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We have investigated both theoretically and experimentally the well-width dependence of the polar-
ization anisotropies of the interband transitions in semiconductor quantum wells (QW’s). In our theoret-
ical study, we adopted the six-band Luttinger-Kohn model in which the spin-orbit split-off (SO) bands
are included. The polarization-dependent optical-matrix elements at the Brillouin-zone center in (001)
and (110) QW’s were calculated as a function of the well width using the exact solutions of coupled
effective-mass equations. The calculated results are shown for GaAs/Al,Ga,_,As and
Gayg, sIng sP/(Al,Ga,_)o sIng sP (001)-oriented QW’s as well as GaAs/Al, Ga,_,As (110)-oriented QW’s.
In the (001) QW’s, the inclusion of the SO bands into the calculation led to a decrease in the TM/TE ra-
tio of the optical-matrix element for the light-hole transition with decreasing well width. In the
Gay sIng sP/(Al,Ga,_,)o sIng sP system, which has a smaller spin-orbit splitting energy, the decrease in
the TM/TE ratio was shown to be more remarkable to show reversal between the TM and TE strength
when the hole confinement energy is large. In the (110) QW’s, the effect of coupling to the SO bands was
revealed to appear not only for the light-hole transition but also for the heavy-hole transition. The cal-
culated results for (110) GaAs/Al,Ga,_,As QW’s illustrated that the anisotropy regarding the polariza-
tion direction in the (110) QW plane increases with decreasing well width according to the increase in
coupling to the SO bands. In order to investigate experimentally the well-width dependence of the in-
plane optical anisotropy in (110) QW’s, polarized photoluminescence measurements were performed at
77 K on (110) GaAs/Aly ,Ga, sAs QW structures having various well widths. The in-plane anisotropy of
heavy-hole excitonic emission was observed to be almost unchanged for well widths wider than 9 nm,
while it was observed to increase for narrower well widths with decreasing well width. The degree of
linear polarization observed in the photoluminescence measurements showed good agreement with the

calculated results.

I. INTRODUCTION

One of the most distinctive features of semiconductor
quantum wells (QW’s), when compared with bulk semi-
conductors, is in their polarization properties. Whereas
bulk III-V semiconductors with the zinc-blende-type
structure are optically isotropic, QW’s exhibit anisotropic
polarization properties. This polarization anisotropy
affects the characteristics of QW lasers.! Early in the de-
velopment of QW lasers, it had already been noticed that
QW lasers show different gain characteristics between TE
and TM modes.>?® Yamanishi and Suemune* revealed
that this difference between TE and TM is owing to the
anisotropy in the optical-matrix elements in QW’s. They
showed that the optical-matrix element for the heavy-
hole transition at the Brillouin-zone center has only the
TE-mode component without the TM-mode component.
It was also shown that the squared optical-matrix ele-
ment for the light-hole transition is larger for TM than
for TE by a factor of 4. These results are irrelevant to
what materials the QW structure is composed of. The
above-mentioned results were obtained within an
effective-mass approximation based on the four-band
model.’

In the four-band approximation, only the heavy- and
light-hole bands are taken into account, while the spin-
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orbit split-off (SO) bands are neglected. This four-band
model has been proved to be a fairly good approximation
for GaAs/Al,Ga,_,As QW’s, which have been most in-
tensively investigated among various QW’s. Not only the
optical-matrix elements but also the energy levels have
been calculated within this model in many studies on
GaAs/Al, Ga,_,As QW’s. The four-band approxima-
tion is considered to be justifiable in the case of
GaAs/Al,Ga;_, As QW’s because of the large spin-orbit
splitting energy A in GaAs ( ~ 340 meV) compared with
the quantum-confinement energies of holes.

Recently, however, studies on semiconductor QW’s
have spread from GaAs/Al ,Ga,_,As QW’s to a variety
of QW’s consisting of various materials including
strained layers. Also, in theoretical treatments of the en-
ergy levels and optical properties of such QW’s, the four-
band approximation has often been used, as in the case of
(001) GaAs/Al, Ga,;_, As QW’s, due to its simplicity.

Strictly speaking, however, the effect of SO bands
skould be incorporated into the rigorous calculations of
the valence-subband structures, as has been pointed out
by Schuurmans and co-workers.®” Recently, it has been
pointed out that the effect of the SO bands becomes
significant in strained QW’s, such as In, Ga,_,As/AlAs
QW’s (Ref. 8) and In,Ga,_,As/InP QW’s,” especially
when highly strained.
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In addition to the above QW’s, whose well layers
comprise arsenide compound semiconductors,
Ga, sIny sP QW’s have recently attracted much attention
as the active region for a laser diode operating in the
600-nm range.!® Since phosphide compound semicon-
ductors generally have smaller spin-orbit splittings than
do those of arsenide (see Table I in Sec. III), the effect of
the SO bands is expected to be significant in Gag sIng sP
QW’s. (Generally, the spin-orbit splitting energy in the
III-V compound semiconductor is dominated by the V
element and is larger for a V element with a larger atomic
number.!!) A few authors!>”!*> have recognized this
point, and have thus calculated the energy levels in
Gag sIng sP/(Al,Ga,_, )y sIng sP QW’s in the six-band
model instead of the conventional four-band model. In
these studies, it has been revealed that the coupling of the
SO bands affects the energy levels of light-hole subbands
even at the zone center. On the other hand, however,
there has been no calculation of the optical-matrix ele-
ments in this system using the six-band model, though it
has already been pointed out by Eppenga, Schuurmans,
and Colak’ that the coupling of the SO bands also affects
the optical-matrix elements. It is thus expected that the
TM/TE ratio of the transition strength may be calculated
to be different from the conventional value when the
effect of the SO bands is taken into account.

Besides the anisotropy between TM and TE, there ex-
ists an additional optical anisotropy in differently orient-
ed QW’s than (001) and (111): optical anisotropy with
respect to the rotation of the polarization vector in the
plane of the QW. Such in-plane optical anisotropy in
QW’s grown on low-symmetry crystallographic planes
was reported first for (110) GaAs/Al,Ga,_,As
QW’s.1617 After these reports, in-plane optical anisotro-
py has also been reported for (113) GaAs/Al,Ga,_ As
QW’s,'® (110) In,Ga,_,As,P,_, QW’s,'® and (110) and
(112) strained In,Ga,_,As/GaAs QW’s.2>2! These in-
plane anisotropies in low-symmetry QW’s have been pro-
posed to be used for controlling and stabilizing the lasing
mode of vertical-cavity surface-emitting lasers.?? 24

In our previous studies'®!® of (110) and (113) QW’s, we
investigated the in-plane optical anisotropy of rather
wide QW’s having well widths of 9-10 nm. In these
studies as well as in other papers,'>?! the in-plane optical
anisotropy was analyzed within a four-band effective-
mass model using the 4 X4 Luttinger-Kohn Hamiltonian,
while neglecting the SO bands. The four-band model
offers simple analytical expressions for the in-plane opti-
cal anisotropies, whose expressions depend on material
parameters (Luttinger parameters) but include neither the
well width nor the barrier height. Whereas the predic-
tion based on the four-band model agreed well with the
previous experimental results'®!® on rather wide QW’s, it
is expected that including the SO bands (fully or as the
perturbation) in the model brings about some dependence
on the well width and the barrier height for narrow
QW’s. Actually, Nojima?® very recently calculated the
well-width dependence of the optical-matrix elements in
(110) GaAs/(Ga)AlAs QW’s, using the 6 X 6 Kane Hamil-
tonian, and showed that the in-plane optical anisotropy is
pronounced for narrower QW’s; Kamada et al.! suggest-
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ed the enhancement in in-plane anisotropy for narrower
QW’s in their experimental study on (110)
In,Ga,_,As,P;,_, QW’s. However, to our knowledge
there has been no systematic experimental report on the
well-width dependence of the in-plane optical anisotropy
in low-symmetry-plane QW’s; the essential physics for
the origin of the well-width dependence is still not
sufficiently understood.

In this paper we discuss the effects of the SO bands on
the polarization properties of interband transitions in
QW’s. In Sec. II we describe a theoretical formalism
used to calculate the optical-matrix element with the
effect of the SO bands taken into account. In Sec. III we
present calculated results of optical-matrix elements as
functions of the well width. We first deal with (001)
QW’s, comparing the GaAs/Al,Ga,_,As and
Ga, sIng sP/(Al,Ga, _, )y sIng sP systems, and then inves-
tigate (110) QW’s comprising GaAs/Al,Ga,_,As. On
the other hand, we make a more general discussion of the
effect of the SO bands in the Appendix according to a
perturbational approach, which is also applicable for oth-
er QW’s such as (111) and (113) QW’s. In Sec. IV we
present experimental results of polarized photolumines-
cence (PL) measurements on (110) GaAs/Al,,GajgAs
QW’s, and compare them with theoretically calculated
results. Finally, the results are summarized in Sec. V.

II. THEORETICAL FORMALISM

We consider electric-dipole interband transitions at the
Brillouin-zone center in a (001) or (110) QW. In order to
calculate the matrix elements for the electric-dipole tran-
sitions, we must first obtain the wave functions of the
conduction- and valence-band states, i.e., ¥, and V..
These wave functions can be obtained through solving
Schrédinger equations, such as H,W =EV,, with ap-
propriate boundary conditions at the heterointerfaces. In
the following we begin with a description of the wave
function and the effective-mass Hamiltonian H, for the
valence-band state at the zone center in (001) and (110)
QW’s in the six-band Luttinger-Kohn model.?®

A. Zone-center Hamiltonian for the valence-band states

We take the quantization axis z of the angular momen-
ta to be perpendicular to the QW interfaces: z||[001] for
the (001) QW; z||[110] for the (110) QW. As for the in-
plane axes x and y, in the case of a (001) QW it is not im-
portant how we define them in the (001) QW plane, since
the formalism does not depend on the way of defining the
in-plane coordinates owing to the high symmetry of the
(001) plane. On the other hand, in the case of a (110) QW
it is convenient to take the in-plane axes so as to coincide
with some principal axes in the (110) plane. It has been
shown that [110] and [001] are the principal axes of the
optical-matrix elements (i.e., the principal dielectric axes)
for the (110) QW.!® Therefore, we take the x and y axes to
be along [110] and [001], respectively, in the case of a
(110) QW.

According to the six-band Luttinger-Kohn model,?® we
take the six bases representing the spin-J states as
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V2 2 2
0 =-21, |5 |45 (8a)
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1 for a (110) QW,
¢6(r)—uso(_):‘%,%):‘/ |(x+ly)l>+—|ZT>
S B UV D iy -t (8b)
an O = EALE dz?
Here the designations x, y, and z refer to the correspond- V3 # d?
ing symmetry properties under operations of the R, =— —2~(7 3~ Y2) e | 72 (9b)
tetrahedral group; T and | refer to spin-up and -down, mo | dz
respectively. The zone-center wave function of a where the y’s represent Luttinger parameters. The off-

valence-band state is expanded in these six basis func-
tions,

6
W(r)= f(2)¢,(r), @)
i=1

where f;’s are envelope functions. The total Hamiltonian
for the valence-band state can be written as the sum of
the kinetic term and the spin-orbit interaction term:

H,=H;+Hg . (3)

For both (001) and (110) QW’s, the 6 X 6 matrices of these
Hamiltonians at the zone center become block diagonal,

HLK(3) 0
HLK — d
t 0 H[LK( 3)
H]E.K(3) 0 Hé,(l)((3) 0
= + (4)
0 H,{JKG) 0 H%(I)((fi)

Thus each valence-band state is doubly degenerate, and

we can set f1=fun, f2=fiw» Sf3=fso, and
fa=fs=f¢=0 for one of the two degenerated states,
while f4,= fuu, fs=fLu> f6=Sso0> and f1=f,=f3=0
for the other. Among the two terms in the Hamiltonian,
the spin-orbit interaction term is naturally diagonalized,
since the eigenstates of the angular momenta are adopted
as the basis functions: It is written

A —1 0 O
Hg®=210 —10], (5)
0 o 2

where A is the spin-orbit splitting energy. On the other
hand, the 3 X3 kinetic Hamiltonian is not diagonal and is
written as

diagonal elements of the kinetic Hamiltonian cause the
mixing between the spin-3 basis functions. In the case of
a (001) QW, only the bulk light-hole states uyy 4, are
mixed with the SO-band states uggy) to form light-hole
states in a QW, leaving the bulk heavy-hole states u yy+)
decoupled, since R, =0. On the other hand, uyy, vy,
and ugo are mixed to form any confined hole states in a
(110) QW, i.e., not only the light-hole states but also the
heavy-hole states in a (110) QW are coupled to the SO-
band states. (This situation is rather similar to the case of
quantum wires. Citrin and Chang?’ discussed the effect
of SO bands in quantum wires, and have pointed out that
both heavy- and light-hole states at the zone center in
quantum wires are coupled to the SO bands.)

B. Optical-matrix elements

Regarding the conduction-band states, the wave func-
tion at the zone center can be written as

Vo) (r)=fe(2uy4)(x) (10)

where f,(z) is an envelope function and u, 4, is the cell-
periodic part of the Bloch function for the conduction
band. The cell-periodic part can be written

Uy y=IstL,+1) or u,_,=Isi)=|L,—1), where
the designation s refers to the s-like symmetry property
under operations of the tetrahedral group. The
conduction-band envelope function f.(z) can be obtained
within the particle-in-the-box model.

Using the zone-center wave functions of conduction-
and valence-band states, the optical-matrix element at the
zone center can be written

le'M|2= 2 |<‘I’c(g)"é'P"I’v)|2 ’ (11)
o==
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where € is a unit vector denoting the polarization direc-
tion of the light, and p is the momentum operator. After
a simple calculation, Eq. (11) can be written more explic-
itly as

2

1 1 1

M, |?= TZICHH_—\/—E_ cLH+731cso P?, (12a)

2
M= g - — L | p2 (qap)
; V3 lemn T e dan™ 5 Leso ’
2
2 1

M, 2= —V_B_ICLH+—V§ .so| P?, (12¢)

where we have written |(s|p,|x)|=[(slp,|y)|

=|{(s|p,lzY| =P, and have defined the overlap integrals
I yps Ioin, and I oo as

IcHH=ffc(z)fHH(Z)dz ) (13a)
Lin= [ fo(@)fin(2)dz , (13b)
Iso= ffc(Z)fso(Z)dz . (13c)

The effects due to the terms related to I .o in Egs.
(12a)—(12c) can be referred to as the effects of the SO
band on the optical-matrix elements.

The above representation of the optical-matrix ele-
ments can still be simplified for a (001) QW, since the
heavy-hole state is decoupled from the other hole states.
For the heavy-hole transition, therefore, the overlap in-
tegrals I ; i and I g are both zero; the optical-matrix ele-
ments are derived only from I gy for the heavy-hole tran-
sition. On the other hand, the optical-matrix elements
for the light-hole transition are calculated as

2

1 1
M, |*=IM,|*= “%IcLﬂ_—‘/—?Icso P, (14a)
2
2 1
|Mz|2= 7—6—IcLH+‘/—§ ¢SO P2 . (14b)

In a (001) QW, therefore, the effect of the SO band ap-
pears only in the light-hole transitions, and does not ap-
pear in the heavy-hole transitions at the zone center. As
is clear from Egs. (14a) and (14b), when the effect of the
SO band is included, the in-plane matrix element
M, |*= lMyl2 becomes smaller, while |M,|? becomes
larger than those calculated within the model neglecting
the SO band, if I 5o has the same sign as I ;. On the
other hand, if I_.5o has the opposite sign to Iy, the re-
verse occurs. The latter is revealed in Sec. III to be actu-
ally true, by illustrating the calculated results for the
light-hole transition in practically important QW’s; it is
proven more generally by adopting a perturbational ap-
proach in the Appendix.

As to the heavy-hole transition in a (110) QW, it has
been shown?® that I,; ;; has a small but finite value with a
sign opposite to I.yy. In the model neglecting the SO
band, therefore, |M, |? has been calculated to be slightly
larger than |M,|* for the heavy-hole transition.?® This
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in-plane anisotropy is enlarged by the inclusion of SO
bands into the calculation, as is clear from Egs. (12a) and
(12b), if I go has the same sign as Iyy. This is also
shown to be true in a perturbational approach in the Ap-
pendix, as well as by calculated results in Sec. III.

III. RESULTS OF CALCULATION

Here we present calculated results regarding the well-
width dependence of the optical-matrix elements with the
effect of the SO band taken into account. In the calcula-
tion, we have used the exact form of the solution of the
coupled effective-mass equations for the valence-band
state, equations which are represented using the 3X3
Hamiltonian defined in Sec. II.

In previous studies on (110) QW’s, Gershoni et al.'” as
well as Nojima?’ calculated valence-band wave functions
on the basis of multiband effective-mass approximations
including the SO bands. In either of the two previous
studies, the envelope functions were expanded using an
orthonormal function set in order to solve the coupled
effective-mass equations. Then approximate wave func-
tions were obtained there in series-expansion forms in
which an infinite series of the orthonormal functions was
truncated practically. On the other hand, simple analyti-
cal forms of the envelope functions were obtained in this
study as an exact solution of the coupled effective-mass
equations. The method for solving the coupled effective-
mass equations exactly, which is essentially similar to the
method described in a previous paper by the author,?® is
described in detail in Ref. 29.

The calculated results of the optical-matrix elements
are presented in the following for (001) QW’s as well as
(110) QW’s. As for (110) QW’s, we deal with two materi-
al systems. First, we consider (001) GaAs/Al,Ga,_,As
QW’s; as the second example of (001) QW’s, we deal with
Gag sIng sP/(A1,Ga,_, ) sIngsP QW’s. The latter sys-
tem is a system lattice matched to the GaAs substrate,
and is now receiving much attention as a material system
for laser diodes operating in the 600-nm range. In this
system the effects of the SO bands are expected to play a
more important role than in the GaAs/Al, Ga,_, As sys-
tem, since the spin-orbit splitting energy A is much small-
er (A is 340 meV for GaAs while 95 meV for Ga, sIn, sP).
Lastly, we deal with (110) GaAs/Al,Ga,_,As QW’s as
an example of (110) QW’s.

TABLE 1. Luttinger parameters and spin-orbit splitting ener-
gies used in the calculations. Values for Luttinger parameters
are taken from Ref. 30, while those for spin-orbit splitting ener-
gy are from Ref. 31.

Y1 Y2 Y3 A (meV)
GaAs 7.65 2.41 3.28 0.34
AlAs 4.04 0.78 1.57 0.28
InP 6.28 2.08 2.76 0.11
GaP 4.20 0.98 1.66 0.08
AlP 3.47 0.06 1.15 0.07
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The material constants used in the calculation for
GaAs/Al,Ga,;_,As and Gay sIng sP/(Al, Ga, _, ), sIng sP
QW’s were as follows. As the valence-band parameters
for binary compounds, Luttinger parameters and spin-
orbit splitting energies were taken from Lawaetz®® and
Krijn,’! respectively, and are listed in Table I. The pa-
rameters for alloyed materials were obtained by a linear
interpolation between the values for binary compounds.
As for the effective masses of electrons, we set
mJ=(0.067+0.083x)m, for Al ,Ga,_,As and
mX=(0.11+0.86x)m, for (Al,Ga,_,),sIn,sP.3?> The
total band-gap differences at the heterointerfaces were
taken to be AE,=1.185x+0.37x%> (eV) for the
GaAs/Al,Ga;_,As system and AE,=0.521x (eV) for
the IngsGagsP/(Al,Ga;_,)sIngsP  system.> The
conduction-band-offset ratio R, =V_./AE, was set to be
0.67 for the former system while 0.43 for the latter.
The offset ratio for the GaAs/Al,Ga,_,As system was
assumed to be independent of the orientation of the
heterointerface.?*

Figures 1(a) and 1(b) show the calculated results of the
squared optical-matrix elements for the first-conduction-
to-first-light-hole-state (c1-1h1l) transition in (001)
GaAs/Al,Ga,_,As QW'’s as functions of the well width.
Figure 1 (a) shows the matrix elements for the z polariza-
tion, while Fig. 1(b) shows those for the in-plane polariza-
tion. The values were normalized by the squared
optical-matrix element for the bulk material,

2
x=03 -7
. L
= x=1 ,
=
~ 1 I,’
= @
E
/ Infinite Barrier
0 L
0 5 10 15
Well Width (hm)
2
(b)
~ --~-._ Infinite Barrier
) .
=
o 1
g x=1 S
x=0.3 o
1]
0 5 10 15

Well Width (nm)

FIG. 1. Squared optical-matrix elements for the c1-lhl tran-
sition in (001) GaAs/Al,Ga,_,As QW’s as a function of the
well width. (a) [M,[2/|M, [, (b) |M, |2/| M, |2
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|M,|2=1P2% Figure 2 shows the ratio of |M,|* to |M,|?
as a function of the well width. In those figures, the cal-
culated results assuming the infinite height of the barrier
potential are also plotted by dotted lines, together with
solid lines which represent results calculated for GaAs
wells sandwiched by finite barriers of Al ;Gag;As or
AlAs.

In the wide-well limit the values of the normalized ma-
trix elements |M,|>/|M,|?> and |M,|?/|M,|* approach
2.0 and 0.5, respectively, being independent of the height
of the barrier potential, as can be seen in Figs. 1(a) and
1(b). As a result, the ratio between them approaches
|M,|%|M,|>=4:1, as can be seen in Fig. 2. This ratio is
well known as the ratio of the squared matrix elements
between the TM and TE modes, which is obtained within
the approximation of neglecting the coupling to the SO
band. When the well width is decreased, the behavior of
the matrix elements is different, depending on the barrier
height.

It is interesting to direct our attention first to the case
of the infinitely high barriers shown by the dotted lines.
As the well width is decreased, |M,|? decreases, while
|M, |? increases; thus the ratio |M,|?/|M,|* decreases.
(Note here that the sum rule, ie., |M,[*+|M,[*
+|M,|*=2|M,|*+|M,|>=3|M, |3 is satisfied for the en-
tire well-width range in the case of an infinite barrier
height.) In the narrow-well limit, |M,|?/|M,|*> and
|M,|2/|M,|?> approach O and 1.5, respectively. These
values in the limit are coincident with the values for the
heavy-hole transition. This is because the light-hole state
degenerates with the heavy-hole state in a (001) QW in
the limit of the zero width within the infinitely high-
barrier model. (In this limit the kinetic term becomes so
large that the spin-orbit interaction term can be neglect-
ed. Among the three eigenstates of the kinetic Hamil-
tonian HLX), one is nondegenerate while the other two
are degenerate. This degeneracy corresponds to the de-
generacy between heavy- and light-hole states in the
zero-width limit.)

On the other hand, the changes in the cases of actual
QW’s with Al _Ga,;_, As finite barriers are not so drastic
as in the case of an infinite barrier; |M,|?/| M, |? does not

4
o 3
£
=
o 2
N 7
=
1 " Infinite Barrier
0
(1] 5 10 15
Well Width (nm)
FIG. 2. Ratio of squared optical-matrix elements
|M,|?/|M,|*> for the cl1-lhl transition in  (001)

GaAs/Al,Ga,_, As QW’s as a function of the well width.
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decrease less than 1.5 and | M, |2/|M,|? does not increase
more than 0.75 for the highest actual barrier of AlAs, as
can be seen in Figs. 1(a) and 1(b). Therefore, neglecting
the coupling to the SO bands can be regarded as being a
good approximation for (001) GaAs/Al,Ga,;_,As QW’s,
especially for low values of the Al content x. It is thus
deduced that the ratio |M,|?/|M,|? in a QW with low-
Al-content barriers is not so far from 4, being indepen-
dent of the well width, as can be seen in Fig. 2. Actually,
Sonek et al.*® experimentally obtained a value of 3.8 as
the ratio of TM absorption to TE in a (001)
GaAs/Al Ga,;_,As QW with x=0.26 and a well width
of 8 nm. However, one should remember that for narrow
wells with high-Al-content barriers the ratio |M,|%/|M, |
decreases to be as small as 2.

The effects of the SO bands become more pronounced
when the spin-orbit splitting energy of the well-layer
material is small. Figures 3(a) and 3(b) show the
calculated results of |M,|%/|M,|*> and |M,|*/|M,]|?
respectively, for the c¢1-lhl transition in (001)
Gag sIng sP/(Al,Ga,_, ) sIng sP QW’s. Comparing Figs.
3(a) and 3(b) with Figs. 1(a) and 1(b), one can see that the
well-width dependence is more pronounced in Gag sIng sP
QW’s than in GaAs QW’s. For finite barrier heights,
|M,|?/|M,|* decreases with decreasing well width,
reaches a minimum, and then increases. |M, |*/|M,|?
shows the opposite behavior. For the case of x=1,
|M,|%/|M,|? reaches almost to 0.5; | M, |?/|M,|? exceeds
1.0. Those values are about one-fourth and twice the
values calculated within the model neglecting the SO

2
oL
Q
=
o 1
N
= .
x=1 /" Infinite Barrier
o -
0 5 10 15
Well Width (nm)
2
Infinite Barrier
o [T -~
= x=1 . (b)
= ™
1 ~
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= /\ _________________
0.3
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FIG. 3. Squared optical-matrix elements for the c1-l1h1 tran-
sition in (001) Gag sIng sP/(Al,Ga,_, ) sIng sP QW’s as a func-
tion of the well width. (a) |M,|>/|M,|?, (b) [M,|*/|M, |
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band, respectively. Thus the model neglecting the SO
band cannot stand at all for the light-hole transition in
Gag sIny sP QW’s with high barrier heights and narrow
well widths. The increase of |M,|? after reaching the
minimum and the decrease of |M, |? after reaching the
maximum for very narrow well widths are both due to
the wave-function overflow out of the well by narrowing
the well width.?> Figure 4 shows the ratio of |M,|? to
|M, |? for (001) Gag sIng sP/(Al,Ga,_, ), sIng sP QW’s as
a function of the well width. The ratio is evidently small-
er than the calculated value within the model neglecting
the SO band, even at a rather wide-well width of 15 nm.
The ratio becomes even smaller with decreasing well
width, and reaches the minimum at a well width of 2-3
nm. When x =1, the ratio becomes less than 1 for well
widths narrower than 3.5 nm, i.e., the light-hole transi-
tion probability is larger for the TE mode than for the
TM mode. Thus the reversal in the TE/TM ratio occurs
for the light-hole transition in nparrow (001)
Gao_ 5In0_ 5P/A10 SInO. SP QW’S.

Next we turn to the case of (110) QW’s. In (110) QW’s,
not only the light-hole states but also the heavy-hole
states are mixed with the SO bands. For the heavy-hole
transition, the optical-matrix element for z polarization
remains very small and almost negligible, even when the
SO bands are taken into account. We therefore concen-
trate on the optical-matrix elements of the heavy-hole
transition only for in-plane polarization.

Figure 5 shows the relative matrix elements for the
first-conduction-to-first-heavy-hole-state (c1-hhl) transi-
tion in (110) GaAs/Al,Ga;_,As QW’s as functions of
the well width, for in-plane polarizations, i.e., x and y po-
larizations, which were calculated with the effect of the
SO bands taken into account. In Fig. 5, the solid lines
correspond to the finite-barrier-height cases, while the
dotted lines correspond to the infinite-barrier-height case.
Among the in-plane polarizations, the matrix elements
are different for x and y polarizations. Figure 6 shows
the in-plane polarization degree, which is defined as
Pigptane =M, [*— M, |>) /(IM,|>+|M,|?), as a function
of the well width. The solid curves indicate the calculat-
ed results with the effect of the SO bands taken into ac-

4
3
o
t
=
o 2
N
S
1
0
0 5 10 15
Well Width (nm)
FIG. 4. Ratio of squared optical-matrix elements

IM,|?/|M,|> for the cl-lhl transition in  (001)
Gag sIng sP/(Al,Ga,_, )y sIng sP QW’s as a function of the well
width.
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FIG. 5. Squared in-plane optical-matrix elements for the c1-
hhl transition in (110) GaAs/Al,Ga;_,As QW’s as a function
of the well width.

count for QW’s with Al ,Ga,_, As barriers with x =1 or
0.2, while the dashed curve indicates those for QW’s with
infinitely high barriers. In this figure the calculated re-
sults without the effect of the SO bands!® are also plotted
by the dash-dotted line, which result in a constant value
being independent of the well width.

In the wide-well limit, the values of the normalized ma-
trix elements (|M,|*/|M,|* and |M,|*/|M,|*) and the
in-plane polarization degree approach the values calculat-

100 :
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_g Infinite Barrier Height
g 60
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[+ x=1 s
9- 40 “\ O Experiment (x=0.2)
o
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o
g
a 20
0
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Well Width (nm)
FIG. 6. In-plane polarization degree, Pin~plane=(| M, |?

~|M, ") /(IM|*+|M,|?), for the cl-hhl transition in (110)
GaAs/Al,Ga;_,As QW’s as a function of the well width, which
were calculated with the effect of the SO bands taken into ac-
count (solid and dashed curves). The dash-dotted line shows the
calculated result without the SO bands. Open circles indicate
the degree of polarization at the peak wavelength of PL from
(110) GaAs/Aly ,Gaj gAs QW’s.
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ed without the SO bands in Ref. 16, being irrelevant to
the height of the barrier potential, as can be seen in Figs.
5 and 6. When the well width is decreased in the case of
an infinite barrier height, |M, |2/|M, |? increases to reach
3 in the zero-width limit, while | M, |>/|M,|? decreases to
vanish, as indicated by the dotted lines. As a result, the
in-plane polarization degree increases with decreasing
well width to reach 100% in the zero-width limit for the
infinite barrier height, as shown by the dotted line in Fig.
6. [This means that the heavy-hole state in a (110) QW
has only the |x) component in the limit of the zero
width. In this limit the kinetic Hamiltonian H, is so
large that the spin-orbit interaction Hamiltonian Hgg can
be neglected. Note here that H; is diagonalized in the
(Ix), ly), |z)) basis set. While the |x) and |y ) states
degenerate in a (001) QW, they do not degenerate in a
(110) QW owing to the low symmetry. Then the lowest-
energy eigenstate |x ) of H, corresponds to the heavy-
hole state in a (110) QW in the zero-width limit, while the
second-lowest-energy eigenstate |y ) corresponds to the
light-hole state.] For finite barrier heights, the well-width
dependence is more moderate. The decrease of |M. * |2 for
very narrow well widths, which can be seen in Fig. 5, is
due to the wave-function overflow out of the well by nar-
rowing the well width.?® In Sec. IV, these calculated re-
sults regarding the well-width dependence of the in-plane
polarization degree are compared with the experimental
results for (110) GaAs/Al, ,Ga, sAs QW’s.

IV. EXPERIMENTAL STUDY
ON (110) GaAs/Al, ,Ga, sAs QW'’s
AND COMPARISON WITH THEORY

In this section we describe the experimental study re-
garding the in-plane optical anisotropy of the heavy-hole
excitonic transition in (110) GaAs/Al, ,Gaj gAs QW’s by
means of a PL method. The samples used in this study
were grown by molecular-beam epitaxy (MBE) on a
(110)-oriented n t-GaAs substrate. The growth condi-
tions were described in detail in our previous paper.!'® In
short, the growth conditions were as follows. The sub-
strates used were (110) misoriented by 6° toward the
nearest (111) 4 plane; the growth temperature was 590 °C;
the growth rate was 0.45 um/h for GaAs; the beam-
equivalent ion-gauge pressure of As, was 1.5X 10™* Torr
at the substrate position. These growth conditions, i.e.,
the low growth temperature, the slow growth rate, and
the high As, pressure, were chosen so as to obtain a
smooth surface.

Three samples were investigated in this study. One
was the same as that used in our previous paper,16 which
had a positive-intrinsic-negative (p-i-n) structure with a
multiple-QW structure embedded in the middle of the i
layer. The multiple-QW structure comprised 20 periods
of alternating 9-nm GaAs wells and 13.5-nm
Al ,Ga,_,As barriers. The other two samples comprised
i layers only. One had a single QW with a well width of
15 nm. The last sample had four QW’s with different
well widths, i.e., 9, 6.75, 4.5, and 2.25 nm, which were
separated from each other by 50-nm-thick Al ,Ga;_, As
barrier layers. The Al contents of the Al Ga,_,As bar-
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rier layers in the above-mentioned samples were all 0.2.

The polarized PL spectra were taken at 77 K in the
conventional way by setting a linear polarizer in front of
the monochromator. The 488-nm line of an Ar-ion laser
was used as the excitation source, and the exciting light
was about 20° off normal incidence. The sample was set
so that its [111] axis became vertical. Thus, both the
[110] and [001] axes made an angle of 45° with the slit of
the monochromator. The backscattered luminescence
light was detected normal to the surface. The spectra
were taken for the two orthogonal polarizations, i.e.,
[110] and [001] polarizations. Since the [110] and [001]
polarization directions are mirror symmetrical with
respect to the vertical plane, it was not necessary to
correct for the luminescence intensity of those polariza-
tion directions for the polarization dependence of the
grating.

Figure 7 shows the PL spectra from a sample including
a multiple-QW structure with a well width of 9 nm,
where the solid line shows the spectrum for the [110] po-
larization, while the dashed line shows that for the [001]
polarization. Although the peak in the PL spectra ap-
pears at a longer wavelength by 3 nm than the heavy-hole
excitonic peak in the photocurrent spectra in our previ-
ous study, !¢ we also attributed the peak to the heavy-hole
excitons in the PL spectra. The rather large Stokes shift
suggests a fluctuation in the well width and the Al con-
tent of the barrier layers, which is consistent with the
rather large half-width of the PL peak.

We confirmed that, although the excitation light was
linearly polarized, the intensity ratio between the two po-
larized components of the luminescence, 17,4, and (oo},
was irrelevant to the polarization direction of the excita-
tion light. The degree of polarization, which is defined as
(I 7101~ T10017) /U 719 T 1001)), is also plotted in Fig. 7 as
a function of the wavelength. The polarization degree

77 K
Lz =9 nm

8//[110)

&//[001)

8
DEGREE OF POLALIZATION (%)

PL INTENSITY (arb. units)

N
(-]

-
o

1 I
795 800 805 810 815

WAVELENGTH (nm)

FIG. 7. 77-K PL spectra of a multiple GaAs/Al,Ga,_,As
QW structure having a well width of 9 nm. The solid and
dashed curves indicate the luminescence components of the
[110] and [001] polarizations, respectively. The degree of polar-
ization Pi,,_p,ane=(Imo] —TIjg013 )/(I[Tm] +1501) is also shown as
a function of the wavelength.
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(including the sign) at the peak wavelength of the heavy-
hole transition derived from the PL spectra in the present
study was 9%, and is in good agreement with that de-
rived from the photocurrent spectra in our previous
study.!® We therefore conclude that the polarization de-
gree derived from the PL spectra, as well as that derived
from the photocurrent spectra, directly corresponds to
the polarization degree for the heavy-hole excitonic tran-
sition, if the excitation energy is sufficiently high com-
pared with the band gap of the barrier layer.

One can see in Fig. 7 that the degree of polarization is
almost constant for wavelengths longer than 800 nm,
while it decreases to zero when the wavelength is de-
creased from 800 to 795 nm. In our previous study!® we
observed the absorption peak due to the light-hole exci-
tonic transition appearing at a shorter wavelength by
about 10 nm than the heavy-hole excitonic peak in the
photocurrent spectra. We then observed that the polar-
ization of the light-hole excitonic transition is opposite to
that of the heavy-hole excitonic transition. Furthermore,
it is well known that not only the heavy-hole but also the
light-hole excitonic emission is observed in the 77-K PL
spectrum for a (001) or (111) QW having a well width of 9
nm or wider.’® Also in this PL spectrum for the (110)
QW with a well width of 9 nm, although the light-hole
excitonic emission is expected to emerge, it is thought to
be unresolved from the heavy-hole excitonic peak due to
the broad width of the latter peak. We therefore attribut-
ed the decrease in the degree of polarization around a
wavelength shorter than the heavy-hole excitonic emis-
sion peak by about 10 nm to compensation by the light-
hole excitonic emission.

Figure 8 shows the PL spectra for the two orthogonal
polarization directions from a sample including a single
QW with a well width of 15 nm, together with the degree
of polarization. As can be seen in Fig. 8, the polariza-
tion degree is almost constant above the peak wavelength
of the PL intensity, just as in the 9-nm-wide QW, while it
decreases with decreasing wavelength to become negative
at wavelengths below 814 nm. The light-hole excitonic
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FIG. 8. As in Fig. 7, but for a single-QW structure having a
well width of 15 nm.
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emission is thought to be more enhanced in the 15-nm-
wide QW than in the 9-nm-wide QW due to the smaller
separation between the heavy- and light-hole levels.
Therefore, the reversal of the polarization degree in sign
below 814 nm can reasonably be attributed to the appear-
ance of a light-hole excitonic emission in this wavelength
range. The asymmetry of the luminescence peak, which
is more enhanced in the [001] spectrum, proves the ex-
istence of an unresolved peak of the light-hole excitonic
peak.

Thus the degree of polarization in the wavelength
range of the light-hole excitonic emission is thought to
vary with the well width according to the change in the
extent of overlapping with the heavy-hole excitonic emis-
sion. On the other hand, the degree of polarization at the
peak wavelength for the heavy-hole excitonic emission is
thought not to be affected by the overlapping with the
light-hole excitonic emission, at least for well widths nar-
rower than 9 nm, since the polarization degree is almost
constant around the peak wavelength within the +5-nm
range for the 9-nm-wide QW.

As can be seen from a comparison between Figs. 7 and
8, the degree of polarization in the peak wavelength
remained almost unchanged for QW’s having well widths
of 9 and 15 nm, and was about 9% for either case. This
indicates that the polarization degree of the heavy-hole
transition does not depend on the well width so much
when the well width is wider than 9 nm.

Figure 9 shows the PL spectra for the two polarization
directions from a sample including four QW’s with
different well widths of 9, 6.75, 4.5, and 2.25 nm. One
can see a tendency to increase the degree of polarization
with decreasing wavelength. (The dashed-dotted line in
Fig. 9 is plotted only as a guide to the eye, joining the
peaks of the curve for the polarization degree by a
straight line.)

In Fig. 6, the degree of polarization at the peak of the
PL spectrum is plotted as a function of the well width for
the corresponding QW by open circles. It can be seen in
Fig. 6 that the degree of polarization increases to be

(110) GaAs/Alg ,GaggAs QW
77K
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FIG. 9. As in Fig. 7, but for a sample including four single
QW’s having well widths of 9, 6.75, 4.5, and 2.25 nm, respective-
ly.
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beyond 20% for a well width of 2.25 nm, which value is
more than twice as large as the value for a 9-nm QW. We
now compare the experimental results with the theoreti-
cally calculated results, assuming that the in-plane anisot-
ropy in the squared optical-matrix element calculated in
Sec. III dominates the degree of polarization in the
heavy-hole excitonic emission in PL. As can be seen in
Fig. 6, the experimental results are in good agreement
with the calculated results for the Al ,Ga,;_,As barrier
layers with x =0.2 when the effect of the SO bands is tak-
en into account. Thus the observed increase in the degree
of polarization with decreasing well width is well ex-
plained as being due to an increase in the effect of the
coupling to the SO bands in the optical-matrix element.

V. CONCLUSIONS

We have investigated the effect of the SO bands on the
optical-matrix elements in (001) and (110) QW’s. The cal-
culated results were shown for (001) GaAs/Al, Ga,_,As
and Gag sIng sP/(Al,Ga,_, )y sIng sP QW’s as well as for
(110) GaAs/Al,Ga;_,As QW’s. The calculated results
on the (001) QW’s have indicated that, while neglect-
ing the SO bands is a rather good approximation
for GaAs/Al,Ga,_,As QW’s, it does not stand
any more for the light-hole transition in
Gaolslno_ SP/(A]X Gal —x )O.SInO. 5P QW’S in Which the
spin-orbit splitting energy is small. The optical-matrix
elements in (001) Gay sIny sP/(Al,Ga,_, ) sIny sP QW’s
showed an evident dependence on the well width. As the
results, the values were found to differ from the conven-
tional prediction by the four-band model, especially for
narrow and deep wells, to show the reversal in TM/TE
ratio. While in this paper we dealt with only the
Ga,In,_.P QW’s with x =0.5, which lattice match to
the GaAs substrate, it is expected that the effect of the
SO bands on the polarization property is still enhanced
owing to the strain effect for lattice-mismatched
Ga,In,_ P QW’s with x other than 0.5.

As for (110) GaAs/Al,Ga,;_,As QW’s, the effect of
the coupling to the SO bands can be seen not only on the
light-hole transitions but also on the heavy-hole transi-
tions. The calculated results have indicated that the in-
plane optical anisotropy in (110) QW’s increases with de-
creasing well width according to the increase in coupling
to the SO bands.

We have also experimentally investigated the well-
width dependence of the polarization anisotropy of the
heavy-hole excitonic transition in (110) GaAs/Al, ,Gag g
As QW’s having well widths ranging from 2.25 to 15 nm
by means of 77-K PL measurements. The evident in-
crease in the degree of polarization has been found for
the heavy-hole excitonic emission from QW’s narrower
than about 7 nm. The experimental results showed good
agreement with the calculated results in the model, in
which the effect of the coupling to the SO bands is taken
into account.
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APPENDIX: PERTURBATIONAL APPROACH
IN INFINITELY HIGH-BARRIER MODEL

In this appendix we discuss the effect of the SO bands
on the optical-matrix elements on the basis of a perturba-
tional theory. For simplicity we assume infinitely high
barriers. In the infinitely high-barrier model, the en-
velope functions become simple sinusoidal waves. For
example, when we set z=0 at an end of the well, the
wave function of the nth heavy-hole state can be written
as

3 172 nwz
. r.
\I}hh (+)= 2 a'hh e sin ¢
n = i L L i
2 172
f] sin ”zz |hh(+)) , (A1)

where L is the well width and we have written the cell-
periodic part of the heavy-hole wave function as

|hh(+)>=§ ahe, .

i=1

(A2)

The cell-periodic part of the light-hole wave function
[1h(+)) is defined in a similar manner. Then, d2/dz? in
P., Q, and R, can be replaced by —m?/L% The
optical-matrix elements can be calculated using only the
cell-periodic parts of the wave functions. For example,
the matrix element for the heavy-hole transition can be
written as

[&-M|?=]|(st|&plhh(+))|>+|(si[e-p/hh(+))|*.
(A3)

In the following we derive the cell-periodic parts of the
hole wave functions, |hh(+)) and [lh(+)), on the basis
of perturbation theory, in which we treat Hgy as the un-
perturbed Hamiltonian and H, as the perturbation, and
calculate the optical-matrix elements according to Eq.
(A3).

1. (001) QW

As mentioned in Sec. II, the heavy-hole state in a (001)
QW is not affected by the perturbation due to the cou-
pling of the SO band through H,. Therefore, we discuss
only the light-hole state. Within the first-order perturba-
tion, the cell-periodic part of the wave function of the
light-hole state can be written as

_ V20,

[h(+)),=13,—1) =

"%)“%) .

(A4)

(1+a)'?Ri+(1—a)'?Q, | (1+a)'?Q,—(1—a)' Ry
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Using this perturbed wave function and Egs. (14a) and
(14b), the optical-matrix element for the light-hole transi-
tion can be written as

2
2 2
M, =M, 2= [1+——~A_Qg % ) (A5a)
k
2
M, |2= 1—Af’°Q %PZ. (A5b)
k

From the above representations, it can be deduced that
the conventional prediction by the four-band Luttinger-
Kohn model is recovered in the wide-well limit. Howev-
er, the squared in-plane matrix elements, |M,|?> and
|My|2, increase as the well width decreases, while |M, |2
decreases as the well width decreases, since Q; is larger
for a narrower well. Thus the ratio of |Mz|2 to the
squared in-plane optical-matrix element decreases from
the value of 4 for the wide-well limit when the well width
decreases. These results for (001) QW?’s are also valid for
(111) QW’s, since all expressions here for (001) QW’s can
be transformed to those for (111) QW’s only by substitut-

ing y, for y;in Q.
2. (110) QW

The zeroth-order perturbed wave functions of the
heavy- and light-hole states can be written as

|k +>>0t,,=‘+§(1+a)“2l%,%>
——‘/1_2—(1—a)‘/2|%,—§> , (A6)

[1h( + )>0th=7%(1—a)“2|%,%>
+T/1_E(1+a)‘/’-l%,—%> , (A7)

respectively, where a=0Q, /(Q2+R?)!/2. Using these
zeroth-order perturbed wave functions, one can derive
the optical-matrix elements in the model neglecting the
SO bands, as was done in Ref. 22. The derived optical-
matrix elements are independent of the well width. It has
been shown in Ref. 22 that, for the heavy-hole transition,
|M, |> and |M, |? are slightly larger and smaller than 2P?,
respectively.

The first-order perturbed wave function for the heavy-
hole state can be written using the above zeroth-order
perturbed wave functions as

[hh(+) ) =hh(+)) gy + A

[h(+) )+ 14, — 1) (A8)

20y

Since a is close to 1 in general, it is clear that the coefficient for [lh(+)),;, in Eq. (A8) is negative, while that for

2

1,—1) is positive. Therefore, it can be deduced from Egs. (12a) and (12b) that | M, |* increases while | M, |* decreases

for the heavy-hole transition as the well width decreases. Thus the in-plane anisotropy increases with decreasing well
width. A similar argument can be obtained for other low-symmetry QW’s such as (11N) QW’s with N0 or 1. The
in-plane anisotropies in such (11N) QW’s are expected to become noticeably larger than the predicted values'® within

the four-band model when the well width is narrow.
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