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Jian-Bai Xia
Chinese Center of Advanced Science and Technology (World Laboratory), P.O. Box 8730, Beijing 100 080, China
and Institute of Semiconductors, Chinese Academy of Sciences, P.O. Box 912, Beijing 100083,* China
(Received 16 July 1990; revised manuscript received 3 December 1990)

An effective-mass formulation for superlattices grown on (11N)-oriented substrates is given. It is
found that, for GaAs/Al,Ga,_, As superlattices, the hole subband structure and related properties
are sensitive to the orientation because of the large anisotropy of the valence band. The energy-
level positions for the heavy hole and the optical transition matrix elements for the light hole ap-
parently change with orientation. The heavy- and light-hole energy levels at k; =0 can be calculat-
ed separately by taking the classical effective mass in the growth direction. Under a uniaxial stress
along the growth direction, the energy levels of the heavy and light holes shift down and up, respec-
tively; at a critical stress, the first heavy- and light-hole energy levels cross over. The energy shifts
caused by the uniaxial stress are largest for the (111) case and smallest for the (001) case. The opti-
cal transition matrix elements change substantially after the crossover of the first heavy- and light-

hole energy has occurred.

I. INTRODUCTION

Recently there has been increasing interest in superlat-
tices grown on variously oriented substrates for both
practical and theoretical reasons. The (11N)-oriented
growth of GaAs and Al ,Ga,_,As arose within the con-
text of the growth of these compound semiconductors on
Si substrates. It has been shown that, for such polar-on-
unpolar growth, the (110) and (112) orientations are the
preferred growth orientation, leading to better nucleation
and morphology than the traditional (001) orientation.' ™3
In addition, layers of some (11N) GaAs of high quality
grown by molecular-beam epitaxy (MBE) are also of im-
portance for many potential applications, as they promise
increased efficiency for electronic and optical devices.*>

To date, there have been many reports about success-
ful growth of high-quality (11N)-oriented GaAs/
Al,Ga,;_,As superlattices with excellent optical and
electric properties, comparable to those with (001) orien-
tation. Wang® has reported that the surface morphology
of (11N) MBE GaAs/Al,Ga,_,As layers (N =2,3,5, 7,
9) is excellent and the two-dimensional carrier mobility in
modulation-doped heterostructures grown on these high-
index planes reaches ~10° cm®>V " !s™! (at 4 K), compa-
rable to those grown on the (001) plane. Subbanna et al.”
observed that the photoluminescence (PL) intensities
from the GaAs/Al ,Ga,;_,As superlattices grown on
(112) 4 and (112) substrates are significantly larger than
those for the (001) structure, and the linewidth from
(112) , seems to compare favorably with that from the
(001) structure. Fukunaga et al.® measured the PL spec-
tra from GaAs-Alj,,Gag¢As single quantum wells
(SQW’s) grown on (001), (113),, and (113); substrates,
and found that typical full widths at half maximum
(FWHM’s) of PL peaks are comparable for (001), (113) ,,
and (113); SQW’s, indicating that the microscopic
roughness in the (113) heterointerface is similar to that in
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the (001) heterointerface. Allen et al.® showed that the
(110) layers exhibit a room-temperature electron mobility
of 5700 cm? V™~ !'s ™! for carrier concentration n ~4X 10"
cm~? and a strong exciton PL emission at 4 K.
Hayakawa et al.!° found that the PL efficiency of (111)-
oriented quantum-well structure (QWS) is higher than the
(001)-oriented QWS, and the threshold current density of
(111)-oriented quantum-well lasers is less than the (001)-
oriented ones. In addition, Hayakawa et al.,"' Molen-
kamp et al.,'? Bauer et al.,'> and Gil et al.'* investigat-
ed the variation of the binding energy of the ls exciton
for (001)- (111)-, (110)-, (310)-, and (113)-oriented QWS’s,
and found that the binding energy of the light-hole exci-
ton is more sensitive to the substrate orientation than
that of the heavy-hole exciton. Khalifi et al.'> compared
the splitting between first heavy-hole and light-hole
subbands for the (113)5- and  (001)-oriented
GaAs/Al,Ga,_,As SQW’s. Shanabrook et al.!® report-
ed the observation of intersubband transitions of pho-
toexcited holes in undoped multiple quantum wells
(MQW’s) grown in the [111]; and [001] directions with
resonant electron Raman scattering. From the energies
of intersubband transitions they determined another set
of Luttinger effective-mass parameters'” ¥, 7, and ;.

That the valence band of GaAs near the I point is an-
isotropic can be seen in the ratio of the effective masses
for the heavy hole in the [111] and [001] directions:
mEu([111])/m %5 ([001])=0.9/0.34=2.65,'° or 0.75/
0.34=2.21.1% It is expected that many properties of su-
perlattices and QWS’s will depend on the growth orienta-
tion. But as of now there is no systematic theory describ-
ing the electronic structure of superlattices grown on
variously oriented substrates, except for some works
studying the superlattice grown in the particular direc-
tions (for example, Refs. 13 and 18).

This paper proposes an effective-mass formulation for
the valence-band structure of semiconductor superlattices
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grown on (11N)-oriented substrates based on Luttinger’s
theory.!” By use of this theory, we studied and compared
the hole subband structure, the effect of the uniaxial
stress along the growth direction, and the optical transi-
tion matrix elements for superlattices grown on (110),
(111), (112), (113), and (11) [i.e., (001)] -oriented sub-
strates. Section II gives an effective-mass theory for su-
perlattices on (11N)-oriented substrates. Section III
shows the hole subband structures and optical transition
matrix elements for (11N) (N =0,1,2,3, and o) -oriented
superlattices. In Sec. IV, the effect of uniaxial stress
along the growth direction is discussed.

II. EFFECTIVE-MASS THEORY
FOR SUPERLATTICES GROWN
ON (11N)-ORIENTED SUBSTRATES

Let the three axes (1,2,3) of our coordinate system be
the following: the 3 axis along the growth direction, the 1
and 3 axes in the (110) plane, and the 2 axis in the [110]
direction. The angle between the 3 axis and the X-Y
plane is denoted by 6; thus for 0 varying from O to 7 /2
the growth surface perpendicular to the 3 axis changes
from (110) in succession to (111), (112), (113), until
(11e0), i.e., (001). Making the coordinate transform,

o= \/zkl 1/2k2 ik

k,= ‘/Ek +‘/2k ‘/L_zk3, (1)
—ck+sks ;

JXZ%-Jl——‘/I—EJZJr\/LEh

Jy=‘%§ ‘/2J2+‘/2J3, 2)

Jz:_CJl':f"JJ} .

Here, and in the following, we use 4 and ¢ to represent
sinf and cos@, respectively. Inserting Egs. (1) and (2) into

the Luttinger effective-mass Hamiltonian for hole
states,!’
= 2o [y 1+ 3y k> =2y (KT 2+ KT+ K2TZ)

_47/3({ X2 y} {Jx’Jy}+ {ky’kz}{']y"]z}
ik kS 20T 3)

and using the representation for J,, J,, and J; in Eq. (57)
of Ref. 17, we obtain the effective-mass Hamiltonian in
the (1,2,3) coordinate system,

- 2’:10 [y k2 +7,( Ak +Bk2+Ck2 + Dk  k,

+Ek ky+Fkyk;)
+y3(A'k?+B'k3+C'k3+D'k k,
+E'k ky+F'kyky)], 4)
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where 4, B, C, ... ,E’, F' are 4 X4 matrices with matrix
elements as functions of s and ¢, which all have the fol-
lowing form:

The values of p, r, and g for each matrix are given in
Table I.

From Egs. (4) and (5) and Table I, we can easily obtain
the effective-mass Hamiltonian for any (11N)-oriented
superlattices for example: N =0, ¢=1, 5=0; N =1,

=V2/3,3=1/V3; N=2, c= 1/\/3 2= \/2/3 N =3,

c—\/2/11, 3=3/V11; N=w, ¢=0, s=1; etc. The
Hamiltonian matrix has the following form:
P, R Q 0
1 IR * P, 0 —Q0
H=— , (6)

2m0 Q* 0 P2 R
0 —Q* R* P,

where the P, and P, have the same forms, in which the
v, and v terms are of reverse signs. The P, R, and Q in
Eq. (6) for (11N)-oriented (N =0, 1, 2, 3, and «) super-
lattices are given in Table II.

From Table II, we see that in the N = oo case the
values of P, R, and Q are just those for the (001) super-
lattice; for k; =k, =0, the off-diagonal elements vanish,
and hence the hole effective-mass equation reduces to
four independent equations with heavy- and light-
effective  mass mpg=my/(y,—2y,) and mfy
=my/(y,+2v,), respectively. The case of N =1, i.e,,
(111) orientation is similar, but with the heavy- and
light-hole effective mass myy=my/(y,;—2v3), and
mig=mqy/(y,+2y;), respectively. The other cases are
more complicated: For k; =k, =0, the off-diagonal ma-
trix elements Q,R+0, and thus there is no simple
effective mass to describe the movement of the heavy or
light hole. From Table II we also see that the Hamiltoni-
an is more complicated for larger N, i.e., high-
index—substrate cases.

The hole motion equation in the superlattice can be
written as

[H (ky,ky k) + V() JW(r)=E(r) , (7)

where the k|, k,, and k5 in the Hamiltonian H [Eq. (6)]
are operators k; =(1/i)(d /dr;) (j =1,2,3). The growth
direction of the superlattice is in the 3-axis direction,
hence the effective potential V is only a function of r;.
For the superlattice GaAs/Al,Ga,_, As the difference of
the effective-mass parameters between the two materials
is small; we can neglect the difference and use the con-
tinuity condition of wave functions instead of the
particle-current conservation condition. We shall use the
plane-wave expansion method!>?° to solve the effective-
mass equation (7). Assume that the hole wave function
has the form
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TABLE 1. Values of p, r, and ¢ for matrices 4, B, C, ..., E',F’ of Eq. (4). Here, as in text, the ab-
breviation 4 =sinf and ¢=cos6 have been used.
P r q
A 3(2—3c243%) ‘/23 A(1—3c%) V3se(3e?—1)
B %(%—‘cz) —\/Zicz —\/§Jc
3 4 2 4 V73 2n 2 — )
C 7(“7"-40 —3c%) Tc (3¢5°—2) V3se(2—3¢?)
D 0 i2V352 i2V3s¢
E 35c(2—3c%) 3V3sc° —6V352%7
F 0 i2V35¢ i2V3:2
9,22 ‘/—3 2 2 2 2
A’ 53¢ —TJ (2+3¢%) —V3s¢c(3c2—1)
B’ —cz ‘\/2—3(2—62) \/3.90
c’ — 34322 »%&(3(;2—2) —V3se(2—3¢%)
D’ 0 i2V3c? —i2V3s¢
E' —33e(2—3c%) —3V3sc} —2V3(3c* =32+ 1)
F 0 —i2V3s¢ i2V352
a, orientation, thus the electronic wave function in the su-
. b perlattice can be written as
¢H(r):e1(klr1+k2r2)2 n 1~ei(k3+Kn)r3 ’ (8)
~ 1 | VL " (r)__ei(klr1+k2r2)ze 1 RICRL W ©)
d, ‘ 2T '
where K, =(27w/L)n, n =0, =1, £2, +3,..., and L is The optical transition matrix elements?!
the superlattice period; k,;, k,, and k; are the wave-
vector components of the hole, —7/L <k;<w/L. In- 0..(k,)= 2 &P, (k)2 (10)
serting Eq. (8) into Eq. (7) we obtain a 4N X4N secular T my v
equation, where N is the number of K.
The conduction band is isotropic, independent of the can be easily calculated by using Egs. (8) and (9):
J
— 2 2 2 * 2 * 2
[Qij]3_ Pl [Xeic, |"T [Xesb, ,
mg 3 " »
(1n
2 1 1 1
[QU]“: P2 5 zen*an 2+ ze:dn 2+_ Ee:bn 2+‘ zen*cn 2 b
mo 2 n n 3 n 3 n
where III. HOLE SUBBAND STRUCTURES

P=(S|p,|X)=(Slp,|Y)=(S|p.|1Z) .

IS) and |X),|Y),|Z) are orbital wave functions at the
I" point of the conduction band and valence band, respec-
tively. [Q;;]; and [Q;; ], are the optical transition matrix
elements for light with polarization in the 3-axis direction
and 1,2-axis direction (average), respectively. In deriving
Eq. (11) we have summed the contribution from the elec-
tronic states [Eq. (9)] with up and down spins.

AND OPTICAL TRANSITION MATRIX ELEMENTS
FOR (11N)-ORIENTED GaAs/Al, ,Gag sAs
SUPERLATTICES

For comparison of hole subband structures and optical
transition matrix elements for variously oriented
GaAs/Al, ,Ga, 3As superlattices we calculate a special
example with the following parameters: well width
Ly, =100 A, barrier width Lz =50 A, period L =150 ;\;
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TABLE II. Values of P, R, and Q for the Hamiltonian matrix in Eq. (6) for (11N)-oriented superlat-

tices.
N=0 Pl=y,k2+123(2k%—k%—k§>+%y3(k§—k§>
‘/—3 2 2 2 2 2 .
R=—=[ya( =2k} + k3 +kD)+yy(k3 —ki+dik k;)]
Q=2‘/§(1/2ik2k3_73k1k3)
N=1 P1=(7’1+7’3)kﬁ+('}’1_27’3)k§
5
R =—T/%m+zy3)<k]—ik2)2+2—32<y2—y3)<k1+ik2>k3
Q=VE73y—ys)ky +iky P = = @yart ys ey — ik )k
N=2 Pl=y]k2+%(k%—k%zx/ik,k;w%i(zk%+k§—3k§—2\/§k1k3>
R =~27‘//—2—3(k§—k§+8ik1k2+2V§k,k3+4V§ik2k3)
+ 2’;33 (—6k2+5k3+ k2 +dik, ky—2V 2k ks — 4V 2ik, k3 )
Q=V2/3y,(—k3+k}+2ik k,—2V 2k ky+V2ik,k;)
+V2/3y5(k3 —k3—2ik ky—V 2k k3 +2V2ik, k)
N=3 Py =y,k>+ ryo(5k} 4+ 11k3 — 16k} +18V2k  k3)
+ 277327k + 11k} —38Kk3 — 48V 2k k)
R=%y2(5k§+11k§—16k§+198ik1k2+18V§k1k3+66\/§ik2k3)
2V§ 2 2 2 . "~ "~
- y3(63k2 —55k3 —8k} —22ik k, +9V 2k ky+33V 2ik,k;)
Q=—£—61—y2(—15k%—33k§+48k§+66ik1k2—54V§k1k3+22\/§ik2k3)
+%?y3(15k%+33k§—48k§—66ik,k2—67\/ik1k3+99\/§ik2k3)
N=o P1=(7’1+7’2)kﬁ+(7’1“27’2)k§

R=2V3iy,k k,—V3y;(k}—k3)
Q=—2V3y;(k; —iky)ks

band offset V;=100 meV for the valence band, V,=150
meV for the conduction band; the valence-band effective-
mass parameters y,=6.85, ¥,=2.10, and y;=2.90,%2

and the conduction-band effective mass m *=0.067m,,.
We calculated the hole subbands along the k; and k,
directions for GaAs/Al, ,Ga, 3As superlattices grown on
(11N)-oriented substrates with N =, 0, 1, 2, and 3, that
for n=,0,1 are shown in Figs. 1(a)-1(c), respectively.
J

Figure 1(a) is just that of the usual (001)-oriented super-
lattice. From Fig. 1 we see that the position and order of
the heavy- and light-hole energy levels (denoted by HH
and LH, respectively) are apparently different for various
orientations, indicating the effect of anisotropy of the
valence-band structure. In order to understand the varia-
tion trend of the hole subband we consider the classical
energy-band model, in which the hole energy is given by

E= o —{y K20y 3+ 33—y DR+ K22+ k2K (12)
0

Using the coordinate transform Eq. (1) we can transform
Eq. (12) into the new coordinate system k;,k,,k;. Let
k, =k, =0, we obtain the energy dispersion along the k,
direction, then the hole effective masses along the k;

[

direction,

mfin

m* =mo{y F2[ri+3c*(4-3cA)yi—y)]?} 7!, (13)
LH
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0 0
W (bl HH (10)
A LHI HH2
7 HH2 | LA
= = HH3
> >
g"sO' HH3 E—SOF
s w HH4
LH2 HH5
-100 -100 _LH2
.o 0 10 0 0 _
(TIo) ~ kA2mA) (110) (T10)  k/(2mL) (0O0T)

O v
(c)  HHL—75 (I
LHI
HH3
2_50 HH4
wJ
HH5
-100
1.0 1.0

0
(T10)  k/(2mWL) (112)

FIG. 1. Hole subband for superlattices grown on (11N)-oriented substrates with (a) n = 0, (b) N =0, (c) N =1.

where the minus and plus signs correspond to the heavy
and light holes, respectively. Figure 2 shows the effective
masses of the heavy and light holes as a function of 6, in
which the (001), (110), (111), etc., particular directions
are indicated. From Fig. 2 we see that the anisotropy of
the effective mass is large for the heavy hole, small for the
light hole. The effective mass of the heavy hole along the
[111] direction is largest, and that along the [001] direc-
tion is smallest, m iy ([111])/mf([001])=2.52. We
found that the energy levels calculated separately with
the classical effective masses of the heavy and light holes
[Eq. (13)] are completely in agreement with that calculat-
ed with Eq. (7) for k;=0. This result is surprising, be-
cause only in the cases of (001) and (111) orientation can
Eq. (7) reduce into four independent equations with
effective masses mq/(y;F2y,) and my/(y,F2y3), re-
spectively. In other cases, for k,=0, Eq. (7) is still a cou-
pled set of equations (see Table II), which has no direct
connect with the classical effective mass. From Fig. 2 the
variation of the hole subband with the orientation can be
easily understood. For k;=0, the first light-hole energy
levels LH1 are basically unvaried due to the approximate
constant of m [y, while the variation of the LH2 levels is
due to its closing to the barrier top. When the orienta-

tion changes from (001) to (113), (112), (111), the heavy-
hole effective mass increases, hence the heavy-hole energy
levels HH n at k“=0 arise; in the (112) and (111) cases the
HH?2 energy level becomes higher than the LH1 energy

1.0 v
GaAs
€
w0 hh
(V]
<C
=
§0.5
=
jyu}
frm
(S
Lh
0 N t .t
N=0 | 2 3 00
30 60 90
B(deg)

FIG. 2. Effective masses of the heavy hole (HH) and light
hole (LH) as functions of 6.
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(a) : (001
201 LHI 1
] HHI
=lof -
<] HH2
HH3
.0 _ 0
(o) k/(2mL)  (110)
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(b) \ (110)

HHI LHI

HH2

Qlk) (V)
(@)

HH3,

_ 0 _
(110) k/{2™L) (00T

Q (k) (eV)

0
(TIo) ks(2mWL) (112)

FIG. 3. Optical transition matrix elements [Q;;(k;)]; from CBI to hole states for (11N)-oriented superlattices with (a) N = oo, (b)

N=0,(c) N=1.

level. The effective mass for the (110) case is equal to that
of the (112) case [see Eq. (13)], so that the HHn energy
levels at k=0 are the same for the two cases. When
k70, the hole subband dispersion along the k; and k,
directions (perpendicular to each other) are symmetrical
for the (001) and (111) cases, not symmetrical for the oth-
er cases, and the nonsymmetry is most obvious for the
(110) case.

Figures 3(a)—3(c) and 4(a)-4(c) are the optical transi-
tion matrix elements [Q;;(k)]; and [Q;;(k)], from the
first electronic energy level CB1 to the hole energy levels
HH1, HH2, HH3, and LH1 for (11N)-oriented superlat-
tices with N = o0, 0, 1, respectively. From the figures we
see that in contrast with the energy-level position, the
variation of the optical transition matrix elements with
the orientation is more apparent for the light hole (espe-
cially CB1-LH1) than for the heavy hole. Because the
coupling between the LH1 and HH2 states is sensitive to
the orientation (see Fig. 1), the wave functions of the
LH]1 state greatly change as the orientation changes. It is
expected that the binding energy of the light-hole exciton
will vary with the orientation more obviously than that of
the heavy-hole exciton.

IV. EFFECT OF UNIAXIAL STRESS
ALONG THE GROWTH DIRECTION

The method applied in Sec. III can be extended to the
cases of applied electric field, magnetic field, and stress,
etc. For the case of applied magnetic field we only need
to change the k k, or k k; terms in the Hamiltonian
[Eq. (4) and Table I] into {k;,k,} or {k,,k;} terms, de-
pending on the direction of the applied magnetic field
parallel or perpendicular to the growth direction of the
superlattice, respectively:

(ky ko) =1k ky+koky) .

Besides, an (e /c)kJ-H term should be added to the Ham-
iltonian in Eq. (4).

Here we discuss the effect of uniaxial stress along the
growth direction. The additional Hamiltonian caused by
uniaxial stress is given by?® (assuming the negative hole
energy as positive)

Hg=—D,(€,, t€,+E€,;)
—2D,[(J}—17Ye,, +c.p.]

—iD,[2{J,,J, )€, tc.p. ], (14)
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20 20 -
(a) (001) (b) (110)
HHI
= =
4 2
= =10}
=]
< HH3
HH2 LHI
.0 _ 0 1.0 1.0 _ 0] ~ 1.0
(TIo)  kA2wL) (110) (TIo) k/t2m/L) (ool
20
(c) (D
_ HHI
>
@
=10}
=
HH3 LHI
HH2
.0 } 0 1.0
(TTo) k/(2@WL) (112)
FIG. 4. Same as Fig. 3, but for [Q;;(k)];.
where D,,D,,D, are the deformation potentials, €xx T €, 1T€, =05 +25,)T, 17
€xxr€pyy + - - ATE the strain tensor components, c.p. refers

to terms obtained through cyclic permutation of indices.
We assume that the uniaxial stress is applied in the 3-axis
direction, then from Eq. (1) we obtain the stress tensor
components,

Ty=7,75T, a,B=x,,z,

independent of the orientation, i.e., the first term in the
strain Hamiltonian Eq. (14) represents a constant energy
shift, which will not be taken into account in the follow-
ing. Using Eq. (16) the Hamiltonian Eq. (14) can be
rewritten as

c 13 Hg=—¢,[(J-7)—1J]
Tx =T,= 5 T, =3,
2 +(e, —€,)2{J, I, T, 7, +c.p.), (18)
and the strain tensor components, where
€ =[(S1, =S +Sp1T, c.p. ; (16) €,=2D, (S, —S;)T, 19
6xy=%7'x7'y544T’ c.p. ; eu'=%D;S44T )
where S;,5,,544 are the cubic elastic compliance con-
stants. Transforming J,,J,,J, into the new coordinates
From Eq. (16) we obtain J1,J3,J3, we obtain
Hg=—¢€,J}—3)—(e,—€, (3522 T1+ (2 /203 —[(*/2)+ 25223 +se(2—252) (T, T5)) . (20)
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The second term in Eq. (20) can be written as a 4 X4 ma-
trix form,

t v u 0
v —t 0 —u
(e, —€,) u 0 —t v |’ 21
0 —u v t
where
t=3c43*—1),
v=Y3 20-3.2) (22)

u =—‘/2—3.40(3c2_2) .

Taking the elastic compliance constants?* §;; =1.150,
S,=—0.358, S,=1.657 (107® kbar !), and
deformation-potential ~ parameters 2D,=1.71 and
1D, =4.55 eV, we calculated the hole subbands for
(11N)-oriented superlattices under the uniaxial stress.
The results for the (111) superlattice under the uniaxial
stresses 7'=2.0 and 2.5 kbar are shown in Fig. 5. From
Fig. 5 we see that under a uniaxial stress along the
growth direction the heavy- and light-hole energy levels
shift down and up, respectively, and at a critical stress
the HH1 and LHI1 energy levels cross over, in agreement
with the results of Ref. 25 for the (001) case. The energy
shifts caused by the uniaxial stress are largest for the
(111) orientation, smallest for the (001) orientation. The
strain Hamiltonian Eq. (20) becomes —¢,(J3—3) and
—€,(J3—3) for the (001) and (111) cases, respectively.
According to the elastic and deformation-potential pa-
rameters of GaAs taken in this paper, €, /e, =1.46. It is
noticed that at k=0 the energy shifts are equal for the
(110) and (112) cases. In Fig. 5 when the uniaxial stress
(2.0 kbar) is just smaller than the critical stress there is a
strong coupling between the HH1 and LHI1 states for
k,70, resulting in an anticrossing of the HH1 and LH1
subbands near |k |=0.2(27/L); for the uniaxial stress

T=20 kbar T=25kbar
LHI
20+ \LHI
HHI
3
i~
S ot
HH2
HH3 HHz, -
HHI

0
O 05 100 05 _1I0
KAL) (12)  kA2T/L) (112)

FIG. 6. Optical transition matrix elements [Q;;(k)]; from
CBI1 to hole states for the (111)-oriented superlattice under the
uniaxial stresses 7'=2.0 and 2.5 kbar.

(2.5 kbar) larger than the critical stress the coupling is
weak, although the separation between the HH1 and
LHI states at k;=0 is small. This can be identified by
the optical transition matrix elements.

The optical transition matrix elements [Q,;(k )]; and
[Q;;(k))], for (11N)-oriented superlattices under the uni-
axial stress are calculated, that for the (111) case under
the same uniaxial stresses as Fig. 5 are shown in Figs. 6
and 7, respectively. The Q,; (k;)’s show an apparent
difference for the uniaxial stresses just smaller and larger
than the critical stress. In the former case the [Q;;(k;)];
and [Q;;(k})], for the CBI-HH1 and CBI-LH1 transi-
tions vary with k; dramatically due to the mixing of the
HHI1 and LH1 subbands. In the latter case the [Q;;(k;)];
for the CB1-LH]1 transition become rather flat, and those
for CB1-HHn transitions become small. The [Q;;(k)],
for the CB1-LH1 transition are also flat, and those for the
CB1-HH1 transition decrease when k|| increases, due to
coupling with the HH2, HH3 states. It means that the
coupling between the LH1 and HH1 subbands over the
k, range considered is small.

HHI T=20kbar | [LH] T=25kbar
LHIT HHI
HH2 HH2
HH3 HH3
507 HH4 HHa
HH5 HH5
LL2 Tj—m
100> . .
0 0. _100 05 10
k/(271/L) (112) k/A2T/L) (112)

FIG. 5. Hole subband for (111)-oriented superlattices under

the uniaxial stresses 7"=2.0 and 2.5 kbar.

20 T -
T=20kbar T=25 kbar
HHI "
30}
> Ui LH]
HH2 HH2
HH3 HH3

k/A2m/L) (112)

0 A R
0 05 100 05

k/(21/L) (112)

10

FIG. 7. Same as Fig. 6, but for [Q;;(k;)];.
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V. SUMMARY

In this paper we have given an effective-mass formula-
tion for superlattices grown on (11V)-oriented substrates.
It is found that for the GaAs/Al,Ga,_,As superlattice
the hole subband structure and reiated properties are sen-
sitive to the orientation, because of the large anisotropy
of the valence band. The energy-level positions for the
heavy hole and the optical transition matrix elements for
the light hole apparently change with orientation. The
heavy- and light-hole energy levels at k;=0 can be calcu-
lated separately by taking the classical effective mass in
the k; direction. Under a uniaxial stress along the
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growth direction the heavy- and light-hole energy levels
shift down and up, respectively, and at a critical stress
the LH1 and HH1 energy levels cross over. The energy
shifts caused by the uniaxial stress are largest for the
(111) case, smallest for the (001) case. The optical transi-
tion matrix elements change dramatically after the LH1
energy level crosses over the HH1 energy level.
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