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Fourier-transform photoluminescence spectroscopy of excitons bound
to group-III acceptors in silicon: Uniaxial stress

V. A. Karasyuk, M. L. W. Thewalt, and S. An
Department of Physics, Simon Fraser University, Burnaby, British Columbia, Canada V5A 1S6

E. C. Lightowlers
Physics Department, King’s College London, Strand, London WC2R 2LS, United Kingdom

~Received 6 August 1997!

Photoluminescence of excitons bound to Al, Ga, In, and Tl acceptors in Si crystals subjected to^001&, ^111&,
or ^110& uniaxial stress was studied at liquid-He temperatures with 0.0025-meV spectral resolution. The
deformation-potential constants of the group-III acceptors in the ground state are~in eV! b521.0160.02,
d523.3160.06 for Al, b521.0360.02,d523.1060.06 for Ga,b520.4360.01,d522.4160.05 for In,
andb520.3060.03,d521.9560.2 for Tl. The shear deformation-potential constant for electrons in accep-
tor bound excitonsJu58.6 eV for all group-III acceptors within an experimental error of60.15 eV for Al,
Ga, and In, and60.8 eV for Tl. The order of the valley-orbit states in Tl bound excitons isG1 , G3 , G5 with
the G5 energy 1.21 meV aboveG1 , and 0.10 meV aboveG3 . All details of the spectra including positions,
relative amplitudes, and polarizations of the components have been explained on the basis of a simple model
of acceptor bound excitons with holes in theJ50 state taking into account the valley-orbit splitting and the
spin-orbit coupling of the electron. Significant deviations from the theoretical predictions were observed only
for very small strains producing acceptor splittings comparable with the intrinsic zero-stress splitting.
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I. INTRODUCTION

In our previous paper,1 we have studied photolumines
cence~PL! spectra of excitons bound to group-III shallo
acceptors~A0X, whereA0 stands for a particular accepto
species in its neutral state! in monocrystalline silicon in mag
netic fields up to 14.5 T with a spectral resolution of 0.00
meV. In the present paper, we report the results of sim
studies in Si under uniaxial stress. Elastic deformat
caused by stress induces changes in the electronic stat
A0X andA0 reflected in the PL spectra. These changes
be described by means of perturbation theory and prov
additional information on the symmetry and the structure
A0X andA0.

PL spectra ofA0X in nonperturbed Si exhibit an extende
fine structure due to the valley-orbit splitting~VOS! and the
spin-orbit coupling~SOC! in A0X, and the intrinsic ground-
state splittingD0 of A0.1 Employment of a spectrometer wit
the ultrahigh resolution of 0.0025 meV and an advanc
uniaxial stress technique2 has allowed us to resolve this fin
structure in the PL spectra ofA0X under uniaxial stress
which sets apart the present work from the previous unia
stress studies ofA0X.3–8 Among them, only one, by Weber
Conzelman, and Sauer,5 has dealt with In0X and Tl0X at
about a hundred times lower resolution, not sufficient to
solve the VOS. The case of boron was explored earlier9 in
great detail, and in the present work we are concerned w
the rest of the group-III acceptors Al, Ga, In, and Tl. W
have already reported some of the results of ultrahi
resolution piezospectroscopy of Al0X and Ga0X with regard
to D0 .10,11
560163-1829/97/56~24!/15672~13!/$10.00
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II. THEORY

A. Effect of elastic uniaxial strains onA0

We are following here the same theoretical treatment
A0X andA0 as we did in the first part of this study1 with the
appropriate replacement of the magnetic-field perturba
with the elastic strain perturbation. Due to the lack of a th
oretical model for the intrinsic ground-state splitting ofA0,
we shall neglect it and describe the ground state ofA0 in Si
as a quadruplet of the effective-mass states with a 1S-type
envelope function multiplied by the Bloch functions corr
sponding to the top of the valence bandG8

1 . We use the
same basis of four functionscm ~m51 3

2 ,1 1
2 ,2 1

2 ,2 3
2! as

we did in Ref. 1, labeled by the subscriptm equal to the
projectionmj of the angular momentumj on the@001# axis.
The effect onA0 of the elastic strain represented by the stra
tensor« i j can be described in this basis by the perturbat
matrix12

Ĥ~« i j !5a(
i

« i i 1b(
i

« i i ~Ji
22 1

3 J2!1
2d

)
(
i , j

« i j $JiJj%,

$JiJj%[
1
2 ~JiJj1JjJi !, J25Jx

21Jy
21Jz

2, ~1!

where the constantsa, b, andd are the deformation poten
tials, andJi ( i 5x,y,z) are the angular momentum matrice
@Eq. ~3! of Ref. 1#. Uniaxial stress with forceF applied along
an axis with direction cosinesax , ay , and az splits the
quadrupletG8 into two Kramers doublets separated by t
energyD given by12

D2~ax ,ay ,az!5D001
2 13~D111

2 2D001
2 !K~ax ,ay ,az!,
15 672 © 1997 The American Physical Society
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56 15 673FOURIER-TRANSFORM PHOTOLUMINESCENCE . . .
K~ax ,ay ,az!5ax
2ay

21ay
2az

21az
2ax

2. ~2!

Here D00152b(S112S12)T and D1115(d/))S44T are the
energy separations of the doublets forFi^001& andFi^111&,
respectively, where S1150.7617310211 m2/N, S125
20.2127310211 m2/N, and S4451.2463310211 m2/N are
the elastic compliance coefficients for Si,13 andT is the mag-
nitude of the stress which is negative for compression.
Fi^110&, D25D110

2 5 1
4 (D001

2 13D111
2 ). The median of the

doublets is shifted by the same amount

DEhs
A0

5a~S1112S12!T ~3!

for any direction of F. The eigenfunctions ofA0 under
uniaxial stress can be found in Ref. 14.

B. Effect of elastic uniaxial strains onA0X

For all the group-III shallow acceptors in Si except f
boron, theA0X two-hole state with the net angular mome
tum J50 (G1) has a significantly lower energy than the sta
J52 which is split by the crystal field into the statesG3 and
G5 .4 Only the stateG1 of Al0X, Ga0X, In0X, and Tl0X is
populated at liquid-He temperatures. The stateG1 is a spin
singlet and holes in this state do not couple to the elect

FIG. 1. The VOS of the acceptor bound exciton (A0X) energy
levels as a function of uniaxial stressP ~compression! along the
^001& ~a!, ~d!, ^111& ~b!, ~e!, and^110& ~c!, ~f! crystallographic axes
Horizontal marks show theA0X energy levels atP50 with ~d!–~f!
and without~a!–~c! the SOC labeled by the corresponding irredu
ible representations of the point groupTd . The ordering of the VO
states in~a!–~c! corresponds to that of Al0X or Ga0X, while ~d!–~f!
corresponds to that of In0X. The energy levels are labeled on th
right-hand side according to Eqs.~7! and ~10!–~15! in the text.
r

n,

therefore, in the first approximation, the energy levels
A0X can be obtained as the sum of the single-electron
the two-hole energy levels.

Uniaxial strains do not split the stateG1 , but mix it with
the statesG3 andG5 resulting in a nonlinear redshiftDEhh of
the stateG1 . Neglecting a relatively weak electron-hole co
pling, DEhh can be expressed as a function of the stress s
ting D̃ of the single hole states ofA0X given by Eq.~2! with
the A0X values of the deformation-potential constantsb and
d which can differ from the values ofb andd for A0, and the
zero stress separationsD31

hh5E(G3)2E(G1) and D51
hh

5E(G5)2E(G1) between the energy levels of the two-ho
statesG3 andG5 , respectively, and the stateG1 :

DEhh52a~S1112S12!T1
D3

hh

2
2AS D3

hh

2 D 2

1D̃2 ~4!

for Fi^001&, and

DEhh52a~S1112S12!T1
D5

hh

2
2AS D5

hh

2 D 2

1D̃2 ~5!

for Fi^111&. For Fi^110&, DEhh52a(S1112S12)T1E1 ,
whereE1 is equal to the lowest root of the equation:

E~E2D51
hh!~E2D31

hh!1
1

4
D̃2~E2D51

hh!1
3

4
D̃2~E2D31

hh!50.

~6!

The single-electron energy levels and the eigenstates
the uniaxial stress withF lying in the ~11̄0! plane at an angle
u with respect to the@001# axis can be obtained by diagona
ization of the single-electron Hamiltonian which in the ba
of the products of the functions1

f~1!5
1

A6
~111111! :G1 ,

f~31!5
1

2)
~ 1̄ 1̄ 1̄ 1̄22!

f~32!5
1

2
~111̄1̄00!

J :G3 ,

f~51 !5
1

&
~f~5x!1 if~5y!!5

1

2
~11̄i ī 00!

f~52 !5
1

&
~f~5x!2 if~5y!!5

1

2
~11̄ ī i00!

f~5z!5
1

&
~000011̄!

6 :G5 , ~7!

and the spinorsua& and ub&, has the form

-
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Ĥe5DEhs
e 13

D15
VO &s 0 0 0 0

&s D35
VO1s 0 0 0 0

0 0 D35
VO2s 0 0 0

0 0 0 2s 0 0

0 0 0 0 2s 0

0 0 0 0 0 2s

4 ^ F1 0

0 1G1
lSO

2 F0 0

0 1G ^ 3
1 0 0 0 0 0

0 21 0 0 2& 0

0 0 21 0 0 &

0 0 0 1 0 0

0 2& 0 0 0 0

0 0 & 0 0 0

4 ,

~8!

s[
1

6
Ju~S112S12!T~3 cos2u21!,

DEhs
e 5S Jd1

1

3
JuD ~S1112S12!T. ~9!

TABLE I. Relative probabilities of the optical transitions fromA0X with holes in the lowest two-hole state and electron in the VO s
c (n) @Eqs. ~10!–~15!# to the upper (u) and the lower (l ) sublevels ofA0 split by the@001# uniaxial compression of the sample. Light
emitted perpendicular to the stress axis with polarization perpendicular to the stress axis.h, g, l-independent constants~Ref. 1!.

ce
(n) u(umj u5

3
2 ) l (umj u5

1
2 )

1s 12k

3 FA~11j!~2h1l!2
x

uxu A
12j

2
~h2l!G2 11k

9 FA~11j!~2h1l!2
x

uxu A
12j

2
~h2l!G2

3s 12k

3 F x

uxu
A~12j!~2h1l!1A11j

2
~h2l!G2 11k

9 F x

uxu
A~12j!~2h1l!1A11j

2
~h2l!G2

32 (12k)(h2l)2
11k

3
~h2l!2

51(56) (12k)(11z)g2
11k

3
@A2~12z!2A11z#2g2

52(5z) (12k)(12z)g2
11k

3
@A2~11z!1A12z#2g2

53(56) 0 4

3
~11k!g2

k5F S2D̃001

D31
hh D 2

11S 2D̃001

D31
hh D 2G 1/2

, x5
Ju~S112S12!T

3D31
VO , j5

11x

A112x19x2
,

y5
Ju~S112S12!T

3lSO , z5
116y

3A11
4
3 y14y2
O

t
ls
in
Here, D15
VO and D35

VO are the energy separations of the V
statesG1 andG3 , respectively, from the VO statesG5 in the
absence of stress and SOC,Jd andJu are the dilational and
shear deformation-potential constants,12 andlSO is the SOC
constant. We assume thatD35

VO@lSO, and neglect the effec
of SOC on theG3 states.1 The single-electron energy leve
and the corresponding eigenfunctions can be expressed
simple analytical form:

E1s5DEhs
e 1D15

VO1
D31

VO

2
~11x2A112x19x2!,
a

f~1s!5
1

&
SA11jf~1!2

x

uxu
A12jf~31!D , ~10!

E3s5DEhs
e 1D15

VO1
D31

VO

2
~11x1A112x19x2!,

f~3s!5
1

&
S x

uxu
A12jf~1!1A11jf~31!D , ~11!



arallel

56 15 675FOURIER-TRANSFORM PHOTOLUMINESCENCE . . .
TABLE II. Relative probabilities of the optical transitions fromA0X with holes in the lowest two-hole
state and electron in the VO statec (n) to the upper (u) and the lower (l ) sublevels ofA0 split by the@001#
uniaxial compression of the sample. Light is emitted perpendicular to the stress axis with polarization p
to the stress axis.

ce
(n) u(umj u5

3
2 ) l (umj u5

1
2 )

1s 0
4
9~11k!FA11j~2h1l!2

x

uxu
A2~12j!~h2l!G2

3s 0
4
9~11k!F x

uxu
A12j~2h1l!1A2~11j!~h2l!G2

32 0 0
51(56) 2(12k)(12z)g2 0
52(5z) 2(12k)(11z)g2 0
53(56) 0 4

3 (11k)g2
s
ta-

m
in

re

h

is
e

he

s
l to
D31
VO[D35

VO2D15
VO, x[

s

D31
VO , j[

11x

A112x19x2
,

E325DEhs
e 1D35

VO2s, f~32!; ~12!

E515DEhs
e 2

lSO

4
~122y23A11 4

3 y14y2!,

ce
~511 !5

1

&
~A12zf~51 !ub&2A11zf~z!ua&),

ce
~512 !5

1

&
~A12zf~52 !ua&1A11zf~z!ub&), ~13!

E525DEhs
e 2

lSO

4
~122y13A11 4

3 y14y2!,

ce
~521 !5

1

&
~A11zf~51 !ub&1A12zf~z!ua&),

TABLE III. Relative probabilities of the optical transitions from
A0X with holes in the lowest two-hole state and electron in t
specified VO state to the upper (u) and the lower (l ) sublevels of
A0 split by the@111# uniaxial compression of the sample. Light
emitted perpendicular to the stress axis with polarization perp
dicular to the stress axis.

VO state u(umj8u5
3
2 ) l (umj8u5

1
2 )

G6(G1) 2
3 (12k)(2h1l)2 2

9 (11k)(2h1l)2

G8(G3) 2
3 (12k)(h2l)2 10

9 (11k)(h2l)2

G7(G5) 2(12k)g2 2
3 (11k)g2

G8(G5) 4
3 (12k)g2 4

3 (11k)g2

k5F S2D̃111

D51
hh D 2

11S 2D̃111

D51
hh D 2G 1/2
ce
~522 !5

1

&
~A11zf~52 !ua&2A12zf~z!ub&), ~14!

y[
s

lSO, z[
116y

3A11 4
3 y14y2

,

E535DEhs
e 1

lSO

2
2s, ce

~531 !5f~51 !ua&,

ce
~532 !5f~52 !ub&. ~15!

Each of the eigenfunctions in Eqs.~10!–~12! must be multi-
plied by a spinorua& or ub&. TheG5 energy levelE51 merges
in the absence of stress with the levelE53 and the corre-
sponding eigenfunctionsce

(511) andce
(512) together with the

eigenfunctionsce
(531) and ce

(532) form the basis of theG8

representation while the functionsce
(521) and ce

(522) form
the basis ofG7 . The evolution of the single energy level
with the increasing uniaxial compression for two represen
tive cases of Al0X and In0X is shown in the Fig. 1.

C. Relative probabilities of optical transitions

The relative probabilities of the optical transitions fro
A0X with holes in the lowest two-hole state and electron
the VO statec (n) @Eqs. ~10!–~15!# to the upper (u,umj
u5 3

2 ) and the lower (l ,umj u5
1
2 ) sublevels ofA0 in Si under

uniaxial compression are listed in the Tables I–VI. They a

e

n-

TABLE IV. Relative probabilities of the optical transitions from
A0X with holes in the lowest two-hole state and electron in t
specified VO state to the upper (u) and the lower (l ) sublevels of
A0 split by the@111# uniaxial compression of the sample. Light i
emitted perpendicular to the stress axis with polarization paralle
the stress axis.

VO state u(umj8u5
3
2 ) l (umj8u5

1
2 )

G6(G1) 0 8
9 (11k)(2h1l)2

G8(G3) 4
3 (12k)(h2l)2 4

9 (11k)(h2l)2

G7(G5) 0 8
3 (11k)g2

G8(G5) 4
3 (12k)g2 4

3 (11k)g2
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TABLE V. Relative probabilities of the optical transitions fromA0X with holes in the two-hole stateG1 and electron in the VO statec (n)

to the upper (u) and the lower (l ) sublevels ofA0 split by the@110# uniaxial compression of the sample. Light is emitted perpendicula
the stress axis at an anglew with respect to the@001# axis and polarization perpendicular to the stress axis.

ce
(n) u(umj9u5

3
2 ) l (umj9u5

1
2 )

1s HFA~11j!~2h1l!1
x

uxu
A2~12j!~h2l!G2 4r 2

3
sin2w

1FA~11j!~2h1l!

2
x

uxu A
12j

2
~h2l!G2

~11r !2

3
cos2wJ

HFA~11j!~2h1l!1
x

uxu
A2~12j!~h2l!G2

4
3 sin2w

1FA~11j!~2h1l!

2
x

uxu A
12j

2
~h2l!G2

~3r 21!2

9
cos2wJ

3s HF x

uxu
A~12j!~2h1l!2A2~11j!~h2l!G2 4r 2

3
sin2w

1F x

uxu
A~12j!~2h1l!

1A11j

2
~h2l!G2

~11r !2

3
cos2wJ

HF x

uxu
A~12j!~2h1l!2A2~11j!~h2l!G2

4
3 sin2w

1F x

uxu
A~12j!~2h1l!

1A11j

2
~h2l!G2

~3r 21!2

9
cos2wJ

32 (12r )2(h2l)2 cos2w
~3r21!2

~h2l!2

3
cos2w

51(5z) $2(12z)sin2w1@rA2(12z)2(11r )A11z#cos2w%g2 $6r 2(12z)sin2w1
1
3@A2(12z)1(3r 21)A11z#cos2w%g2

52(56) $2(11z)sin2w1@rA2(11z)1(11r )A12z#cos2 w%g2 $6r 2(11z)sin2w1
1
3@A2(11z)2(3r 21)A12z#cos2w%g2

53(56) 4r 2g2
4

3
g2

r5
D00112D110

3D111

x52
Ju~S112S12!T

6D31
VO , j5

11x

A112x19x2
, y52

Ju~S112S12!T

6lSO , z5
116y

3A11
4
3 y14y2
ies

el
o

e

he

l

expressed in terms of three independent constantsh, g, andl
from the selection rules of Ref. 1. The relative probabilit
for Fi^001& andFi^111& were reported previously7 without
account for the mixing of the states and the SOC. The r
tive intensities of components in the PL spectra can be
a-
b-

tained by multiplying these probabilities by the relativ
populations of the corresponding initial states ofA0X.

Parameterk accounts for the stress-induced mixing of t
two-hole stateG1 with the stateG3 for Fi^001& or with the
stateG5 for Fi^111&. The relative probabilities of optica
lar

TABLE VI. Relative probabilities of the optical transitions fromA0X with holes in the two-hole stateG1 and electron in the VO state

c (n) to the upper (u) and the lower (l ) sublevels ofA0 split by the@110# uniaxial compression of the sample. Light is emitted perpendicu
to the stress axis with polarization parallel to the stress axis.

ce
(n) u(umj9u5

3
2 ) l (umj9u5

1
2 )

1s ~12r!2

3 FA~11j!~2h1l!2
x

uxu A
12j

2
~h2l!G2

~3r 11!2

9 FA~11j!~2h1l!2
x

uxu A
12j

2
~h2l!G2

3s ~12r!2

3 F x

uxu
A~12j!~2h1l!1A11j

2
~h2l!G2

~3r 11!2

9 F x

uxu
A~12j!~2h1l!1A11j

2
~h2l!G2

32 (11r )2(h2l)2
~3r11!2

3
~h2l!2

51(5z) @rA2(12z)1(12r )A11z#g2 1

3
@A2~12z!2~3r 11!A11z#g2

52(56) @rA2(11z)2(12r )A12z#g2 1

3
@A2~11z!1~3r 11!A12z#g2

53(56) 4r 2g2
4

3
g2
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transitions forFi^110& were obtained only for theG1 two-
hole state because the^110& strains mix it with both theG3
and theG5 states in a more complicated manner. This m
ing, however, is not important ifD̃!D31

hh and D̃!D51
hh.

Probabilities of the transitions from theA0X statesc (1s)

and c (3s) @Eqs. ~10! and ~11!# depend on the ratiox
[s/D31

VO of the stress-induced splitting of the conducti
bandDc53s and the zero stress splittingD31

VO between the
VO statesG3 andG1 . This dependence is accounted for
the parameterj5(11x)/(A112x19x2) @Eqs. ~10! and
~11!# which is equal to 1 at zero stress and to6 1

3 in the limit
of infinite stress. The parameterz @Eqs. ~13! and ~14!# ac-
counts in a similar manner for the stress-induced mixing
the G5 VO states when SOC is not negligible.z5 1

3 at zero
stress and61 whenulSOu!uDcu.

The eigenfunctions ofA0 for Fi^110& depend on the ratio
r 5@(D00112D110)/3D111# @Eq. ~2!# and so do the probabili
ties of optical transitions.14 If D0015D111, r 51, and the
stress-induced splitting ofA0, D, does not depend on th
stress direction. Deviation ofr from 1 is a measure of the
anisotropy ofD. The probability of emitting light with polar-
ization perpendicular to the@110# stress axis depends also o
the anglew between the direction in which light is emitte

FIG. 2. PL spectra of excitons bound to Al acceptors (Al0X)
under ^111& compressive stressP shown on the right-hand sid
beside each spectrum increasing from~b! to ~l!. Bath temperature
T52 K, resolution 0.0025 meV. Transitions to the upper or low
sublevels of the acceptor are labeled by the letteru or l , respec-
tively, with the subscript corresponding to the label of theA0X
energy level in Fig. 1. The relative amplitudes of the peaks~for
instance,u1 and l 1! change rapidly from~a! to ~b! and then remain
relatively constant with slow decline of theu components due to the
modification of the two-hole state of Al0X.
-

f

from the sample and the@001# axis. For example, componen
~32! must completely vanish forw590°.

III. EXPERIMENT

A. Experimental techniques

The samples were made from a high-purity float-zone s
con doped with Al, Ga, In, and Tl in concentrations fro
1014 to 231015 cm23. The Al-, Ga-, and In-doped sample
had a shape of a 232320 mm3 parallelepiped with long
sides x-ray oriented along one of the^111&, ^110&, or ^001&
crystallographic directions and the ends shaped as sq
pyramids.2 They were mounted in a stress rig with the to
of the pyramids on either end of the sample placed in sm
conical dips punched in the exact middle of opposing cyl
drical brass pistons, thus ensuring precise alignment of
sample.2 Due to the limited quantity of the material, the T
doped samples have been made in a shape of a 234
30.5 mm3 parallelepiped with the long side x-ray oriente
along the^001& or ^110& directions. They were mounted be
tween two lead gaskets in order to produce a homogene
strain in the sample.

r

FIG. 3. PL spectra of excitons bound to In acceptors (In0X)
under ^111& stress increasing from~b! to ~m!. T52 K, resolution
0.006 meV. The relative amplitudes of the components 52 and
for the transitions to the upper (u) and lower (l ) sublevels of the
acceptor are consistent with the assignment of these componen
theG5 VO states of In0X split by SOC which explains the presenc
of the fourth peak in the zero-stress spectrum~a!. The relative am-
plitudes of the peaks change rapidly from~a! to ~d! and then remain
relatively constant. Small increase of the splitting between the c
ponents 152 and 153 and change in their relative amplitudes from~g!
to ~m! is, probably, due to small deviation of the stress axis fro
^111&.
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The stress rig with the sample mounted was immerse
a pumped liquid-He bath, and the sample was photoexc
with a 0.5-W cw 0.98-mm wavelength Ti-sapphire lase
beam. The near-infrared luminescence radiation emi
from the sample was analyzed by BOMEM DA8 Michels
interferometer fitted with a 77-K Ge photodetector~North
Coast!. Interferograms of luminescence from the sam
were Fourier-transformed into PL spectra with a resolut
of up to 0.0025 meV.

B. PL spectra of A0X in Si under uniaxial stress

Figures 2 and 3 show the PL spectra of Al0X and In0X in
Si under uniaxial compression~stressP52T.0! in the
^111& crystallographic direction.~It should be noted that, du
to a small calibration error, the absolute energy scale in R
1 should be shifted downwards by 0.068 meV.! We did not
have enough material to make a Tl-doped sample with
^111& orientation, and we do not show the PL spectra
Ga0X since they are similar to those of Al0X except for the
different magnitude of the VOS. We label the components
the spectra by a letteru for the transitions to the upper sub
level of A0 and l for the transitions to the lower subleve
The subscripts on the labels indicate the VO states of
electron inA0X and are identical to the corresponding su
scripts in the notation of the single-electron energy lev
@Eqs.~10!–~15!#.

FIG. 4. SplittingD between the componentsu1 andl 1 ~a! in the
PL spectra of Al0X under small^111& stress, the degree of the
polarization ~b! and the amplitude ratio~c! as a function of the
splitting, DP, of the narrow (FWHM50.006 meV) line of excitons
bound to residual phosphorous donors proportional to the str
Rapid but gradual changes of polarizations~b! and relative ampli-
tudes~c! occur in the small stress range marked by an arrow on~a!
while D remains within 1.5 of its zero stress valueD0 .
in
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For Fi^111&, cos2u51
3 and, as follows from Eq.~8!, the

stress in̂ 111& direction does not affect the VOS and SOC
A0X. The PL spectrum under^111& stress contains two set
of triplets in the case of Al0X (lSO50) or two sets of qua-
druplets in the case of In0X (lSOÞ0), which move apart
with increasingP but do not change the separation of t
components or their relative amplitudes while the stre
induced splittingD between the upper (u) and the lower (l )
sublevels ofA0 is much greater than the intrinsic zero-stre
splitting D0 . ~The slight increase of the splitting between t
components 52 and 53 in the PL spectra of In0X and the
gradual change of their relative amplitudes above 15 M
are, probably, due to small deviation of the stress axis fr
the ^111& direction.!

The dependence ofD on P ~Fig. 4! is linear whenD
@D0, and nonlinear whenD;D0 . To achieve better accu
racy, the stress in Fig. 4 was calibrated according to
linear splittingDP of the narrow (FWHM'0.006 meV) line
of excitons bound to residual phosphorous donors. Ra
changes of the relative amplitudes and polarizations of
components occur in a very small range ofP where D
<&D0 ~marked with an arrow in Fig. 4!. This behavior
implies strong mixing of the zero-stressA0 states and can be
explained in the Jahn-Teller effect model of the intrins
ground-state splitting8,10,11D0 by a gradual decoupling of the
vibronic states due to removal of electronic degeneracy
the strain. Similar effects of very small strains on the P
spectra have been observed for In.

s.

FIG. 5. PL spectra of Al0X under^001& stress increasing from
~b! to ~i! at T52 K and 0.0025 meV resolution. Zero-stress do
bletsG3 andG5 ~a! split at much higher rates~b! than the doublet
G1 , yet, have the same width and line shape at zero stress asG1 .
Label P marks the PL of excitons bound to the residual phosph
ous donors.
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For Fi^001& andFi^110& ~Figs. 5–10!, sÞ0 in Eq. ~8!,
and the strain splits the electron states inA0X and changes
VOS and SOC~Fig. 1!. The spectrum for these stress dire
tions consists of up to 12 well-resolved components and
dergoes complex transformations with the stress that ca
accounted for by the theoretical model outlined in the pre
ous section. PL components due to the excited VO state
A0X persist in the spectra even when the stress-induced s
ting of the conduction bandDc@kT, indicating that the VO
states are typically not in thermal equilibrium at the latti
temperature.3 For Tl, these components gradually vani
from the spectra whenDc is increased from 0 to'2.5 meV
and then reappear again at higher stresses~Figs. 9 and 10!.

Experimental positions of the PL peaks as a function
the uniaxial stress in̂001&, ^111&, and ^110& directions are
shown by small solid circles on the fan charts in Figs. 11–
Curved solid lines in this charts represent theoretical p
positions calculated from Eqs.~2!–~6! and~8!–~15!. The VO
splittingsD15

VO , D35
VO and the SOC constantlSO were deter-

mined directly from the zero-stress PL spectra in Ref. 1. T
deformation potential constantsb, d, and Ju listed in the
Table VII were determined from the best fit to the subset
data for the^001& and ^111& stress directions with an est
mated accuracy of about 2% for Al0, Ga0, and In0. Uncer-
tainty in the values ofb andd is much greater forA0X since
these values affect only the nonlinear shiftDEhh of all PL
components given by Eqs.~3!–~5! with the experimental val-

FIG. 6. PL spectra of Al0X under^110& stress increasing from
~b! to ~f!. T52 K, resolution 0.0025 meV for~a!–~e! and 0.006
meV for ~f!. PL radiation was emitted from the sample in the^11̄0&
direction for ~b!–~e! and the^001& direction for ~f! resulting in
different amplitude ratios for~e! and ~f!. Separation between th
componentsl 3s and l 5z , l 1S and l 56 , u1s and u56 changes from
~c! to ~e! due to the mixing of the VO states 3s and 1s.
-
n-
be
i-
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lit-
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.
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e

f

FIG. 7. PL spectra of In0X under ^001& stress increasing from
~b! to ~h! at T52 K and 0.006 meV resolution. The rate of th
stress-induced splitting of In0 equal to the separation between th
correspondingl andu components is less than one half of that f
the ^111& stress~Fig. 3!.

FIG. 8. PL spectra of In0X under ^110& stress increasing from
~b! to ~k! at T52 K and 0.006 meV resolution.



.

lig

o
o
e

fa
s

i
ht

er

ti
es
d
m

ze

the
uld
-

f.
e

this

to
li-

m-
e the
ina-
vo-

ical
l
fur-
era-
e
e

is xis

15 680 56KARASYUK, THEWALT, AN, AND LIGHTOWLERS
ues of the parametersD31
hh andD51

hh taken from Refs. 15–17
A lower ~about 10%! accuracy ofb and d for Tl0, which
were obtained from the best fit to the^001& and^110& data, is
due to the less accurate stress calibration and small misa
ment of the samples.

The pattern of the stress-induced splittings and the n
linear relative shifts of the components depend uniquely
the zero-stress VOS and SOC. The zero-stress compon
can be identified unambiguously from the pattern of the
charts shown in Figs. 11–14. In particular, the three peak
the zero-stress spectra of Tl0X must be attributed to the VO
statesG1 , G3 , andG5 of Tl0X with holes in theJ50 state.
Due to the small misalignment of the Tl-doped samples
the stress rig, the stress was applied in directions slig
different from ^001& and ^110&. As a result, thex and y
minima of the conduction band had slightly different en
gies and the PL components 5x and 5y, which otherwise
would be degenerate, were split under the stress. Theore
curves in Fig. 14 account for the small deviation of the str
axis from thê 001& or ^110& direction which was represente
in the calculations for Tl by an additional adjustable para
eter. The observed splitting between the 5x and 5y PL com-
ponents can be explained only if the zero-stress VO stateG5
has a higher energy than the stateG3 .

The zero-stress PL componentG1 splits under small̂001&
stress at a much slower rate than the componentsG3 andG5 .
If the doublet structure of these components observed at

FIG. 9. PL spectra of Tl0X under ^001& stress increasing from
~b! to ~e! at T52 K and 0.03 meV resolution. Componentsl 5x and
l 5y are slightly split on~e! due to small deviation of the stress ax
from ^001&. Componentsu3s , l 3s , l 5x , and l 5y corresponding to
the excited VO states of Tl0X thermalize strongly at 29 MPa~b! but
gradually reemerge at higher stresses~c!–~e!.
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stress for Al0X ~Refs. 10 and 11 and Figs. 2, 5, and 6! was
due to some randomly distributed elastic strains in
sample, one would expect that these elastic strains wo
split or broaden theG3 andG5 components to a greater ex
tent than the componentG1 . However, as was shown in Re
1, and in Fig. 2~a!, the line shape and the width of thes
components is identical, thus confirming once again that
doublet structure is due to an intrinsic splittingD0 rather than
to random strains.

C. Polarizations and the amplitude ratios in the PL spectra
of A0X under uniaxial compression

The theoretical model developed in this work allows us
predict positions of the PL peaks and their relative amp
tudes and polarizations for the^001&, ^111&, and^110& stress
directions. It does not describe the line shape of the PL co
ponents, but one can assume that all the components hav
same line shape which can be approximated by a comb
tion of the Gaussian and the Lorentzian line shapes. Con
lution of this fixed line shape with thed functions corre-
sponding to the PL peaks produced realistic theoret
spectra ofA0X ~Figs. 15–18! very similar to experimenta
spectra. Theoretical spectra were calculated without any
ther adjustable parameters except for the effective temp
ture Teff accounting for deviation of the population of th
excited VO states from thermal equilibrium at the liquid-H
bath temperatureT. The ratios of the constantsl/h andg/h

FIG. 10. PL spectra of Tl0X under ;^110& stress increasing
from ~b! to ~h! at T52 K and 0.03 meV resolution. Componentsl 5x

and l 5y are slightly split due to small deviation of the stress a
from ^110&. Componentsu3s , l 3s , and l 5y corresponding to the
excited VO states of Tl0X gradually thermalize from~b! to ~f! but
then reemerge at higher stresses on~g! and ~h!.
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FIG. 11. Experimental~dots! and theoretical~solid lines! posi-
tions of the Al0X PL peaks as a function of uniaxial stress in^001&
~a!, ^111& ~b!, and^110& ~c! directions. Significant deviations of th
theory from the experiment occur only for very small stress val
when the stress-induced splitting,D @Eq. ~2!#, of Al0 is comparable
with the intrinsic zero-stress splittingD0 .

FIG. 12. Experimental~dots! and theoretical~solid lines! posi-
tions of the Ga0X PL peaks as a function of uniaxial stress in^001&
~a! and ^111& ~b! directions.
s

FIG. 13. Experimental~dots! and theoretical~solid lines! posi-
tions of the In0X PL peaks as a function of uniaxial stress in^001&
~a!, ^111& ~b!, and^110& ~c! directions.

FIG. 14. Experimental~dots! and theoretical~solid lines! posi-
tions of the Tl0X PL peaks as a function of uniaxial stress
;^001& ~a! and ;^110& directions. Componentsl 5x and l 5y are
slightly split due to small deviations of the stress axis from^001&
and ^110&, respectively.
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TABLE VII. Deformation-potential constants for the group IIIA0 and A0X in eV, and theA0 anisotropy parameterr 5@(D001

12D110)/3D111# ~deviation ofr from 1 characterizes anisotropy of the stress-induced splitting ofA0!.

Acceptor B Al Ga In Tl

Jd1
1
3 Ju12a(A0X)2a(A0) 0.960.2 1.060.2 1.260.3 0.860.3

b(A0) 21.3560.05a 21.0160.02 21.0360.02 20.4360.01 20.3060.03
d(A0) 23.9560.1a 23.3160.06 23.1060.06 22.4160.05 21.9560.2
b(A0X) 21.4960.05a 21.560.2 21.560.2 21.260.3 20.860.3
d(A0X) 24.0860.1a 24.560.6 24.160.6 3.961.0 23.361.2
Ju(A0X) 8.560.2a 8.7160.15 8.6060.15 8.6660.15 8.560.8
r 0.963 0.915 0.925 0.760 0.733

aAfter Karasyuket al. ~Ref. 9!.
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that govern the relative amplitudes of the PL peaks w
taken from Ref. 1. The deformation-potential constants
the quantities that can be derived from them, such as
parametersk, j, z, andr had been already determined ind
pendently. Only for Tl, the ratiosl/h50.5 andg/h50.9
have been adjusted in order to produce a better agree
with the experiment. The previous values for Tl~l/h5
20.1 andg/h50.6! were determined from the zero-fiel
spectrum of Ref. 1 with large uncertainty~apparently, greate
than was estimated! because of the partial thermalization
the excited VO orbit states.

FIG. 15. Experimental@~a! and~c!# and theoretical@~b! and~d!#
PL spectra of Al0X polarized perpendicular~s! and parallel~p! to
the stress axis for thê001& @~a! and~b!, P51 MPa# and^111& @~a!
and ~c!, P59 MPa# stress. The theoretical spectra~b! and ~d!
present convolution of twelve Gaussian peaks centered at the
ton energies determined from@Eqs.~2!–~5!, ~7!–~14!# with relative
amplitudes listed in Tables I–IV. Thermal equilibrium is assum
for ~b! and~d! between the Al0X VO states at the effective tempera
ture Teff53 K.
e
d
e

ent

The theoretical spectra agree very well with the expe
ment taking into account;10% depolarization in experi
mental PL spectra, nonthermal population of the excited
states ofA0X, and that the luminescence is emitted ove
range of angles rather than in one specific direction, whic
particularly significant forFi^110&. All the components have
the correct polarizations and the relative amplitudes are c
to experimental. The degree of polarization thus provide
reliable method of identification of the components. Go
agreement between the theoretical and the experimenta
spectra confirms the correctness of the assignment of the
states to the zero-stress components.

A special feature of the selection rules forFi^110& is that
the relative probabilities of the optical transitions strong
depend on the direction in which luminescence light is em
ted from the sample~Table V!. We observed this dependenc

o-
FIG. 16. Experimental@~a! and~c!# and theoretical@~b! and~d!#

PL spectra of In0X polarized perpendicular~s! and parallel~p! to
the stress axis for thê001& @~a! and~b!, P515 MPa# and^111& @~c!
and ~d!, P514 MPa# stress.Teff514 K for ~b! and ~d!.
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experimentally for In by recording the PL spectra in identic
conditions except that in one case the luminescence was
lected perpendicular to the~001! plane, and in another per
pendicular to the~11̄0! plane @Figs. 18~a! and 18~b!#. The
theory predicts, for instance, that the componentsu32 and
u51 that are quite strong in the luminescence emitted in
^001& direction@Fig. 18~c!# should disappear in the lumines
cence emitted in thê11̄0& direction @Fig. 18~d!#. Indeed the
relative intensity of these components drops dramatic
when the sample is merely rotated by 90° about the st
axis. Discrepancies between the theoretical and the ex
mental spectra in Fig. 18 are probably due to the finite siz
the solid angle from which the light was collected, and
multiple internal reflections and scattering of the light with
the sample. The significant dependence of the observed s
trum on the angle of observation can be seen as well in
In0X spectra recorded without any polarizer~Fig. 19!.

IV. DISCUSSION

The results of our uniaxial stress experiments confirm t
our theoretical model which is based essentially on
Hartree-Fock approximation and the effective-mass appr
mation adequately describesA0X not only for the shallow
acceptors such as Al or Ga, but also for the deeper In
even for the very deep Tl~ionization and binding energie
are listed in Table V of Ref. 1!. They reaffirm that in the
ground state ofA0X holes occupy theJ50 two-hole state for
all the group-III acceptors with the possible exception

FIG. 17. Experimental@~a! and~c!# and theoretical@~b! and~d!#
PL spectra of Tl0X for the ;^001& @~a! and ~b!, P568 MPa# and
;^110& @~c! and~d!, P536 MPa# stress.Teff530 K for ~b! and 20
K for ~d!. Componentsl 5x and l 5y are slightly split on~a! and ~b!
due to small deviation of the stress axis from^110&.
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B0X, where the relatively weakj - j coupling of holes is com-
parable with the electron-hole coupling. Good agreement
tween the theory and the experiment ascertains that the
druplet fine structure of In0X is due to the valley-orbit
splitting and the spin-orbit coupling of theG5 VO states. We
also determined from our experiments the ordering of
VO states in Tl0X asG1 ,G3 ,G5 with energy increasing from
G1 to G5 .

FIG. 18. Experimental@~a! and~b!# and theoretical@~c! and~d!#
PL spectra of In0X polarized perpendicular~s! and parallel~p! to
the stress axis for thê110& stressP516 MPa. The experimenta
spectra were recorded in otherwise identical conditions for PL
diation emitted from the sample in̂11̄0& ~a! or ^001& ~b! directions.
Teff510 K for ~c! and 30 K for~d!.

FIG. 19. PL spectra of In0X for the ^110& stressP514 MPa
recorded in otherwise identical conditions for PL radiation emit
from the sample in̂001& ~a! and ^11̄0& ~b! directions.
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A high-precision uniaxial stress technique2 has allowed us
to measure the deformation-potential constants for Al0, Ga0,
and In0 with a very high accuracy of;2%. Unfortunately,
we could not use this technique for Tl due to the sm
amount of the Tl-doped material, however, we were able
determine the deformation-potential constants for Tl0, to the
best of our knowledge not available in the literature prior
the present paper, with an estimated accuracy of;10%. The
deformation-potential constantsb andd decrease monotoni
cally from B to Tl with the increase of the acceptor ioniz
tion energy. This decrease is more pronounced forA0 than
for A0X, and is about twice as strong forb as it is ford. On
the other hand, the deformation potentialJu of the electron
in A0X is the same for all group-III acceptors in Si with
experimental error. The anisotropy parameterr 5@(D001
12D110)/3D111# is close to 1 for B, which means that th
strain-induced splitting ofA0 is almost independent of th
strain direction. Deviation ofr from 1 indicates anisotropy o
this splitting, which gets progressively stronger for t
d

.
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.

on

r.

p.

iz.
ll
o

deeper acceptors, implying stronger anisotropy of theA0

states.
No significant deviations of experimental spectra from t

theoretical predictions have been observed except for
very low-stress data, where the stress-induced splitting oA0

is smaller than the intrinsic ground-state splitting. Rap
changes that occur in the relative amplitudes and polar
tions of the PL components while their positions remain
most the same under very small strains are consistent
the assumption that the intrinsic ground-state splitting is p
duced by a dynamic Jahn-Teller effect.8,10,11
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