(r), and the Bloch function of the mth
conduction-band minimum, u,,(r). Valley-orbit states
having T'y, 'z, and I's symmetry are formed by linear
combinations!8:23:34 of the O,,:
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FIG. 5. Polarized spectra measured at 2 K of the boron
BE under 5 MPa (001) stress compared with theoretical pre-
dictions (broken line). The luminescence is polarized with its
electric vector parallel to the stress in the upper spectrum,
and perpendicular to the stress in the lower one. P indicates
a transition of the phosphorus BE.

®i(r)= Y imOm (i=1,...,6), (4.1)
m=1

where the coefficients a;,,, in terms of the six equivalent
(111) minima, are

aor, = %(1,1,1,1,1,1), i=1,

—-—1—(—1 -1,-1 —122) 1=2
—_ 12 ’ ) ’ )Ly &)y

s = {%/(_1) ,—1,—1,0,0), i= 3 (42)
2(1,-1,0,0,0,0), i=4
1 ; —

ar, = E(0,0,l,—l,0,0), i=5
32(0,0,0,0,1,-1), i=6.

The valley-orbit splitting, in any basis, can be de-
scribed by two parameters, A; and Agz, equal to the
differences in energy between I'; and I's, and between
I's and T's, respectively.

In the present work it is more convenient to take the
O,, states as the basis states, rather than the ®; used to
describe the behavior of the electron. Then the valley-
orbit splitting matrix has the form

dydydydydad;
dydydydydads
dydy dy dy dy dy
dydydidydads |
dydydadady dy
dadydadsydy dy

where d; = (A; +2A3)/6 and d; = (A; — A3)/6.

Under (111) uniaxial stress the conduction band does
not split, so the electron-stress component of the Hamil-
tonian H* = 0. For (001) and (110) uniaxial compres-
sion, the valleys on the z axis split from the  and y
valleys, becoming lower in energy under (001) compres-
sion and higher under (110) compression. The splittings
can be described by the same matrix:

HY = (4.3)
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HeS -

0
0
0
0 (4.4)
E

Z

0
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Here the energy perturbations E,,..., E; are given in
terms of the strain tensor components €¢;; and deforma-
tion potentials Z4 and =, by34

E; =Ez =Z46 + Sy,
E,=FE; =Z4¢+ Eueyy,
E, = E; =Zge+ Zy¢,,,

In the absence of external perturbations, holes in the
BE occupy a quartet of states, derived from the angu-
lar momentum j = % branch of the valence band, which
transform as I'g in the point group Ty. Any stress will
split these states into two doublets, which can be clas-
sified by their angular momentum projection, m; = :t%
and m; = 41 on the stress axis.

The effect of uniaxial stress on the I's hole states at the
valence-band maximum can be described by the term in
the Hamiltonian34

2 S d
Hhs(e) = ae€ — in:(J,- - Z)C“ - 7§ ;[Ji, Jj]fij;

(4.5)

where [J;, J;] = 2(J Jj + J;Ji). The J; are the angu-
lar momentum pro_]ectlon operators and a, b, and d are
deformation potentials for the boron BE, Wthh may not
be the same as those for the valence band.

To describe the hole-hole and electron-hole interaction
Hamiltonians, H** and H¢** we will use the basis

‘I’mpij = Omap¢ijy (46)

where the indices are m =1,...,6,i<j=1,...,4, and
p=1,2; 0, is the spinor part of the electron wave func-
tion, and ;; = {¢;, ¢;} is the antisymmetrized product
of the two one-hole wave functions, ¢; and ¢;, in the basis
I's.

We can use the method of invariants, developed by Bir
and Pikus,3® to construct the matrices H? and Hehh
from a linear combination of matrices which are invari-
ant under Ty symmetry transformations, acting on the
basis functions of Eq. (4.6). This gives Ny linearly inde-
pendent invariant matrices in each term:

No= 52 3" xel@)X3(@) £ xu(67)], (4.7)

where h is the order of group Ty, xx and x, are the char-
acters of the representations D, of the perturbation op-
erator (here I';, symmetric under time inversion), and D,
of the basis function. (The + applies if the representation

V. A. KARASYUK et al. 45

D, is normal, the — if it is a spinor representation.)

The hole-hole interaction matrix H"”* is then given by
the direct product of a matrix written in the basis of the
two-hole functions, #;;, and the unit matrix, in the basis
of the electron functions, Op,0p. Since

D, ={I's®Ts} =T+ T3+ 7T,

H™ is comprised of three independent operators, includ-
ing the unit operator (which merely changes the origin
of the energy and so is omitted here):

HM™=Ct* > Juds +C8* Y (J3dai + JuiJ3).

i=z,y,2 i=x,y,z

(4.8)

Jii and Ja; act on the first and second hole coordinates.
The two terms in Eq. (4.8) describe j-j coupling. The
first term represents the spherical approximation, which
splits the I'; from the degenerate I's and T's states; the
second term represents the cubic correction to it, giving
the three states I'y, I's, and T's.

In the case of H®"* the reducible representation D,
becomes that of the product of the electronic orbital,
spin, and hole states:

D,, = (I‘l +F3+F5)®F6®{F3®F8} = 6F6+6I‘7+ 12F8
(4.9)

and No = 120. We will simplify it by making two as-
sumptions.

(1) The electron interacts with each of the two holes
separately, which means that the matrix elements

(mpij|H" [ngkl)

in the basis of Eq. (4.6), Omoptij, can be con-
structed from the electron-single-hole matrix elements
(mpi|H*|ngk) in the basis of functions Oy, 0, ¢;:3

(mpij|H " |ngkl) = (mpi| H*" |ngk)&;,
+(mpj|H " [nql)6ix
—(mpi]Heh|an)6jk

—(mpj|H*" |ngk)éi, (4.10)

where 6;; = 1 if 7 = j and 0 otherwise.

(i) The matrix elements of H®* are zero between dif-
ferent single valley functions. Consequently, although
thermalization can occur between different valley states
(Fig. 3), we will assume that there is a negligible effect
on the energy levels from the electron-hole interaction
scattering the electron from one valley to another.

With the second assumption H®? can be expressed in
block diagonal form, with each block corresponding to
one of the electron valley states:

H*» 0 0 0 0 0
0 H» 0 0 0 0
w_| 0 0 HPO 0 o0
HP=1"0 0 0 m 0 o0 (4.11)
0 0 0 0 HP 0
0 0 0 0 0 H
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Each block Hf* on the diagonal is a 12 x 12 matrix
derived from the two holes in the fourfold-degenerate j =
3 states (giving six states after allowing for the Pauli
exclusion principle), combined with the two electron-spin
states. We can use the method of invariants to construct
H?® | and the other blocks are derived by simple rotations
of Heh,

An electron in the z valley has the point group Ca,,

J
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obtained by imposing a z axis on the Ty group. In Cayy,
the holes transform as D, = 3I'; + '3+ '3+ T4, and with
the electron spin (as I's), No = 12, including the unit
matrix. If we assume that the central cell potential has
very little effect on the electron-hole interaction, Cy, (a
subgroup of the Op cubic group) can be used to represent
the z electron valley. In this higher group, the interaction
matrix is simply reduced to3”

H* = Ct" (1, ®S: +Jy Sy + 1. ®S:) +C5M(J2® Se + I} ® S, + J2® S.)

+CSM(J. ®S,) + CsM(J2 ® S,)CEM (Ve ® So — Vy ® Sy) + CEM(J2 - 31),

where V; = [Jz, (J2 — J2)], Vy = [Jy, (JZ = J2)], and the
unit matrix has not been included explicitly. The first
and second terms in Eq. (4.12) describe the electron-
hole interaction in the spherical approximation, and cor-
rections for the cubic part of the hole wave function. The
third, fourth, and fifth terms correct for the anisotropy of
the electron wave function. The sixth term takes into ac-
count the Coulomb interaction of the electron and a hole
with anisotropic wave functions, i.e., crystal splitting.38

The energy levels of the boron BE can then be obtained
from the solution of the secular equation

det(H — AI) = 0, (4.13)

where [ is the unit matrix and H is the total perturbation
matrix, given by Eqgs. (4.3), (4.4), (4.5), (4.8), and (4.12)
as the 72 x 72 matrix:

H=H" + H" + HY + H" + H*. (4.14)

The photoluminescence spectra show photon transi-
tions from these states to the ground state of the boron
acceptor. The final state is split into two components
under stress corresponding to the projection of the hole
angular momentum on the stress axis of m; = i% (the
upper level) and m; = :l:% (the lower level). To compare
theoretical energies with the experimental spectra this
splitting must be included.

The eigenvectors of the matrix H, corresponding to
each of the eigenvalues ) in Eq. (4.13), give the wave
functions of each of the BE states. Using these, it is
possible to predict the intensities of the spectral lines. A
transition between the nth BE state

n __ n ..
E" = E Cmp{jOmO'de,J

m,p,i,j

and single hole state 1 has intensity in the e polarization
given by

I(n, k)Q) S |(EH|Q'¢k>|2y

where the electric vector of the light has a direction e.
We can evaluate these matrix elements:

(4.15)

(E™ |e|vx) = Z crr:tpij(pre_npi(sik - anpj‘sjk),
mpij

(4.16)

where p7, . is the single electron-hole matrix element

(4.12)

[
given by Gorbunov et al.?” in terms of parameters 7, A,

and 7, for polarization e. Thermalization between states
is included by a Boltzmann factor e~¢»/*T for a state
with energy ¢, at temperature 7.

V. DISCUSSION

In contrast to other group-III acceptors in Si, in which
the hole-hole interactions are much larger, for boron the
hole-hole and electron-hole interactions have comparable
strengths. Consequently, at zero stress, the eigenstates
are complicated admixtures of the basis states. However,
the magnitudes of the valley-orbit splitting can be de-
termined directly from experiment by using the data for
large (111) compressions.

In the limit of high stress, the dominant splitting of
the hole states is into two doubly degenerate levels with
angular momentum projected along the stress axis, de-
scribed by quantum numbers m; = :i:% and :i:%. Under
compression, the m; = :l:% states have the lower (hole)
energy. In this case the antisymmetrized product of the
two hole states transforms according to the unit represen-
tation I'; and there is no splitting produced by the hole-
hole interaction [Eq. (4.8)] or the electron-hole interac-
tion [Eq. (4.12)]. Under (111) stress, there is no splitting
of the conduction-band minima. Consequently, as was
pointed out by Karasyuk and Pokrovskii,3° the spectra
recorded under large (111) compressive stress (Fig. 3)
give the magnitudes of the valley-orbit splittings imme-
diately, from the splitting of the lowest-energy triplet,
as

Ay =32 peV,
(5.1)
Az = —26 peV,

where A; is the energy difference between I'; and I's and
Agj is that between I'3 and Ts.
A least-squares-fit algorithm was used to minimize the

TABLE I. Interaction constants C!** and C§" (peV).

cr ot o o ot et ot cet
-1 27 37 19 37 9 14 -16
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TABLE II. Deformation constants (eV).
Defect b d Zu
Boron BE -1.4940.05 -4.08+0.1 8.510.2
Boron acceptor -1.35£0.05 -3.9540.1
Phosphorus BE -1.7240.05 -4.53+0.1

difference between the theoretically predicted and exper-
imentally observed energy levels both at zero and high
stress perturbations for all three directions of stress. In
the fit, A; and A3 were fixed at the values of Eq. (5.1),
and we varied the hole-hole parameters C}* ,C2*, the six
electron-hole parameters C$",...,C¢&", the electron de-
formation parameter Z,, the hole deformation parame-
ters b, d and slope and shift parameters (which included
the hydrostatic component and the unit matrix terms ig-
nored earlier). The values of the best-fitting interaction
parameters are given in Table I, and the deformation pa-
rameters are given in Table II. Figure 4 shows the energy
of the boron BE under stress, with the final-state split-
ting taken into account, along with the corresponding
theoretical energies. The agreement is excellent.

Spectra recorded with the electric vector of the lumi-
nescence nominally parallel and perpendicular to the ap-
plied stress of 5 MPa along (001) are shown in Fig. 5.
The broken lines show the theoretical predictions, using
the parameters of Table I. We assumed a Gaussian line
shape of a width similar to that observed, some mixing of
polarizations in the experimental data, and used values
of the further parameters 7, A, and 7 in the one-electron—
hole matrix elements in Gorbunov’s paper,?” obtained in
a similar way to his. Thermalization between all the
initial states has been included, with an assumed tem-
perature of 2 K. The satisfactory agreement between the
measured and calculated spectra confirm that the theory
developed here is valid.

VI. CONCLUSIONS

Our investigation of the boron-bound-exciton fine
structure under stress has shown that there is a large
number of energy levels which appear in the no-phonon
photoluminescence as very narrow spectral components.
We have developed a full theoretical treatment of the BE
under uniaxial stress, and have applied it to account, in
detail, for the very complex splittings of components seen
in the spectra. The excellent fit between the experimen-
tal data and theoretical predictions of both the fan dia-
grams and the spectra themselves demonstrate that the
assumptions used in the theoretical model were justified.

The hole-hole interaction parameters C}* and C3* are
very much smaller, at —111 and 27 peV, respectively, for
boron than for the other acceptors in silicon. Using the

reported hole-hole splittings for the other acceptors,3® we
calculate the C?* terms to be 750 peV for Al, 1050 peV
for Ga, and 5700 peV for In. Similarly, the C2* terms
are —100 peV for Al, —150 peV for Ga, and —1030 peV
for In. For B there is a near cancellation of the effects
of the C** and C»* terms, resulting in very small split-
tings. Moving through the sequence of the acceptors we
see that these interactions change, as is qualitatively ex-
pected, with increasing hole binding energy; the spher-
ical term CP? increases as does the magnitude of the
cubic correction term C2". The electron-hole interac-
tion terms C$ ... ,CE" reported here are not available
for other acceptor BE’s in silicon, and so we are un-
able to make comparisons between the acceptors. For the
valley-orbit splitting, our values for B of A;=32 peV and
A3z=—26 peV compare with A;=83 peV,A3=—25 peV
for Al and A,=13 peV,A3=—29 peV for Ga,?” with the
same order of the levels: I's, I's, T';.

Localization of the exciton on a boron acceptor reduces
its crystal splitting to 2C¢*=38 peV (Table I) from the
free-exciton value, which derives from the anisotropy of
the conduction-band minima of 0.31 meV.%* However,
our analysis shows that the central cell effects have very
little influence on the correlations between the electrons
and holes in the bound exciton. We have also been able
to ignore the effects on the stress-splitting patterns of
intervalley scattering by the electron-hole interactions.
Weak scattering does occur, however, as shown by the
thermalization of the stress-split components. Finally,
the deformation constants for holes in the boron BE are
shown in Table II to be very similar to the values for the
hole at the neutral acceptor.

In this paper we have presented data for the exciton
bound at a boron acceptor at a high level of refinement.
There is a need to carry out similar work on the other ac-
ceptors, particularly as the ultrahigh-resolution spectra
of these show additional structure in the absence of ex-
ternal perturbations, which has not yet been explained.*
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