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Interband optical transition spectra in GaAs quantum wires with rectangular cross sections

T. Sogawa,* H. Ando, S. Ando, and H. Kanbe
NTT Basic Research Laboratories, 3-1, Morinosato-Wakamiya, Atsugi-Shi, Kanagawa 243-01, Japan

~Received 25 November 1996; revised manuscript received 14 March 1997!

Interband optical transition spectra of rectangular GaAs quantum wires~QWR’s! of various cross-sectional
sizes are experimentally and theoretically studied. High-quality GaAs QWR’s with lateral sizes below 20 nm
are formed in AlAs trench structures with~110! vertical sidewalls by using metal-organic chemical vapor
deposition. Polarization-dependent photoluminescence excitation~PLE! spectra in the QWR’s clearly exhibit
absorption peaks corresponding to optical transitions between quantized one-dimensional conduction and va-
lence subbands. It is found that transition strengths and polarization anisotropies in the lowest- and higher-
energy PLE peaks significantly vary, depending on the cross-sectional shape of the rectangular wires. The
polarization-dependent interband transition matrix elements and the detailed absorption spectra are calculated
by a multiband effective-mass theory considering heavy-hole and light-hole subband mixing. The theoretical
results clarify the physical origin of observed PLE peaks and explain the strong dependence of interband
transition properties on the cross-sectional ratio of QWR’s.@S0163-1829~97!02128-0#
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I. INTRODUCTION

Low-dimensional quantum nanostructures such as qu
tum wires ~QWR’s! and quantum dots~QDT’s! have at-
tracted considerable attention in view of their basic phys
and potential device applications.1,2 Various fabrication
methods, such as fine etching of quantum-well~QW! struc-
tures and regrowth, growth on nonplanar substrates, gro
on tilted substrates, selective growth on masked substr
and overgrowth on cleaved-edge surfaces, have b
demonstrated.3–16 With these methods, QWR’s and QDT’
which exhibit photoluminescence~PL! blueshifts and
subband-energy separation due to quantum-confinemen
fects in the lateral~i.e., perpendicular to the growth axis!
direction, have been fabricated. Recently, natural forma
methods using multiatomic steps on vicinal substrates
the Stranski-Krastanow growth mode also have been acti
investigated17–20 because small QWR’s and QDT’s can b
formed without the limitations of the lithographic techniqu
However, the achieved structures have a tendency to ex
larger lateral sizes compared to the vertical~i.e., growth di-
rection! thickness because of the poor size controllability
the lateral direction. Note that precise structural control
well as superior uniformity in QW structures is due to t
fact that the structures are defined by the crystal plan
where layer-by-layer growth contributes to achievi
atomic-scale control of flatness and thickness. An advan
technique utilizing crystal planes~or facets! is essentially
required in order to control the shapes and sizes of mult
mensional confinement structures on an atomic scale.
improved structure controllability can lead to a deep und
standing of low-dimensional effects.

We previously reported on the fabrication of rectangu
GaAs QWR’s buried in AlAs trench structures with vertic
~110! sidewalls by metal-organic chemical vapor deposit
~MOCVD! on nonplanar GaAs substrates.21–25 These
QWR’s, which we call ‘‘trench-buried QWR’s,’’ have ad
vantages in that the lateral width as well as the vertical thi
ness can be precisely controlled in the region below 20
560163-1829/97/56~4!/1958~9!/$10.00
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by the growth process and that the abruptness of latera
terfaces between GaAs and AlAs layers is less than sev
monolayers.23 Thus tight quantum confinement in two spati
dimensions can be achieved in trench-buried QWR’s ow
to their small sizes and to the large potential difference
tween the wires and the barrier layers. Polarizatio
dependent photoluminescence excitation~PLE! spectra that
clearly exhibit not only the lowest, but also higher quantiz
transition peaks can be investigated in trench-buried QWR
leading to the experimental exploration of one-dimensio
~1D! band structures.

Several theoretical studies on 1D band structures h
been reported, demonstrating that quantum confinemen
two spatial dimensions significantly modifies valence-ba
structures; that is, that the heavy-hole~hh! and light-hole~lh!
states are strongly mixed even at the zone center.26–34 The
PL and PLE spectra of the QWR’s are therefore expecte
exhibit strong polarization anisotropy, which is determin
by the hh-lh mixing conditions. It has also been predict
that the valence-band structures as well as the hh-lh mix
conditions significantly depend on the cross-sectional sh
of the QWR’s, i.e., on the relative confinement strength
tween two confinement directions.31 Thus the investigation
into the cross-sectional shape dependence of overall abs
tion spectra including the lowest- and higher-energy tran
tions promises to offer important knowledge on the char
teristics of 1D subbands in quantum-wire structures.

This paper reports on our systematic study of interba
optical transition spectra in GaAs/AlAs rectangular QWR
with various cross-sectional sizes. The polarizatio
dependent PLE spectra clearly exhibit quantized transi
peaks, demonstrating anisotropic optical transition proper
determined by the characteristics of 1D valence subband
is also revealed that the transition strength, polarization
isotropy, and quantized energy of each transition vary w
the change in the cross-sectional shape of the QWR’s.
analyze theoretically interband transition properties in re
angular QWR’s using the multiband effective-mass theo
which takes the mixing of the hh and lh states into accou
1958 © 1997 The American Physical Society
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56 1959INTERBAND OPTICAL TRANSITION SPECTRA IN . . .
The transition matrix elements between conduction and
lence subbands for different polarization conditions with
spect to the wire direction are derived to facilitate discuss
of the experimental results. We also calculate the deta
absorption spectra by considering thek dependence of the
transition matrix element. The theoretical results clarify t
physical origin of the observed PLE peaks and explain
strong dependence of the interband transition properties
the cross-sectional ratio of the QWR’s, confirming the fo
mation of 1D valence-subband structures that significa
depend on quantum confinement conditions, i.e., on rela
confinement strength between two directions.

The remainder of the article is organized as follows. S
tion II describes the fabrication method for rectangu
GaAs/AlAs QWR’s. Section III shows PL and PLE spect
for QWR’s of various wire sizes. In Sec. VI the transitio
matrix element and absorption spectra for rectangu
QWR’s are calculated. The valence-band structures are
lyzed by using a multiband effective-mass method that tre
hh-lh mixing. The theoretical model is described in S
VI A. In Sec. VI B we show the polarization dependence
the transition matrix element between 1D conduction a
valence subbands to discuss optical transition properties.
numerically calculated absorption spectra of rectangu
QWR’s with various cross-sectional ratios are also presen
In Sec. VI C we discuss the experimental results in comp
son with the calculated transition properties. Section V su
marizes our conclusions.

II. FABRICATION METHOD FOR RECTANGULAR
QUANTUM WIRES

Figure 1 shows schematically the process employed in
fabrication of the GaAs/AlAs rectangular QWR’s. The fir
step is substrate patterning. The~001! GaAs substrates ar
patterned with V-shaped grooves oriented along the^1̄10&
direction, using electron-beam lithography~JEOL 6000FS!
and wet chemical etching. We formed 150-nm-pitch gratin
composed of 600 grooves, where the sidewalls of
V-shaped grooves are (111)A facets. Low-pressure~76 torr!
MOCVD growth using trimethylgallium, trimethylalumi
num, and arsine were applied. An AlAs layer initially grow
on the V-shaped grooves produces trench structures with
tical sidewalls.21–25The sidewalls correspond to~110! facets
perpendicular to the~001! substrate. We observed that th
trench structures can be formed when the growth tempera
is 620 –650 °C and the group V/III ratio for AlAs growth i
110–220. We have reported that the trench width betw
the opposite sidewalls is determined by the growth con
tions, i.e., by a combination of the growth temperature a
the group V/III ratio for AlAs growth.22,23 The trench width
becomes about 20 nm when the growth temperature
620 °C and the V/III ratio is 220, whereas the trench wid
becomes about 30 nm when the growth temperature
650 °C and the V/III ratio is 110. Since the lateral grow
rate on the~110! facets is slow, an increase in the AlA
growth time does not effectively reduce the trench wid
below the growth-condition-determined dimensions
20–30 nm. To further reduce the trench width, GaAs/Al
short-period superlattice layers~SL’s! were grown after the
formation of the base AlAs trenches because GaAs/A
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short-period SL’s can laterally grow on~110! facets. The
difference of the growth mechanism between the AlAs la
and GaAs/AlAs SL’s on~110! facets will be discussed else
where. By changing the number of SL’s or the thicknesse
GaAs or AlAs layers in the SL’s, the trench width can b
precisely controlled. The next step is the growth of Ga
wires inside the trenches. As a result of the migration of
species into the trenches, the GaAs growth rate at the bo
of the trenches is enhanced compared to the growth rate
planar substrates. We found that the GaAs wire thicknes
proportional to the supplied thickness and that the enhan
ment factor is determined by the growth condition.21 Thus
the thickness of the GaAs wires can be precisely contro
by changing the GaAs growth time. The final step is grow
of the upper barrier layer, where AlAs, AlxGa12xAs, or
GaAs/AlAs SL’s can be chosen.23

Figure 2 shows a transmission electron microsco
bright-field image for the cross section of a typical trenc
buried QWR that includes the narrowing SL’s. The dark a
bright spots correspond to the GaAs and AlAs lattice imag
respectively, exhibiting a 13-nm-wide and 13-nm-thi
nearly square GaAs QWR surrounded by barrier layers w

FIG. 1. Schematic illustrations of the fabrication process
GaAs/AlAs rectangular QWR’s.
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an interface roughness of several monolayers. The struc
consists of an AlAs~23-nm! layer; seven pairs of GaAs/AlAs
~0.8-nm/2-nm! SL’s, where the top AlAs layer is 4 nm thick
a GaAs~2-nm! layer; a thin AlAs~4-nm! barrier layer; and a
thick Al0.4Ga0.6As cover layer. These thicknesses correspo
to those on the planar substrate. This sample was grown
growth temperature of 650 °C with a group V/III ratio of 11
for AlAs growth. Under this growth condition, the growth
condition-determined trench width is about 30 nm. The la
ered structures of the SL’s can be seen at the bottom
sidewalls, demonstrating that the growth of SL’s can red
the lateral width from 30 to 13 nm.

For measurement of PLE spectra in rectangular QWR
we prepared four kinds of QWR’s with different wire size
~samples 1–4!. Table I shows the widths and thicknesses
samples 1–4 evaluated by TEM observation. Here we ch
a growth temperature of 620 °C and a group V/III ratio
220 for AlAs growth in order to prevent the incorporation
carbon impurities by increasing As coverage on the grow
surfaces. The reduction of residual impurities is importan
the study of band structures through PLE properties beca
band-edge structures disappear due to band-filling effect
will be discussed elsewhere.35 Under this growth condition,
the growth-condition-determined trench width is about
nm.21 Samples 1–3 are composed of a 20-nm-wide Al
trench, GaAs wires, and an upper AlAs barrier layer. T
thicknesses of GaAs wires of samples 1–3 were designe
be about 16, 13, and 11 nm, respectively, by changing

FIG. 2. Transmission electron microscopy bright-field image
the cross section of a typical trench-buried QWR that includes
rowing SL’s. Dark and bright spots correspond to the GaAs
AlAs lattice images, respectively.

TABLE I. Structure parameters of QWR samples.

Sample
Lateral width

~nm!
Vertical thickness

~nm!

1 20 16
2 20 13
3 20 11
4 17 10
re
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GaAs growth time. Only sample 4 had five pairs of th
GaAs/AlAs ~0.4-nm/1-nm! SL’s that were successivel
grown on 20-nm-wide base AlAs trenches. The last Al
layer in the SL’s is 4 nm thick. The SL’s reduce the tren
width to 16–17 nm. The GaAs wires were designed to
about 10 nm thick. The wave functions are tightly confin
within the GaAs wire regions in all samples due to the lar
energy difference between the GaAs wire regions and
surrounding barrier regions.

III. POLARIZATION-DEPENDENT PLE SPECTRA
OF RECTANGULAR QUANTUM WIRES

Figures 3~a!–3~d! show the low-temperature~15-K! PL
and PLE spectra for samples 1–4, respectively. A few m
watts of Ti:sapphire laser light with a spot size of 100mm
was used for excitation. The dotted lines represent the
spectra. The solid circles and open circles are the PLE s
tra obtained with incident polarization~light electric-field
vector! parallel and perpendicular to the wires, respective
The incident light is traveling parallel to the epitaxial grow
direction. The PLE spectra in all samples have clear p
structures corresponding to optical transitions between qu
tized conduction and valence subbands, as indicated by
arrows. It is observed that each peak exhibits strong po
ization anisotropy. The lowest-energy and third energy P
peaks appear for parallel polarization, the second peak
pears for perpendicular polarization, and the fourth pe
~shoulder! appears for both polarizations. The peak positio
are found to vary with changes in the wire size. It should a
be noted that the shapes of the PLE spectra, such as
intensity and the degree of polarization anisotropy at e
transition peak, vary with the samples. In Figs. 3~a!–3~c!,
which show the changes in the PLE spectra as a functio
the wire thickness, the second PLE peak becomes sm
compared to the intensity of the first peak and the third p
prominently appears as the thickness of the QWR’s beco
thinner. Samples 2 and 4, which have almost the same cr
sectional ratio, exhibit similar PLE spectra except for t
difference in the energetic positions of the peaks. These
sults clearly demonstrate that the characteristics of valen
band structures, which determine the transition strength
polarization anisotropy, significantly depend on the cro
sectional ratio of QWR’s. The origin of each PLE peak w
be discussed theoretically in Sec. VI

In Figs. 3~a!–3~d! the lowest PLE peaks are Stoke
shifted by 15–30 meV, which is comparable with PL inh
mogeneous broadening for each sample. We ascertained
the energetic positions of the lowest- and higher-energy P
peaks do not sensitively depend on the detecting photon
ergy of PLE measurement. The Stokes shifts are there
attributed to the nonuniformities along the wire direction.
should also be noted that the QWR’s used in the pres
study were slightly doped due to the residual carbon imp
ties incorporated during growth.35 The hole concentration
was estimated not to be sufficiently high to modify th
valence-band structures. However, we have to take into
count that the phase-space filling and screening effects du
the residual holes reduce the excitonic binding energy. W
the background carrier concentration is very low, the ex
tonic binding energy is estimated to be 10–20 meV for 2
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FIG. 3. Low-temperature~15 K! polarization-dependent PLE
spectra and PL spectra for~a! sample 1 (20316 nm2), ~b! sample 2
(20313 nm2), ~c! sample 3 (20311 nm2), and ~d! sample 4 (17
310 nm2). The dotted lines indicate the PL spectra. The so
circles and open circles represent the PLE spectra obtained
incident polarization parallel and perpendicular to the wires, resp
tively. The incident light travels parallel to the epitaxial grow
direction.
nm-wide QWR’s.31,36–38In this case, the transition spectru
has pronounced excitonic transitions and suppressed in
band transitions because the strong Coulomb interaction
centrates the oscillator strength into the excitonic transiti
from interband transitions.31,38 On the other hand, the re
duced excitonic effects due to the residual carriers cause
decrease of the excitonic transitions and recovery of the
terband transitions. Note that in the 1D system the oscilla
strength conservation rule holds near the band-edge re
because of the inverse-square-root dependence of the de
of states. Since the excitonic binding energies are obviou
below the inhomogeneous broadening of 15–30 meV in
present experimental conditions, it is unclear whether
observed peak structures are due mainly to the excito
transitions or to the interband transitions reflecting t
inverse-square-root-type density of states. It should be
phasized that polarization properties of the excitonic tran
tions strictly reflect the characters of the valence subba
forming the excitonic states.31 Thus, even if the excitonic
effects are not negligible, the main features of the transit
spectra are considered to be similar to the calculated in
band absorption spectra in the QWR’s with a smaller ex
tonic binding energy than the inhomogeneous broaden
From the above reasons, we will discuss the experime
results based on the interband optical transition spectra
considering the characteristics of 1D valence subbands in
next section.

IV. INTERBAND OPTICAL TRANSITION SPECTRA
OF RECTANGULAR QUANTUM WIRES

A. Calculation model and method

Our theoretical discussion on interband transition prop
ties begins with an analysis of electron and hole states
are confined in the rectangular GaAs wire region~with a
lateral width ofLx and vertical thickness ofLz! surrounded
by infinite potential barriers.31 Since we deal with the optica
transitions near the fundamental GaAs band-gap energy
can assume that the conduction and valence bands are d
pled and can neglect the effects of split-off bands. A sim
effective-mass model can be used to describe the elec
states in the conduction band. The conduction-band w
functionscms ,k

(m,n)(r ) are written as

cms ,k
~m,n!~r !5

2

ALxLz
sin

pmx

Lx
sin

pnz

Lz
exp~2 iky!ums

c ,

~1!

where theums

c are the two spin-degenerate (ms561/2)

Bloch functions at the bottom of theG6 bulk band,m and
n refer to the indices of the envelope component in thex and
z directions, andk is the wave vector in they ~wire! direc-
tion. On the other hand, valence-subband states can be
lyzed with the Luttinger-Kohn 434 HamiltonianHv,39,40

modified by Bockelmann and Bastard.29 The valence-band
wave functionsck

l (r ) are expanded by using an orthogon
function set31

ith
c-
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ck
l ~r !5

2

ALxLz
(
m,n

(
mj

Jk,mj

l2~m,n! sin
pmx

Lx
sin

pnz

Lz

3exp~2 iky!umj

v , ~2!

whereuvmj
~mj563/2 and61/2! represents the degenera

Bloch functions at the top of valence band (G8) and the
suffix l refers to the index of the 1D valence subband nu
bered from the top of the valence band atk50. Substituting
the expanded wave function~2! into the matrix equation
@Hv2Ev

l (k)#ck
l (r )50, we have the secular equation of

4 mn34 mn real matrix to be solved for the eigenener
Ev
l (k) and eigenvectorJk,mj

l2(m,n) of each valence-subban

state.31

The optical transition probability can be discussed ba
on the squared transition matrix element of a transition
tween thel th valence subbandv l and the conduction sub
band cm,n , which comprises the electron state with t
(m,n) envelope. The squared transition matrix elemen
given29 as

uMk
l2~m,n!u25(

ms

u^cms ,k
~m,n!u«•puck

l &u25Kk
l2~m,n!u^cupuv&u2,

~3!

Kk
l2~m,n!5

1

2
~ uJk,3/2

l2~m,n!u21uJk,23/2
l2~m,n!u2!1

1

6
~ uJk,21/2

l2~m,n!u2

1uJk,l /2
l2~m,n!u2!6

1

)
~Jk,3/2

l2~m,n!Jk,2 l /2
l2~m,n!

1Jk,l /2
l2~m,n!Jk,23/2

l2~m,n!!S 1:«iy
2:«ixD , ~4!

where « is the polarization vector of the light,z^cupuv& z2
corresponds to the transition probability of the GaAs bu
andKk

l2(m,n) expresses the polarization-dependent facto
the squared transition matrix element. The signs1 and2 in
the third term of Eq.~4! correspond to the polarization vecto
parallel and perpendicular to the wire axis, respective
Polarization-dependent absorption spectra are obtained
using the squared transition matrix element and the joint d
sity of states.

B. Polarization dependence of transition matrix element
and absorption spectra in rectangular QWR’s

Figures 4~a!–4~d! show the numerically calculated ab
sorption spectra and the values ofKk50

l2(m,n) at each transition
edge (k50) for rectangular QWR’s with cross-sectional r
tios of ~a! Lx /Lz510/9, ~b! Lx /Lz54/3, ~c! Lx /Lz53/2,
and ~d! Lx /Lz52/1. The solid lines and dashed lines in t
upper part of each figure represent the absorption spectr
incident polarization~light electric-field vector! parallel and
perpendicular to the wires, respectively. Solid~hatched! bars
in the lower part of each figure show the values
Kk50
l2(m,n) for the electric field parallel~perpendicular! to the
-

d
-

s

,
n

.
by
n-

for

f

wires. In this calculation, the electron effective mass ofme*
50.067m0 , wherem0 is the electron rest mass, and Lu
tinger parameters ofg157.21 andg25g352.49 are used.
These Luttinger parameters give the hh and lh effect
masses of 0.45m0 and 0.11m0 , respectively, in the GaAs
bulk. The vertical axis shows the absorption intensity n
malized for the wire cross section. The horizontal axis is
sum of the conduction- and valence-subband confinem
energies normalized byp2\2/2m0Lx

2. The unit scale of the
horizontal axis corresponds to 0.94 meV whenLx520 nm.
The labelv l-cm,n denotes a transition between thev l valence
subband and thecm,n conduction subband with the (m,n)
envelope. Since each valence subband consists of var
(m,n) envelope states, thecm,n conduction subband can op
tically couple with many valence subbands according to
transition probabilityKk

l2(m,n) . The label@cm,n# represents
the energy region of the transition series concerning
cm,n subband. In this calculation, we take into account
lowest seven conduction subbands and 16 valence subba

In Fig. 4 thec1,1-related transitions form the lowest tw
absorption peaks with different polarization dependen
whereas higher-energy absorption peaks are composed o
c2,1-, c1,2-, c2,2-, c3,1-, c1,3-, andc3,2-related transitions. First
we discuss the behaviors of the lowest two absorption pe
In the nearly square QWR’s with the cross-sectional ra
Lx /Lz510/9, in Fig. 4~a!, the lowest-energy absorption pea
is attributed to thev1-c1,1 transition having strong transition
probability for mainly parallel polarization, whereas the se
ond absorption peak due to thev3-c1,1 transition has transi-
tion probability only for perpendicular polarization. Thes
two peaks exhibit a large transition strength and strong
larization anisotropy because the hh component and th
component with the~1,1! envelope as well as the hh-lh mix
ing term are large in both thev1 and v3 subbands. With
increasing cross-sectional ratio, thev1-c1,1 transition for per-
pendicular polarization increases and thev3-c1,1 transition
decreases, whereas thev1-c1,1 transition for parallel polar-
ization maintains almost the same transition probability. T
small anisotropy at thev1-c1,1 transition, as shown in Fig
4~d!, is attributed to the reduced hh-lh mixing in thev1 sub-
band, indicating that thev1 subband becomes hh-like i
elongated QWR’s. In addition to a reduction in thev3-c1,1
transition, an increase in thev5-c1,1 transition makes the
second absorption peak broad and unclear. These re
demonstrate that strong polarization anisotropy in the low
two absorption peaks, which show the opposite polarizat
dependence, can be obtained only when the cross-sect
shape is nearly square.

It should be noted that transition properties of high
energy transitions also depend on the cross-sectional r
reflecting the changes in the hh and lh components w
higher (m,n) envelopes. However, it is difficult to distin
guish the contribution of individual transitions to the chan
of the absorption spectra because various transitions e
getically overlap. Here we describe the characters of only
c2,1- and c1,2-related transitions, where relatively-low-inde
valence subbands~v2 andv4! are dominantly concerned. Ac
cording to the calculated results, thev2-c2,1 andv4-c2,1 tran-
sitions have transition probability mainly for parallel pola
ization, whereas thev2-c1,2 and v4-c1,2 transitions have
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FIG. 4. Numerically calculated absorption spectra and values ofKk50
l2(m,n) at each transition edge (k50) for rectangular QWR’s with

cross-sectional ratios of~a! Lx /Lz510/9, ~b! Lx /Lz54/3, ~c! Lx /Lz53/2, and~d! Lx /Lz52/1. The solid lines and dashed lines in the upp
part of each figure represent the absorption spectra for incident polarization parallel and perpendicular to the wires, respecti
horizontal axis is the sum of the conduction- and valence-subband confinement energies normalized byp2\2/2m0Lx

2. Solid ~hatched! bars
in the lower part of each figure show the values ofKk50

l2(m,n) for electric fields parallel~perpendicular! to the wires. The labelv l-cm,n denotes
the transition between thev l valence subband and thecm,n conduction subband with the (m,n) envelope.
in
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transition probability for both polarizations. As shown
Fig. 4~a!, thev2-c2,1 transition begins to increase absorpti
for parallel polarization at a normalized energy of 90 and
v4-c2,1, v2-c1,2, andv4-c1,2 transitions form the large third
absorption peak for parallel polarization. The transition pro
ability for perpendicular polarization in thev2-c1,2 and
v4-c1,2 transitions also increases absorption around a n
malized energy of 100 for perpendicular polarization. W
an increase in the cross-sectional ratio, the energetic pos
of the c1,2-related transition drastically increases because
e

-

r-

on
f

the large energy shift of thec1,2 subband. As a result, only
the v2-c2,1 andv4-c2,1 transitions form the third absorptio
peak for parallel polarization. In the elongated QWR w
Lx /Lz52, as shown in Fig. 4~d!, it should be noted tha
transition probability for parallel polarization of thev2-c2,1
transition at a normalized energy of 150 is highly enhanc
forming the prominent third absorption peak. In contrast
the smaller anisotropy in thev1-c1,1 transition, the third peak
exhibits strong anisotropy, indicating strong hh-lh mixin
with the ~2,1! envelope in thev2 subband. As explained ear
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lier, absorption spectra and polarization properties sign
cantly vary with the cross-sectional ratio, especially arou
the lowest three absorption peaks.

C. Comparison of theory and experiment

Figures 5~a!–5~d! show the calculated absorption spec
for rectangular QWR’s with~a! Lx521 nm, Lz516.5 nm;
~b! Lx521 nm, Lz513.5 nm; ~c! Lx521 nm, Lz511 nm;
and~d! Lx517 nm,Lz511 nm. The vertical axis represen
the absorption coefficient and the horizontal axis shows
transition energy at 15 K. These wire sizes were chose
achieve the best fit with the lowest two PLE peaks measu
for each sample. Here the homogeneous broadening
meV at half-width at half maximum has been included
using a hyperbolic secant-type line-shape function. In
figures, the label@cm,n# denotes the conduction subband th
mainly contributes to forming the absorption peak.

As for the lowest three PLE peaks, polarization anis
ropy and the dependence of transition strength on the cr
sectional ratio~sizes! are well simulated by this theoretica
calculation. With an increase in the cross-sectional ratio,
second absorption peak for perpendicular polarization bro
ens and the third absorption peak denoted by@c2,1# increases
for parallel polarization, consistent with the experimental
sults. It is found that higher PLE peaks, including the th
peaks in all samples, show a tendency to have lower qu
tized energies than the calculated peaks. This is becaus
electron wave functions in the higher conduction subba
penetrate into the barrier regions having finite poten
height. However, the main features of the polarization pr
erties are maintained because the penetration effects
weaker for the relatively-low-index valence subbands t
dominantly determine the transition properties. Thus we
discuss qualitatively the polarization properties of the hig
peaks based on the calculation.

In Fig. 3~a! the PLE spectrum for perpendicular polariz
tion begins to increase around 1.59 eV, exhibits a shou
structure around 1.62 eV, and gradually increases a
above 1.63 eV, whereas the spectrum for parallel polar
tion has a small peak structure at 1.62 eV and increa
drastically above 1.62 eV. Figure 3~b! also shows a similar
spectra, i.e., the fourth peak~shoulder! appears around 1.6
eV for both polarizations and the PLE intensity increas
above 1.66 eV for parallel polarization. According to t
calculated transition probability in Figs. 4~b! and 4~c!,
c2,1-related transitions, such asv6-c2,1, v8-c2,1, v11-c2,1,
and v13-c2,1 transitions, contribute to increasing absorpti
for perpendicular polarization, whereas thev2-c1,2 and
v4-c1,2 transitions cause absorption for both polarizations
should also be noted that thec3,1- andc2,2-related transitions
have large transition probability for mainly parallel polariz
tion, forming absorption peaks in the higher-energy side
the c2,1- and c1,2-related transitions. Thus the fourth pea
~shoulders! and the increase of PLE intensity above t
fourth peaks are attributed to thec1,2-related transitions and
to the c3,1- and c2,2-related transitions, respectively. As fo
sample 3, the calculation reproduces well the PLE spe
around the lowest three peaks for both polarizations. T
featureless PLE spectra in the higher-energy side of the t
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FIG. 5. Calculated absorption spectra for rectangular QW
with ~a! Lx521 nm, Lz516.5 nm; ~b! Lx521 nm, Lz513.5 nm;
~c! Lx521 nm, Lz511 nm; and~d! Lx517 nm, Lz511 nm. The
vertical axis represents the absorption coefficient and the horizo
axis shows the transition energy at 15 K. The label@cm,n# denotes
the indices of the transition series.
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peak are attributed to wide subband energy separation in
thin QWR’s. As discussed above, the experimental res
are well explained by the theoretical calculation, clarifyi
the polarization properties and the cross-sectional shape
pendence of the lowest several absorption peaks in recta
lar GaAs QWR’s. These results clearly confirm the form
tion of 1D valence-subband structures, which significan
vary depending on the quantum confinement condition
QWR’s.

V. CONCLUSION

In summary, we studied experimentally and theoretica
the interband optical transition spectra of GaAs/AlAs rect
gular QWR’s of various wire sizes. The high-quality Ga
QWR’s with lateral sizes below 20 nm were achieved
MOCVD growth on nonplanar substrates. Experiments d
onstrated that the polarization properties of the PLE spe
which have several clear peaks corresponding to the op
transitions between quantized conduction and valence
bands, significantly depend on the cross-sectional ratio
the rectangular wires. The polarization-dependent trans
matrix element and the detailed absorption spectra of
QWR’s with rectangular cross sections were calculated
taking into account hh and lh mixing in 1D valence subba
and their dispersion properties. The theoretical results cla
C
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the physical origin of the PLE peaks. They also explain w
the dependence of the transition strength and polariza
anisotropy on the wire cross-sectional shapes as to the lo
three or four PLE peaks. It was demonstrated experiment
and theoretically that the characteristics of the 1D vale
subbands depend significantly on the quantum confinem
conditions, i.e., on the relative confinement strength betw
two spatial directions. In the present study, 1D excitonic
fects distinctive from interband optical transitions were n
clearly observed. It was indistinguishable whether the im
rity effects prevented the formation of excitonic states
inhomogeneous broadening concealed the excitonic featu
Further improvements in the fabrication technique, such
precise control of wire sizes and shapes as well as a re
tion in residual impurity, are necessary to allow the mo
detailed optical properties of 1D excitons to b
investigated.12,31,41,42
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