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Fourier-transform photoluminescence spectroscopy of excitons bound
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Photoluminescence of excitons bound to Al, Ga, In, and Tl acceptors in Si crystals subje@et)t¢111),
or (110 uniaxial stress was studied at liquid-He temperatures with 0.0025-meV spectral resolution. The
deformation-potential constants of the group-lll acceptors in the ground statehae¥) b= —1.01+0.02,
d=—3.31+0.06 for Al,b=—1.03+0.02,d= —3.10+0.06 for Gabp= —0.43+0.01,d= —2.41+0.05 for In,
andb=—0.30+0.03,d=—1.95+0.2 for Tl. The shear deformation-potential constant for electrons in accep-
tor bound excitonss ,=8.6 eV for all group-lll acceptors within an experimental errorZ00.15 eV for Al,
Ga, and In, and= 0.8 eV for TI. The order of the valley-orbit states in Tl bound excitonk.is I';, I's with
theI's energy 1.21 meV abovE,, and 0.10 meV abov&,;. 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 the 0 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.
[S0163-18207)01247-2

I. INTRODUCTION Il. THEORY

A. Effect of elastic uniaxial strains on A°

In our previous paper,we have studied photolumines- e are following here the same theoretical treatment of
cence(PL) spectra of excitons bound to group-lll shallow A% andA° as we did in the first part of this stublith the
acceptors(A°X, whereA° stands for a particular acceptor appropriate replacement of the magnetic-field perturbation
species in its neutral stati monocrystalline silicon in mag- with the elastic strain perturbation. Due to the lack of a the-
netic fields up to 14.5 T with a spectral resolution of 0.00250retical model for the intrinsic ground-state splitting Af,
meV. In the present paper, we report the results of similawe shall neglect it and describe the ground statdbfn Si
studies in Si under uniaxial stress. Elastic deformatioras a quadruplet of the effective-mass states withSaype
caused by stress induces changes in the electronic statesasfvelope function multiplied by the Bloch functions corre-
A%X and A° reflected in the PL spectra. These changes casponding to the top of the valence bahg . We use the
be described by means of perturbation theory and providsame basis of four functiong, (u=+3,+3-3%-3 as
additional information on the symmetry and the structure ofwe did in Ref. 1, labeled by the subscript equal to the
A%X and AL, projectionm; of the angular momentutnon the[001] axis.

PL spectra oA°X in nonperturbed Si exhibit an extended The effect oA of the elastic strain represented by the strain
fine structure due to the valley-orbit splittifgOS) and the  tensore;; can be described in this basis by the perturbation
spin-orbit coupling(SOQ in A%, and the intrinsic ground- Mmatrix’
state splittingA , of A°.* Employment of a spectrometer with
the ultrahigh resolution of 0.0025 meV and an advanced
uniaxial stress technig@idnas allowed us to resolve this fine
structure in the PL spectra o&°X under uniaxial stress,
which sets apart the present work from the previous uniaxial {JAJA}EL(J.‘].%}J.) J2=324 324 32 1)
stress studies 0A°X.2~8 Among them, only one, by Weber, e oy
Conzelman, and Saugrhas dealt with IRX and TPX at  where the constants, b, andd are the deformation poten-
about a hundred times lower resolution, not sufficient to retials, andJ; (i=x,y,z) are the angular momentum matrices
solve the VOS. The case of boron was explored edrlier [Eq. (3) of Ref. 1. Uniaxial stress with forc& applied along
great detail, and in the present work we are concerned witAn axis with direction cosines,, a,, and «, splits the
the rest of the group-IIl acceptors Al, Ga, In, and Tl. We quadrupletl's into two Kramers doublets separated by the
have already reported some of the results of ultrahigh€nergyA given by

resolution piezospectroscopy of%l and G&X with regard 5 5 5 5
to Ag. 1011 A(ay,ay,a7) =A%+ 3(A11~ Age) K(ax, ay,ay),

R 2
H(sij):az i+ Sii(Jiz_%JZ)+7;jE gij{didi},

1<)
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therefore, in the first approximation, the energy levels of

/"’51 A%X can be obtained as the sum of the single-electron and

T(Ts) 32 the two-hole energy levels.

To(Ts)— 3s Uniaxial strains do not split the stafg, but mix it with

TaT's) = the stated"; andI's resulting in a nonlinear redshi# E™ of

Te(T')— 52 the statd™;. Neglecting a relatively weak electron-hole cou-
\

I
r,— 5+

I's—
Iy—

pling, A E"" can be expressed as a function of the stress split-
(d) F|| <001> ting A of the single hole states @°X given by Eq.(2) with

the A°X values of the deformation-potential constantand

d which can differ from the values d&f andd for A°, and the
Ty(Ts) 5153 zero stress separationall=E(I';)—E(I';) and AN
Ty(Ts) 52 =E(I's) —E(I';) between the energy levels of the two-hole

Bl s 2 TelTy) 3 statesI'; andI's, respectively, and the staf®;:
Fe(r1) 1

(a) F||<001>

2

hh
(o) Fll<t11> () Fll<t11> AEM= 2a(Syp+ 25, T+ 5 (A_s ‘R @

2 2

1s
21 51
n | Talte) | for FI(00), and
ry(rg)~ 5
Ts= 35| Ta(Ta)~ :Z A —
I —
is

Iy— = — _
: 7] Telf) AEM=2a(Sy,+ 28 T+ —— (—5 132 (5)
32 2 2
(c)Fll<110> (f)F| <110>
P for FI(111). For FI(110, AE"=2a(S;;+2S,)T+E;,

whereE; is equal to the lowest root of the equation:
FIG. 1. The VOS of the acceptor bound excitoh’k) energy
levels as a function of uniaxial stre$s (compressiopalong the

. 1~ 3~
(001 (@), (d), (112 (b), (e), and(110) (c), (f) crystallographic axes. E(E—AM(E— AL+ = A2(E— AN+ — A2(E— AN =0.
Horizontal marks show tha®X energy levels aP=0 with (d)—(f) 4 4

and without(a)—(c) the SOC labeled by the corresponding irreduc- (6)
ible representations of the point grolig. The ordering of the VO
states in(@)—(c) corresponds to that of A or G&X, while (d)—(f) The single-electron energy levels_and the eigenstates for

corresponds to that of #X. The energy levels are labeled on the th

_ : _ ; e uniaxial stress witk lying in the (110) plane at an angle
right-hand side according to Eq¥) and(10)—(15) in the text.

0 with respect to th¢001] axis can be obtained by diagonal-
5 5 s s ization of the single-electron Hamiltonian which in the basis
Klay,ay,a) = ax"ay"+ aya,"+ a, o, (2)  of the products of the functiohs

Here A001:2b(811_ SlZ)T and Alll: (dll/j)844T are the

energy separations of the doublets Fii001) andFiI(111), 1
respectively, where S;;=0.7617X 10 ' m?/N, S;,= pV=—(
—0.2127 10 1 m?N, and S;;=1.2463x 10 ** m?N are G
the elastic compliance coefficients for'S8iandT is the mag-

nitude of the stress which is negative for compression. For

111113 Ty,

FI(110), A?=A2% =%(A2,,+3A2%,). The median of the ¢<31>:L(111122)
doublets is shifted by the same amount 2v3 T
1 — o
(32_—
AEﬁ2=a(Sn+ 2S;)T (€©)) ¢ 2 (111100

for any direction of F. The eigenfunctions ofA° under
uniaxial stress can be found in Ref. 14. )
1 . 1 —
O =— (¢ +j V)= 5 (11ii 00)
B. Effect of elastic uniaxial strains onA°X V2

For all the group-Ill shallow acceptors in Si except for ¢<57>:i () —jpV)= % (1ﬁoo) Ts, (7)

boron, theA®X two-hole state with the net angular momen- V2

tumJ=0 (I";) has a significantly lower energy than the state 1 _

J=2 which is split by the crystal field into the statEg and ¢'®?=— (000012

I's.* Only the statel’; of AI°X, G&X, In°X, and TPX is V2 )

populated at liquid-He temperatures. The stteis a spin
singlet and holes in this state do not couple to the electrorand the spinorée) and|g), has the form
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TABLE I. Relative probabilities of the optical transitions frof®X with holes in the lowest two-hole state and electron in the VO state
™ [Egs. (10—(15)] to the upper ¢) and the lower k) sublevels ofA° split by the[001] uniaxial compression of the sample. Light is
emitted perpendicular to the stress axis with polarization perpendicular to the stress, axis-independent constan(Ref. 1).

y u(lm|=3) I(Jmy|=3)
lo 1- 1—5 2 14k x [1—-¢ 2
T TF @y~ i | LIPS 5 [ NAFDErN - L\ ()
30 1+
e Eaer e o x)} gK B (- x)}
32 (1 Y(p—N)? K
o B ey
51(5+ 1-k)(1+)y?
e Gty GO IT T
525)  (1-K)(1-0)7? 1+
= V2 O +\1=21%7
53(5) 0 4
5(1+K)3’2

(25001> 2 12

o Azl e Eu(S11— ST - 1+x
( 2A001) 2 3437 , J1+2x+9x%’
1+
Az
Eu(S11—= ST 1+6y

y
50
3\ 3V1+3y+4y?

AYY  Vio 0 0 0 o0 1 0 0O 0 0 0O
V2o A¥+o 0 0 0 O 0 -1 0 0 —v2 0
e ages| © 0 A¥Y-o 0 0 O [1 0] x%°[0 0] |[O 0 -1 0 0 v2
= + + —
N 0 0 -0 o0 0l%0 11720 1®0 o o 1 o ol
0 0 0 0 —-c O 0O -v2 0 0 0 O
0 0 0 0 0 0 0 v2 0 0 0
8
1)—(
=g Eu(S;1—S1)T(3cogh—1),
e e 1)—1
AE &~ :d+§:u (S111+2S))T. 9

Here, AYP and AYY are the energy separations of the VO

statesI"; andI';, respectively, from the VO statd; in the ¢(1")—
absence of stress and SCE, and =, are the dilational and

shear deformation-potential consta#tsa,nd)\so is the SOC

constant. We assume thato>\S%, and neglect the effect

of SOC on thel'; states- The single-electron energy levels Es,=AES+ 15 O > 31 (1+x+ 1+2x+9x?),
and the corresponding eigenfunctions can be expressed in a

simple analytical form:

Vi+g ¢><1>——J_ ¢<31>), (10

1

AYP
Ei,=AES+AYO+ ;’l (1+x—V1+2x+9x?), ¢(3”)_7(| |\/1 §¢(l)+\/1+§¢(31)> 11
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TABLE Il. Relative probabilities of the optical transitions froAPX with holes in the lowest two-hole
state and electron in the VO stafé" to the upper @) and the lower ) sublevels ofA° split by the[001]
uniaxial compression of the sample. Light is emitted perpendicular to the stress axis with polarization parallel
to the stress axis.

Y u(lmy|=3) I(Jmy|=3)

lo 0 4 X 2
s(1+u)|V1I+E(2n+N)— El \/2(1—5)(7/—)\)}

30 0 . X 2
5(1+x) N VI=&(2np+N)+ \/2(1+§)(7/—>\)}

32 0 0

51(5+) 2(1-k)(1—0)»? 0

52(52) 2(1-k)(1+ ) y? 0

53(5+) 0 31+ k)Y

o 1+Xx

1
U =2 (L2 a)—1=24%18). (19

VO_ AVO_ AVO _
Azr=Az5 A5, Xx= AVO" €

31 JV1+2x+9x2’

Es=AERHAR -0, ¢ (12) o 1+6y

yE o’ gE—l
a0 . : A 3V1+2y+4y?
E51:AEhS_T(1_2y_3V1+§y+4y ), .
Esa=ABt -0, =),

1
(51+) _ — _ (5+) _ (2)
b= (V1= 065718~ 1+ £ a)), Y= 457 gy, (15)

Each of the eigenfunctions in Eq4.0)—(12) must be multi-
o 1 lied by a spinota) or |8). Thel's energy leveEs; merges
(51-)_ — — ((5-) (2) p y asp 5 ay 51 g
e = (V1=¢aP7la)+V1+2¢47(B), (13 iy the absence of stress with the le®}; and the corre-
sponding gigenf(%gf)tionqg(em;)s:a)nd S together with the
A SO eigenfunctionsy and ¢ form the basis of thd'g
Eso=AER —~ (1-2y+3\1+5y+4y?), representation while the functiong>**) and ¢{*?”) form
the basis ofl';. The evolution of the single energy levels
with the increasing uniaxial compression for two representa-
4520 1 (VTT 2658y + VI= 267 ) tive cases of AX and IrPX is shown in the Fig. 1.
e = - @),
V2

C. Relative probabilities of optical transitions

TABLE IIl. Relative probabilities Of the Optical tl’ansitions from The relatlve probab|l|t|es Of the 0pt|Ca| transr[lons from
A%X with holes in the lowest two-hole state and electron in the A0x with holes in the lowest two-hole state and electron in
specified VO state to the uppeu)(and the lower ) sublevels of the VO state lﬁ(n) [Egs. (10)—(15)] to the upper (|7|mj

0 L . N
AP split by the[111] uniaxial compression of the sample. Light is |= %) and the lower K1|mj|: %) sublevels ofA in Si under

mi rpendicular h r is with polarization perpen- .27 . . . -
emitted perpendicular to the stress axis with polarization perpe uniaxial compression are listed in the Tables |-VI. They are
dicular to the stress axis.

VO state u(jm!|=3) I(m/|=1) TABLE IV. Relative probabilities of the optical transitions from
e e A%X with holes in the lowest two-hole state and electron in the

Te(Ty) 2(1—k)(27+1\)2 2014 k)(27+1)2 specified VO state to the uppen)(and the lower ) sublevels of

A split by the[111] uniaxial compression of the sample. Light is

Tg(T 5K (n—\)? B(1+ k) (7—N\)?
ol'3) a( K)(Z ) N ( K)(277 ) emitted perpendicular to the stress axis with polarization parallel to
I'7(I's) 2(1=x)y 5(1+ )y the stress axis
4 2 4 2 )
I'g(T's) 3(1-x)y 3(1+ )y
2Ei|2 102 VO state u(Im/|=%) I(Im]|=3)
_ ( Agy ) Te(T'1) 0 S(1+K)(27+)N)?
T 28 Tg(I's) 51— k) (n—2)? §(1+ ) (n—N)?
U A I(T's) 0 S(1+1)7?

Tg(T's) 3(1-K)Y? 3(1+x)y?




15676 KARASYUK, THEWALT, AN, AND LIGHTOWLERS 56

TABLE V. Relative probabilities of the optical transitions frokX with holes in the two-hole staié; and electron in the VO staig™
to the upper ) and the lower () sublevels ofA° split by the[110] uniaxial compression of the sample. Light is emitted perpendicular to
the stress axis at an angfewith respect to th¢001] axis and polarization perpendicular to the stress axis.

y u(|m/|=3) I(|mi|=3)
1o 2 4r2
\/(1+§)(27;+>\)+%\/2(1—5)(7;—>\)} %Sinzgo JA+E2n+N)+ \/2(1 ) (n—N\) 3SIn2<p
+N@+ & (@2n+N) +HV(@+&E)(2n+N)
[1- 2 (1+1)2 / 3r—1)2
30
|—;(|\/(1*§)(277+7\) V2(1+ &) (n— M} —smzqo |X|¢1 E2n+N)—V2(1+E(n—N) 3sm2<p
+|—i|\/(1—§)(277+>\) ||¢1 B(27+\)
1+ 2 (1471)2 1+ 2 (3r-1)2
+\/T§(1;—)\)} ( 3r) co§cp} + Té(n—)\)} ( rg ) COSZ(,D]
32 1-r)2(n—\)? cog 02
(1=r)(n—\)* cose (3r_1)(77 )C§
51(52) {2(1- O)sirfe+[ry2(1— ) — (1+r) Y1+ {]coe}y? {6r2(1—()S|n2<p+3[\/2(1—§)+(3r—1)\/1+§]0052cp}y2

52(5=*) {2(1+ §)sirPe+[r\2(1+ &) + (1+1)y1—{]cog ¢}y {6r2(1+ )sirfe+3[V2(1+ ) — (3r —1)J1— {]cofe}y?

53(5x*) 412472 4
37
_ Aoort2A450
B 3Alll
_ EuSu=SpT  L+x _ EuSu=SpT 146y
" 2% ' T aree oo ¢ 3\/1+ 2y+ ay?

expressed in terms of three independent constangsand\  tained by multiplying these probabilities by the relative
from the selection rules of Ref. 1. The relative probabilitiespopulations of the corresponding initial statesAdX.

for FI(001) andFI(111) were reported previouslywithout Parametek accounts for the stress-induced mixing of the
account for the mixing of the states and the SOC. The relatwo-hole statd”, with the statel'; for FII{001) or with the
tive intensities of components in the PL spectra can be obstateI's for Fl{111). The relative probabilities of optical

TABLE VI. Relative probabilities of the optical transitions froAPX with holes in the two-hole state; and electron in the VO state
™ to the upper @) and the lower () sublevels ofA° split by the[110] uniaxial compression of the sample. Light is emitted perpendicular
to the stress axis with polarization parallel to the stress axis.

" u(|mf|=3%) I(Im’|=3)
1o —r)? 1- 2 3r+1)2 1- 2
¢<1+§)(2n+x>—ﬁ \/—fw—m} Gred) [J Tra2n - g NS x)}
30 1—r)? 2 3r+1)2
( ){ T B@n o (- x)} “9) SN BEr A\  (r x)}
32 (1+1)%(p—\)? (3r+1) ,
(7—N)
51(52) [rV2(1-0)+(1—r)V1+{]y? 1
3[V2(1=0 - @r+)VI+ 117
52(5+) [1V2(1+ )~ (1-NV1-{]y? 1
é[\/2(1+§)+(3r+1)\/1—{]72
53(5+) 4r242

4
37
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si(al) Fll<111> si(ln)  Fl<111>
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(1) P=9.5MPa

’MM {(m)P=23.0MPa
—J\u\h(k)haawa (1) P=20.5MPa
(i) P=7.0MPa

(k)P=18.1MPa
2 z
= 2 (i)P=15.5MPa
2 (h)P=5.8MPa 3
g =
= N I H . (h)P=13.1MPa
[ (g)P=4,6MPa o lgg
> = e 1, (g) P=10.6MPa
T (f)P=3.9MPa = Vs
o ©
~ (e)P=3.2MPa e (f)P=8.1MPa
| (d)P=2.2MPa M\\(t})P*ﬁ?MPa
u, 1
M(c)P=l.5MPa A(d)P=3.2MPa
ug), o (b)P=0.7MPa x0.5 M(MPﬂbMPa
. | . . (a) P=0MPa : . X0'5. : . . —{(a)P=0MPa
1.1492 Photon energy (eV) 1.1497 1.1405 1.1410

Photon energy (eV)

FIG. 2. PL spectra of excitons bound to Al acceptors®¢al
under (111) compressive stresB shown on the right-hand side
beside each spectrum increasing frdo) to (I). Bath temperature
T=2 K, resolution 0.0025 meV. Transitions to the upper or lower
sublevels of the acceptor are labeled by the lattear |, respec-
tively, with the subscript corresponding to the label of #h&X
energy level in Fig. 1. The relative amplitudes of the peéks
instanceu; andl;) change rapidly fron{a) to (b) and then remain
relatively constant with slow decline of thecomponents due to the
modification of the two-hole state of &X.

FIG. 3. PL spectra of excitons bound to In acceptor€X)n
under(111) stress increasing frortb) to (m). T=2 K, resolution
0.006 meV. The relative amplitudes of the components 52 and 53
for the transitions to the uppeun) and lower () sublevels of the
acceptor are consistent with the assignment of these components to
thel's VO states of IAX split by SOC which explains the presence
of the fourth peak in the zero-stress spectri@n The relative am-
plitudes of the peaks change rapidly fr¢an to (d) and then remain
relatively constant. Small increase of the splitting between the com-
ponents 1, and 1;; and change in their relative amplitudes frogy
to (m) is, probably, due to small deviation of the stress axis from
transitions forFIl(110) were obtained only for thé'; two-  (111).
hole state because thg10 strains mix it with both thd’; )
and thel's states in a more complicated manner. This mix-Tom the sample and tH@01] axis. For example, component

ing, however, is not important k<A and A< AR (32) must completely vanish fop=90°.
Probabilities of the transitions from th&"X statesy(1)

I1l. EXPERIMENT
and ¢(? [Egs. (10) and (11)] depend on the ratio
=0/AYY of the stress-induced splitting of the conduction A. Experimental techniques
bandA.=30 and the zero stress splittingy; between the The samples were made from a high-purity float-zone sili-

VO statesl’s andI';. This dependence is accounted for by con doped with Al, Ga, In, and Tl in concentrations from
the parameteré=(1+x)/(y1+2x+9x%) [Egs. (10) and 10" to 2x 10" cm™3. The Al-, Ga-, and In-doped samples
(11)] which is equal to 1 at zero stress andttd in the limit  had a shape of a’22x20 mn? parallelepiped with long
of infinite stress. The parametér[Egs. (13) and (14)] ac-  sides x-ray oriented along one of tki11), (110, or (001)
counts in a similar manner for the stress-induced mixing ofrystallographic directions and the ends shaped as square
the I's VO states when SOC is not negligiblé= 5 at zero  pyramids? They were mounted in a stress rig with the tops
stress and-1 when|\S9<|A]. of the pyramids on either end of the sample placed in small
The eigenfunctions oA° for FIl{110) depend on the ratio conical dips punched in the exact middle of opposing cylin-
r=[(Ago1t2A119/3A111] [EQ. (2)] and so do the probabili- drical brass pistons, thus ensuring precise alignment of the
ties of optical transition$? If Ag;=A11;, r=1, and the sample? Due to the limited quantity of the material, the TI
stress-induced splitting oA®, A, does not depend on the doped samples have been made in a shape ofxa 2
stress direction. Deviation af from 1 is a measure of the X 0.5 mn? parallelepiped with the long side x-ray oriented
anisotropy ofA. The probability of emitting light with polar- along the(001) or (110 directions. They were mounted be-
ization perpendicular to thel 10] stress axis depends also on tween two lead gaskets in order to produce a homogeneous
the anglee between the direction in which light is emitted strain in the sample.
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HEer g L, [T Si(Al) F||<001>
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oY) e T N Y T T T R A Ty
0 AP (mev) 0.1 1 1 1 f N : N 1 (a)P=OMPa

1.1490 Photon energy (eV) 1.1498
FIG. 4. SplittingA between the componentis andl, (a) in the
PL spectra of AIX under small(111) stress, the degree of their FIG. 5. PL spectra of AX under(001) stress increasing from
polarization (b) and the amplitude rati¢c) as a function of the () to (i) at T=2 K and 0.0025 meV resolution. Zero-stress dou-
splitting, AP, of the narrow (FWHM=0.006 meV) line of excitons  pletsT"; andT'5 (a) split at much higher rateg) than the doublet
bound to residual phosphorous donors proportional to the stres§:, | yet, have the same width and line shape at zero strefs .as

Rapid but gradual changes of polarizatidb$ and relative ampli- | apel P marks the PL of excitons bound to the residual phosphor-
tudes(c) occur in the small stress range marked by an arroedn  gys donors.

while A remains within 1.5 of its zero stress valig.
For FI(111), cog6=3 and, as follows from Eq(8), the

The stress rig with the sample mounted was immersed igtress in111) direction does not affect the VOS and SOC in
a pumped liquid-He bath, and the sample was photoexcited°X. The PL spectrum undéf1]) stress contains two sets
with a 0.5-W cw 0.98«m wavelength Ti-sapphire laser Of triplets in the case of AK (\5°=0) or two sets of qua-
beam. The near-infrared luminescence radiation emittedruplets in the case of X (\5°#0), which move apart
from the sample was analyzed by BOMEM DA8 Michelson With increasingP but do not change the separation of the
interferometer fitted with a 77-K Ge photodetectdtorth ~ components or their relative amplitudes while the stress-
Coas}. Interferograms of luminescence from the sampleinduced splittingA between the uppeu and the lower k)
were Fourier-transformed into PL spectra with a resolutiorsublevels ofA° is much greater than the intrinsic zero-stress
of up to 0.0025 meV. splitting Aq. (The slight increase of the splitting between the
components 52 and 53 in the PL spectra diXirand the
gradual change of their relative amplitudes above 15 MPa
are, probably, due to small deviation of the stress axis from

Figures 2 and 3 show the PL spectra ofland IfX in  the(111) direction)
Si under uniaxial compressiofstressP=—T>0) in the The dependence ok on P (Fig. 4) is linear whenA
(119 crystallographic direction(It should be noted that, due >A,, and nonlinear wheA~A,. To achieve better accu-
to a small calibration error, the absolute energy scale in Refacy, the stress in Fig. 4 was calibrated according to the
1 should be shifted downwards by 0.068 meWe did not linear splittingAP of the narrow (FWHM=0.006 meV) line
have enough material to make a Tl-doped sample with thef excitons bound to residual phosphorous donors. Rapid
(112 orientation, and we do not show the PL spectra ofchanges of the relative amplitudes and polarizations of the
G&X since they are similar to those of % except for the components occur in a very small range Bf where A
different magnitude of the VOS. We label the components in<v2A, (marked with an arrow in Fig. )4 This behavior
the spectra by a lettar for the transitions to the upper sub- implies strong mixing of the zero-strea$ states and can be
level of A° and| for the transitions to the lower sublevel. explained in the Jahn-Teller effect model of the intrinsic
The subscripts on the labels indicate the VO states of thground-state splittif A, by a gradual decoupling of the
electron inA%X and are identical to the corresponding sub-vibronic states due to removal of electronic degeneracy by
scripts in the notation of the single-electron energy levelghe strain. Similar effects of very small strains on the PL
[Egs.(10—(15)]. spectra have been observed for In.

B. PL spectra of A°X in Si under uniaxial stress
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FIG. 6. PL spectra of AX under(110 stress increasing from . )
(b) to (f). T=2K, resolution 0.0025 meV fota)—(e) and 0,006 FIG. 7. PL spectra of X under(001) stress increasing from

meV for (). PL radiation was emitted from the sample in {440) (b) to (h) at T=2K and 0.006 meV resolution. The rate of the
direction for (b)—(e) and the(001) direction for () resulting in stress-lnduged splitting of frequal _to the separation between the
different amplitude ratios fote) and (f). Separation between the correspondingd andu components is less than one half of that for
componentd, andls,, |;s andls. , Uy, andus. changes from the (11D stress(Fig. 3.

(c) to (e) due to the mixing of the VO statess3and 1o.

Si(ln)  F||<110>
For FII(001) andFIl{110) (Figs. 510, ¢+#0 in Eq.(8), RN
and the strain splits the electron statesAf’X and changes Uis gy |
VOS and SOQFig. 1). The spectrum for these stress direc- 52
tions consists of up to 12 well-resolved components and un-
dergoes complex transformations with the stress that can be
accounted for by the theoretical model outlined in the previ-
ous section. PL components due to the excited VO states of
A%X persist in the spectra even when the stress-induced split-
ting of the conduction band .>kT, indicating that the VO
states are typically not in thermal equilibrium at the lattice
temperaturé. For Tl, these components gradually vanish
from the spectra whed. is increased from 0 te=2.5 meV
and then reappear again at higher stresBags. 9 and 10
Experimental positions of the PL peaks as a function of
the uniaxial stress i001), (111), and(110 directions are
shown by small solid circles on the fan charts in Figs. 11-14.
Curved solid lines in this charts represent theoretical peak
positions calculated from Eq&)—(6) and(8)—(15). The VO

T
lss lsz

(k) P=20.8MPa

(i)P=18.3MPa

(h)P=16.0MPa
(g)P=14.0MPa

(f)P=11.9MPa

(e)P=9.6MPa

Relative PL intensity

g

(d)P=7.3MPa

splittings AYY, AY and the SOC constant>® were deter- (c)P=3.8MPa
mined directly from the zero-stress PL spectra in Ref. 1. The X0.5 /it (b) P=2.0MPa
deformation potential constants d, and =2, listed in the

Table VIl were determined from the best fit to the subset of x0.5 (a) P=0MPa
data for the(001) and (111) stress directions with an esti- — 1'1;0:5 e 1'1:“5

mated accuracy of about 2% for AIG&, and Irf. Uncer-
tainty in the values ob andd is much greater foA°X since
these values affect only the nonlinear shifE™ of all PL FIG. 8. PL spectra of RX under(110 stress increasing from
components given by Eq&3)—(5) with the experimental val- (b) to (k) at T=2 K and 0.006 meV resolution.

Photon energy (eV)
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FIG. 10. PL spectra of ¥K under ~(110 stress increasing
from (b) to (h) atT=2 K and 0.03 meV resolution. Componehig
andls, are slightly split due to small deviation of the stress axis
from (110. Componentss,, l3,, andls, corresponding to the
excited VO states of K gradually thermalize frontb) to (f) but
then reemerge at higher stresses(gnand (h).

FIG. 9. PL spectra of PX under(001) stress increasing from
(b) to (e) at T=2 K and 0.03 meV resolution. Componehig and
Isy are slightly split on(e) due to small deviation of the stress axis
from (003). Componentsls,, l3,, |5, andls, corresponding to
the excited VO states of T thermalize strongly at 29 MP@) but
gradually reemerge at higher stresges-(e).

hh hh stress for AYX (Refs. 10 and 11 and Figs. 2, 5, andvéas
ues of the parametersy; andAg; taken from Refs. 15-17. que to some randomly distributed elastic strains in the
A lower (about 10% accuracy ofb andd for TI°, which  sample, one would expect that these elastic strains would
were obtained from the best fit to t@01) and(110 data, is  split or broaden thd'; andI's components to a greater ex-
due to the less accurate stress calibration and small misaligient than the componefit; . However, as was shown in Ref.
ment of the samples. 1, and in Fig. 2a), the line shape and the width of these
The pattern of the stress-induced splittings and the noncomponents is identical, thus confirming once again that this

linear relative shifts of the components depend uniquely oRjoublet structure is due to an intrinsic splitting rather than
the zero-stress VOS and SOC. The zero-stress componens random strains.

can be identified unambiguously from the pattern of the fan

charts shown in Figs. 11-14. In particular, the three peaks in o _ o

the zero-stress spectra of’XImust be attributed to the Vo ~ ©- Polarizations and the amplitude ratios in the PL spectra

statesl';, I's, andT's of TI°X with holes in theJ=0 state. of A™X under uniaxial compression

Due to the small misalignment of the TI-doped samples in The theoretical model developed in this work allows us to

the stress rig, the stress was applied in directions slightlypredict positions of the PL peaks and their relative ampli-

different from (001) and (110. As a result, thex andy  tudes and polarizations for tR801), (111), and{110 stress

minima of the conduction band had slightly different ener-directions. It does not describe the line shape of the PL com-

gies and the PL componentx &nd 5y, which otherwise ponents, but one can assume that all the components have the

would be degenerate, were split under the stress. Theoreticehme line shape which can be approximated by a combina-

curves in Fig. 14 account for the small deviation of the stresgion of the Gaussian and the Lorentzian line shapes. Convo-

axis from the(001) or (110 direction which was represented lution of this fixed line shape with thé functions corre-

in the calculations for Tl by an additional adjustable param-sponding to the PL peaks produced realistic theoretical

eter. The observed splitting between thednd 5y PL com-  spectra ofA°X (Figs. 15—18 very similar to experimental

ponents can be explained only if the zero-stress VO dtate spectra. Theoretical spectra were calculated without any fur-

has a higher energy than the sthtg ther adjustable parameters except for the effective tempera-
The zero-stress PL compondnt splits under sma001)  ture T®" accounting for deviation of the population of the

stress at a much slower rate than the comporiégpndIl's.  excited VO states from thermal equilibrium at the liquid-He

If the doublet structure of these components observed at zelwath temperatur@. The ratios of the constaniks n and y/ »
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TABLE VII. Deformation-potential constants for the group W° and A°X in eV, and theA® anisotropy parameter={[(Agq;
+2A110/3A114] (deviation ofr from 1 characterizes anisotropy of the stress-induced splitting’nf

Acceptor B Ga In Tl

E4+ 35 ,+2a(A%X) —a(A%) 0.9x0.2 1.0+0.2 1.2¢0.3 0.8:0.3
b(A%) —1.35+0.05" —1.01+0.02 —1.03+0.02 —0.43+0.01 —0.30+0.03
d(A?) —3.95+0.1% —3.31+0.06 —3.10+0.06 —2.41+0.05 —1.95+0.2
b(A°X) —1.49+0.05" —1.5+0.2 —1.5+0.2 -1.2+0.3 —-0.8+0.3
d(A%X) —4.08+0.1% —4.5-0.6 —4.1+0.6 3.9:1.0 —3.3x1.2
E.(A%X) 8.5+0.2 8.71+0.15 8.60-0.15 8.66:0.15 8.5-0.8
r 0.963 0.915 0.925 0.760 0.733

8After Karasyuket al. (Ref. 9.

that govern the relative amplitudes of the PL peaks were The theoretical spectra agree very well with the experi-
taken from Ref. 1. The deformation-potential constants andnent taking into account-10% depolarization in experi-

the quantities that can be derived from them, such as thmental PL spectra, nonthermal population of the excited VO
parameters, & ¢, andr had been already determined inde- states ofA’X, and that the luminescence is emitted over a

pendently. Only for Tl, the ratiod/»=0.5 andy/%»=0.9

range of angles rather than in one specific direction, which is

have been adjusted in order to produce a better agreemeparticularly significant foF(l(110). All the components have

with the experiment. The previous values for N/ 7=

the correct polarizations and the relative amplitudes are close

—0.1 andy/n=0.6) were determined from the zero-field to experimental. The degree of polarization thus provides a

spectrum of Ref. 1 with large uncertain@pparently, greater

reliable method of identification of the components. Good

than was estimatedecause of the partial thermalization of agreement between the theoretical and the experimental PL

the excited VO orbit states.
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the stress axis for théd01) [(a) and(b), P=1 MPa and(111) [(a)
and (c), P=9 MP4q stress. The theoretical spectfd) and (d)
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spectra confirms the correctness of the assignment of the VO
states to the zero-stress components.

A special feature of the selection rules féi{110) is that
the relative probabilities of the optical transitions strongly
depend on the direction in which luminescence light is emit-
ted from the sampléTable V). We observed this dependence
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present convolution of twelve Gaussian peaks centered at the pho-

ton energies determined frof&gs.(2)—(5), (7)—(14)] with relative

FIG. 16. Experimentdl(a) and(c)] and theoretical(b) and(d)]

amplitudes listed in Tables I-IV. Thermal equilibrium is assumedPL spectra of IAX polarized perpendiculaio) and parallel(m) to
for (b) and(d) between the AX VO states at the effective tempera- the stress axis for th@®01) [(a) and(b), P=15 MP4 and(111) [(c)

ture T¢f=3 K.

and(d), P=14 MP4 stressT¢f=14 K for (b) and(d).
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PL spectra of TX for the ~(001) [(a) and (b), P=68 MPd and  PL spectra of IRX polarized perpendiculaio) and parallel(r) to

~(110 [(c) and(d), P=36 MP4 stressT*"=30K for (b) and 20  the stress axis for th&l10 stressP=16 MPa. The experimental

K for (d). Componentss, andls, are slightly split on(a) and(b)  spectra were recorded in otherwise identical conditions for PL ra-

due to small deviation of the stress axis frétri 0. diation emitted from the sample {110) (a) or (001) (b) directions.
Tef=10 K for (c) and 30 K for(d).

experimentally for In by recording the PL spectra in identical

conditions except that in one case the luminescence was ¢

lected perpendicular to th@®01) plane, and in another per-

pendicular to thg110) plane[Figs. 18a) and 18b)]. The

theory predicts, for instance, that the componanis and

Us4 that are quite strong in the luminescence emitted in th

(002 direction[Fig. 18c)] should disappear in the lumines-

cence emitted in th€l10) direction[Fig. 18d)]. Indeed the

relative intensity of these components drops dramaticall

when the sample is merely rotated by 90° about the stre

axis. Discrepancies between the theoretical and the experi-

mental spectra in Fig. 18 are probably due to the finite size of

the solid angle from which the light was collected, and to ———— . ———

multiple internal reflections and scattering of the light within Flicto> 'k — (a)k| <001>

the sample. The significant dependence of the observed spec- P=14MPa —— (b k| <110>

trum on the angle of observation can be seen as well in the

In®X spectra recorded without any polariZ&ig. 19.

oé”X, where the relatively weajc | coupling of holes is com-
parable with the electron-hole coupling. Good agreement be-
tween the theory and the experiment ascertains that the qua-
edruplet fine structure of AX is due to the valley-orbit
splitting and the spin-orbit coupling of tH& VO states. We
also determined from our experiments the ordering of the
VO states in TX asI'y,I'3,I's with energy increasing from
ctoTls.

Si(In)

IV. DISCUSSION

The results of our uniaxial stress experiments confirm that
our theoretical model which is based essentially on the
Hartree-Fock approximation and the effective-mass approxi-
mation adequately describé®’X not only for the shallow
acceptors such as Al or Ga, but also for the deeper In and 1.1405 Photon energy (eV) 1.1415
even for the very deep Tiionization and binding energies
are listed in Table V of Ref.)L They reaffirm that in the FIG. 19. PL spectra of X for the (110 stressP=14 MPa
ground state oA%X holes occupy thé=0 two-hole state for  recorded in otherwise identical conditions for PL radiation emitted
all the group-lll acceptors with the possible exception offrom the sample iK001) (a) and{110) (b) directions.

Relative PL intensity
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A high-precision uniaxial stress technidues allowed us deeper acceptors, implying stronger anisotropy of #fe
to measure the deformation-potential constants f8r Gif, states.
and Irf with a very high accuracy of-2%. Unfortunately, No significant deviations of experimental spectra from the
we could not use this technique for Tl due to the smalltheoretical predictions have been observed except for the
amount of the Tl-doped material, however, we were able ta/ery low-stress data, where the stress-induced splittingof
determine the deformation-potential constants fé T the  js smaller than the intrinsic ground-state splitting. Rapid
best of our knowledge not available in the literature prior tochanges that occur in the relative amplitudes and polariza-
the present paper, with an estimated accuracy 80%. The  tjons of the PL components while their positions remain al-
deformation-potential constansandd decrease monotoni- ot the same under very small strains are consistent with

cally from B to Tl with the increase of the acceptor ioniza- the assumption that the intrinsic ground-state splitting is pro-
tion energy. This decrease is more pronouncedAfdthan duced by a dynamic Jahn-Teller eff@df1!

for A°X, and is about twice as strong fbras it is ford. On

the other hand, the deformation potenf&| of the electron

in AO)_( is the same for all grpup—lll acceptors in Si within ACKNOWLEDGMENTS

experimental error. The anisotropy parameter|(Aqgg;

+2A1109/3A114] is close to 1 for B, which means that the  This work was supported partly by the Natural Sciences
strain-induced splitting oAA° is almost independent of the and Engineering Research Council of Canada and by the
strain direction. Deviation af from 1 indicates anisotropy of Science and Engineering Research Coufidihited King-

this splitting, which gets progressively stronger for thedom).

v, A Karasyuk, S. An, M. L. W. Thewalt, E. C. Lightowlers, and 55, 245(1992 [JETP Lett.55, 242 (1992)].

A. S. Kaminskii, Phys. Rev. B4, 10 543(1996. 9V. A. Karasyuk, A. G. Steele, A. Mainwood, E. C. Lightowlers,
2A. S. Kaminskii, V. A. Karasyuk, and Ya. E. Pokrovskii, Zh. G. Davies, M. L. W. Thewalt, and D. M. Brake, Phys. Rev. B

Eksp. Teor. Fiz.83, 2237 (1982 [Sov. Phys. JETR6, 1295 45, 11 736(1992.

(1983]. 10y, A, Karasyuk, S. An, M. L. W. Thewalt, and E. C. Lightowlers,
3V. D. Kulakovskii, G. E. Pikus, and V. B. Timofeev, Usp. Fiz. Phys. Rev. Lett73, 2340(1994.

Nauk 135 237 (1981) [Sov. Phys. Usp24, 815(1981)]. 1y, A. Karasyuk, S. An, M. L. W. Thewalt, E. C. Lightowlers, and
4M. L. W. Thewalt, inExcitons edited by E. I. Rashba and M. D. A. S. Kaminskii, Solid State Commu®3, 379(1995.

Sturge(North-Holland, Amsterdam, 1982p. 393. 12p. K. Ramdas and S. Rodrigues, Rep. Prog. Phis. 1297

5J. Weber, H. Conzelman, and R. Sauer,Proceedings of the (1981).
Fifteenth International Conference on the Physics of Semicon3J. J. Hall, Phys. Revl61, 756 (1967).
ductors, Kyoto, 1980J. Phys. Soc. Jpn. Suppl. A9, 425 143, Rodriguez, P. Fisher, and F. Barra, Phys. Rev6, B2219

(1980)]. (1972.
V. A. Karasyuk and Ya. E. Pokrovskii, Pis'ma Zh. Eksp. Teor. ®M. L. W. Thewalt, Can. J. Phys5, 1463(1977.

Fiz. 37, 537 (1983 [JETP Lett.37, 640(1983)]. K. R. Elliott, G. C. Osbourn, D. L. Smith, and T. C. McGill, Phys.
M. V. Gorbunov, A. S. Kaminskii, and A. N. Safonov, Zh. Eksp. Rev. B17, 1808(1978.

Teor. Fiz.94, 247 (1988 [Sov. Phys. JET®B7, 355(1988)]. K. R. Elliott, D. L. Smith, and T. C. McGill, Solid State Com-

8A. S. Kaminskii and A. N. Safonov, Pis'ma Zh. Eksp. Teor. Fiz. mun. 27, 317 (1978.



