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Effect of lateral confinement on valence-band mixing and polarization anisotropy
in quantum wires

F. Vouilloz, D. Y. Oberli, M.-A. Dupertuis, A. Gustafsson, F. Reinhardt, and E. Kapon
Département de Physique, Ecole Polytechnique Fe´dérale de Lausanne, CH-1015 Lausanne, Switzerland

~Received 31 July 1997; revised manuscript received 1 December 1997!

The optical properties of high-qualityV-groove GaAs/AlxGa12xAs quantum wires have been investigated
using low-temperature photoluminescence~PL! and photoluminescence excitation~PLE! techniques. We sys-
tematically study the evolution of PL and PLE spectra as a function of the wire size. This comparison allows
us to analyze the modification of one-dimensional subbands with decreasing wire thickness. We clarify the
influence of surface corrugation and localization effects on PL and PLE spectra and we observe large polar-
ization anisotropy unambiguously related to the one-dimensional character of our quantum wires. The results
of a polarization analysis of the excitonic transitions are combined with a calculation of the electronic band
structure to identify the nature of the transitions and the impact of two-dimensional quantum confinement on
valence-band mixing. The observed large polarization anisotropy is directly compared to the effects predicted
by a four-bandk•p model calculation of the valence-band structure. The set of experimental results combined
with our model calculations is consistent with a strong suppression of band-edge absorption in these one-
dimensional structures.@S0163-1829~98!08319-2#
s
an
ng
-
re
p
n
te

nd
e

si

in

o
ar
e
ye

u
D
D

to
c

em
w
th
e
e

th
n

he

re-

and
D
op-
of
nic
a

ent
-

ith
ex-

ical
tical

tra
on

of
hal-
e-
ent
er-

cter-
nt
of
en-
the
ix-

her

ce
yer
pies
I. INTRODUCTION

The electronic band structure and the optical propertie
low-dimensional systems, particularly semiconductor qu
tum wires ~QWRs! and quantum dots, have been attracti
considerable interest recently.1 The lateral quantum confine
ment and reduced dimensionality in these artificial structu
can be employed to tailor their electronic and optical pro
erties so as to allow the realization of band structures
achievable in bulk materials. The resulting structured ma
rials may find important applications in novel electronic a
optical devices, especially since the quantum confinem
and low dimensionality lead to enhancement of the den
of states at specific energies. Furthermore, modification
the electron-hole Coulomb interaction in these structures
creases the importance of excitonic effects.2,3 These features
could allow the utilization of the more confined character
the electronic states in low-dimensional systems, particul
useful in optical applications, together with the delocaliz
nature of the states in bulk semiconductors, widely emplo
in devices relying on carrier transport.

The band structure of one-dimensional~1D! semiconduc-
tor QWRs has been extensively investigated theoretically
ing model systems.4,5 Whereas theoretical models of the 1
conduction band predict effects largely similar to that in 2
quantum wells~QWs!, i.e., quantization of subbands due
quantum confinement, studies of the nature of the valen
band states have revealed features unique to 1D syst
Unlike the case of QWs, the quantum confinement in t
spatial directions gives rise to valence-band mixing at
centerof the Brillouin zone. The mixing of the heavy hol
~hh! and light hole~lh! states, which can be tuned by th
lateral confinement potential, leads to modified energies
the optical interband transitions and to a redistribution of
oscillator strength. Moreover, the modified valence-ba
structure results in intrinsic polarization anisotropy of t
570163-1829/98/57~19!/12378~10!/$15.00
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interband absorption spectra, whose nature is intimately
lated to the details of the band mixing in the 1D system.6

We have reported recently a combined experimental
theoretical study of the optical properties of high-quality 1
semiconductor QWRs and have shown that the observed
tical anisotropy in the linearly polarized excitation spectra
these wires arises solely from the 1D nature of the electro
band structure.6 The purpose of this paper is to present
systematic investigation of the effect of lateral confinem
on photoluminescence~PL! and photoluminescence excita
tion ~PLE! spectra of GaAs/AlxGa12xAs QWRs. Owing to
the nonmonotonous evolution of the optical properties w
changing wire thickness this requires the simultaneous
perimental study of QWRs of various sizes and theoret
calculations of the corresponding band structures and op
transitions. Moreover, we will show thatlocalization effects
strongly influence the polarization anisotropy of PL spec
and prevent therefore any polarization analysis based
extended states.

Up to now the experimental study of the band structure
1D systems has been hampered by the technological c
lenge in producing QWRs with sufficiently small inhomog
neous broadening. The effect of lateral quantum confinem
on the conduction band has been evidenced by the em
gence of 1D subbands in the optical luminescence chara
istics of QWR structures prepared by differe
approaches.7–10 However, the observation of the details
the valence-band structure requires the resolution and id
tification of several 1D valence-band states. Furthermore,
use of optical anisotropy as a probe of the valence-band m
ing prerequires the identification and separation of ot
physical effects,11 particularly strain,12,13 electromagnetic ef-
fects due to surface corrugations,14 and intrinsic bulk
valence-band anisotropy,15 which can screen the intrinsic 1D
effects. Specific morphologies of a quantum well interfa
which contains partially ordered and elongated monola
islands are also known to be a source of optical anisotro
12 378 © 1998 The American Physical Society
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57 12 379EFFECT OF LATERAL CONFINEMENT ON VALENCE- . . .
unrelated to any lateral confinement.16 Indeed, attempts to
observe the intrinsic polarization anisotropy in several ty
of QWR structures could not unveil the intrinsic 1D valenc
band structure because of these spurious effects.12,17–19

Among the experimental studies, Bloch, Bockelmann, a
Laruelle20 and more recently Goldoniet al.21 obtained infor-
mation about the valence subbands of their QWR structu
from anisotropy spectra but could not directly relate them
the observation of 1D excitonic transitions. Akiyama, So
eya, and Sakaki22 have observed optical anisotropy induc
by lateral confinement inT-shaped QWRs but the overlap o
photoluminescence excitation peaks with other spectral
tures hindered observation of excited 1D states.

On the contrary, the high quality of our QWRs results
clear observation of excitonic transitions between
quantum-confined energy levels. This enables us to stud
detail the impact of two-dimensional quantum confinem
on valence-band mixing and polarization anisotropy of
and PLE spectra. Our systematic studies provide further
sight into the relationship between the optical polarizat
anisotropy and the valence-band structure of 1D semic
ductors. The outline of the paper is the following. In t
experimental part~Sec. II! we describe the QWR structure
~Sec. II A! and the experimental techniques used~Sec. II B!.
In Sec. III we summarize the essential features of a fo
bandk•p model of the band structure, fully taking into a
count the geometry of the actual QWR structures. Sec
IV, which describes the experimental results, is divided i
two parts. In Sec. IV A we present PL spectra and we sh
the influence of localization effects on their polarizati
properties. In Sec. IV B we present linearly and circula
polarized PLE spectra and we discuss polarization effe
related to exciton localization and surface corrugation.
Sec. V we use the results of the model, namely, subb
spacings and optical matrix elements, to analyze and dis
the experimental linearly and circularly polarized PLE sp
tra. Finally, in Sec. VI we summarize our results and co
clude.

II. EXPERIMENT

A. Structure

GaAs QWRs embedded in Al0.3Ga0.7As were grown by
low-pressure organometallic chemical vapor deposit
~OMCVD! on grooved~001!-GaAs substrates (60.1°), with
the wires oriented in the@11̄0# direction.23 The periodic cor-
rugations were made by holographic photolithography a
wet chemical etching. The growth of the structures was c
ried out in a horizontal reactor with a rotating suscep
plate. The partial pressures of the growth species were 0
mbar for trimethylaluminum, 1.52mbar for trimethylgallium,
and 0.33mbar for arsine. H2 was used as the carrier gas a
total pressure of 20 mbar and a flux of 6 l/min, resulting in
nominal@~100! planar# growth rate of 0.38 and 0.25 nm/s fo
Al xGa12xAs and GaAs, respectively. The substrate tempe
ture was 680 °C.

We have studied three samples, each consisting of a
mm pitch lateral array of single QWRs of different sizes. T
nominal GaAs layer thicknesses were 5 nm, 2.5 nm, and
nm, resulting in a thickness at the crescent center of 14.1
8.8 nm, and 4.1 nm, respectively. A sufficiently thic
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Al xGa12xAs cladding layer was grown on top of the QW
array in order to eliminate the surface corrugation and red
drastically electromagnetic effects~grating coupler,17 local
field4! that might contribute to the optical anisotropy of th
samples.17,18,24,25

A typical cross-sectional view of the QWR heterostru
ture is shown in the transmission electron microscope~TEM!
micrograph of Fig. 1. At the bottom of the grooves, cresce
shaped QWRs are produced due to the combined effect
groove sharpening during AlxGa12xAs growth and the
higher growth rate of GaAs.7 The QWR regions are con
nected to side-QW structures via a constriction. Note also
vertical dark stripe running through the QWRs; this Ga-ri
region constitutes a vertical AlxGa12xAs QW ~VQW! region
which plays an important role in carrier capture into t
wires.26–29

B. Experimental setup

The samples were mounted in a helium-flow cryostat a
kept at 8 K unless it is specified otherwise. The optical spe
tra were obtained in a pseudobackscattering geometry f
the ~001! plane using polarized light from an argon-ion las
~488 nm! for the PL measurements and from a tunab
titanium-sapphire laser for the PLE experiments. The exc
tion light was focused into a spot approximately 35mm in
diameter; typical power densities of 25 W/cm2 were used.
The emitted light was dispersed through a Spex-1404 dou
grating spectrometer and detected with a cooled GaAs p
tomultiplier using photon-counting mode. For linear pola
ization measurements, perpendicular~parallel! refers to the

FIG. 1. TEM micrograph showing a cross-sectional view of~a!
a part of a QWR array on a 0.5mm pitch grating, and~b! the QWR
region. The nominal GaAs thickness is 2.5 nm, and the resul
GaAs crescent is 8.8 nm thick at its center.
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12 380 57F. VOUILLOZ et al.
@110# (@11̄0#) direction. For circular polarization measur
ments the helicity of the exciting light (s1) was fixed. The
helicity of the luminescence was analyzed by combining
quarter-wave plate and a linear polarizer in order to trans
the s1 or the s2 component. The spectral resolution w
fixed at 4 Å.

C. Theoretical model

For a quantitative understanding of the optical spectra
performed calculations of the confinement energies
squared optical matrix elements for a 2D finite potential-w
model. In the following,x is assumed to be along the wir
axis, y is the lateral-confinement direction, andz is the
growth direction. We solved the 2D Schro¨dinger equation in
the single-particle approximation using effective-ma
Hamiltonians for conduction- and valence-band states an
potential profileVe/h(y,z) extracted from the TEM micro-
graph of the samples. The depth ofVe/h(y,z) is given by the
band offsets in AlxGa12xAs. The parameters used in the ca
culations are listed in Table I.30 The VQW is described by a
square potential profile of fixed lateral width and const
depth.

We assume negligible coupling betweenG6 , G7, andG8
bands. The conduction- and valence-band states are
from these bulk bands in the envelope-functi
approximation.31 The conduction-band wave functions a
written as

Csz

c ~r !5 f c~r !usz

c ~r !,

where the usz

c (r ) are the two spin-degenerate (s5 1
2, sz

561
2! Bloch functions at the bottom of theG6 bulk band.

The valence-band states are written as

Cv~r !5(
Jz

f Jz

v ~r !uJz

v ~r !,

where theuJz

v (r ) are the degenerate Bloch functions at t

top ot theG8 bulk bands. The sum extends over theJz quan-
tum number (Jz56 3

2 for the hh,Jz56 1
2 for the lh! of the

J5 3
2 quadruplet.

In the conduction band, the envelope functions

f c~r !5
1

ALx

exp~ ikxx!f~y,z!

are the solutions of the following equation:

TABLE I. Material parameters of AlxGa12xAs used in the cal-
culations.

Symbol Parameter Unit AlxGa12xAs

Eg energy gap eV 1.51911.247x
DEc /DEv band offsets 68/32
me electron mass m0 0.066510.0835x
g1 Luttinger parameter 6.79023.000x
g2 Luttinger parameter 1.92420.694x
g3 Luttinger parameter 2.68121.286x
a
it
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F\2

2 S kx
2

m* ~y,z!
2

]

]y

1

m* ~y,z!

]

]y
2

]

]z

1

m* ~y,z!

]

]zD
1Ve~y,z!G f c~r !5Eef c~r !,

whereLx is the length of the wire,kx the carrier wave vector
along the wire, andm* (y,z) the bulk conduction electron
effective mass at the bottom of theG6 band.

Because of the fourfold degeneracy of the bulk hh and
bands, the hole subbands are determined from the effec
Hamiltonian made up of the 434 k•p Luttinger
Hamiltonian32 with the potentialVh(y,z) included along the
diagonal. Given the orientation of the wires in the hete
structure, the Hamiltonian is rotated so that the new coo
nate system is specified by the wire axisx[@11̄0#, y
[@110#, and z[@100#. The total angular momentumJ is
quantized along the growth directionz. The Luttinger Hamil-
tonian expressed in the basis of the eigenstates ofJ (J5 3

2 )
andJz ,

U32 ,1
3

2L ,U32 ,1
1

2L ,U32 ,2
1

2L ,U32 ,2
3

2L ,

is written as

HG8
5

\2

2m0S P1Q 2S R 0

2S† P2Q 0 R

R† 0 P2Q S

0 R† S† P1Q
D ,

with

P5g1kx
22

]

]y
g1

]

]y
2

]

]z
g1

]

]z
1

2m0

\2 Vh~y,z!,

Q5g2kx
22

]

]y
g2

]

]y
12

]

]z
g2

]

]z
,

R5A3Fg3kx
21

]

]y
g3

]

]y
1kxS g2

]

]y
1

]

]y
g2D G ,

S5A3FkxS g3

]

]z
1

]

]z
g3D1

]

]z
g3

]

]y
1

]

]y
g3

]

]zG ,
where m0 is the free-electron mass andg1 ,g2 ,g3 are the
Luttinger parameters.33 The wave-vector componentsky and
kz have been replaced by2 i ]/]y and2 i ]/]z, respectively,
and the noncommuting products have been symmetriz
Three peculiarities should be noted. First, the choice of
45°-rotated axes in thex-y plane reverses the roles ofg2 and
g3 in the elementR, compared to the standard principal ax
orientation. Second, our choice of axes also keeps the
tinger Hamiltonian real. Third, the substitution of the wav
vector components by differentials of the envelope functio
must be made separately in the upper and lower triangle
HG8

, giving rise to nonidentical but adjoint real operators
both sides of the diagonal. The Schro¨dinger equations for
electrons and holes are solved by a first order finite elem
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57 12 381EFFECT OF LATERAL CONFINEMENT ON VALENCE- . . .
technique on an irregular mesh made up of quadrilate
adapted to the actual boundaries of the QWRs.

Figure 2~a! @2~b!# shows the calculated valence-subba
dispersion curves for the 2.5 nm QWR without~with! hh-lh
mixing. These results demonstrate that band mixing gi
rise to nonparabolic dispersion curves and anticrossing
the subbands, a familiar occurrence in the dispersion of Q
valence bands. The subband splitting atk5” 0 is due to the
lack of inversion symmetry of the structure. Unlike for QW
the zone-center states for the QWR already contain an
mixture of both hh and lh. The percentage lh character of
pair of states at theG point is given in Table II for the three
QWR samples. The uppermost valence subband is ab
90% hh in all three cases whereas theh6 state of the 5 nm
and 2.5 nm QWRs and theh7 state of the 1.5 nm QWR ar
above 70% lh at theG point ~lh-like state!.

In the dipole approximation, the absorption coefficienta
for a plane electromagnetic wave in a medium of refract
index n is given by

a~v!5
pe2

nc«0m0
2vV

(
i , f

z^ f uê–pu i & z2d~Ef2Ei2\v!.

FIG. 2. Valence-band dispersion~a! without and~b! with hh-lh
mixing in the 2.5 nm QWR. Subbands in~a! are labeled according
to the light or heavy nature of the states at the zone center. B
mixing gives rise to nonparabolic dispersion curves and anticr
ing of the subbands; a strong reduction in subband separation
be noted. Subband splitting away from zone center in~b! is due to
the lack of inversion symmetry of the structure.

TABLE II. Percentage of lh character for valence subbands
the zone center for the~a! 5 nm QWR,~b! 2.5 nm QWR, and~c! 1.5
nm QWR.

~a!

Subband h1 h2 h3 h4 h5 h6 h7 h8 h9 h10

% lh 10 29 43 49 44 70 47 25 49 42

~b!

Subband h1 h2 h3 h4 h5 h6 h7 h8 h9 h10

% lh 10 33 45 53 49 70 46 30 49 45

~c!

Subband h1 h2 h3 h4 h5 h6 h7 h8 h9 h10

% lh 8 22 36 44 46 62 71 52 60 51
ls

s
of

d-
e

ve

e

«0, m0, V, and\v represent the permittivity of vacuum, th
free-electron mass, the sample volume, and the photon
ergy, respectively. In QWRs, this expression yields

a~v!}(
c,v

E
BZ

dk$uM u2d„Ec~k!2Ev~k!2\v…

3@ f v„Ev~k!…2 f c„Ec~k!…#%,

where f n(«) is the Fermi distribution of carriers in subban
n with a quasi-Fermi level at«n . uM u2 is the squared dipole
matrix element of an optical transition between a valen
and a conduction-band state and is written as

uM u25(
sz

U(
Jz

^ f c~r !u f Jz

v ~r !&^usz

c uê–puuJz

v &U2

,

where ê is the polarization vector of the light andp is the
momentum operator. We define the overlap integralsI Jz

as

I Jz
5^ f c~r !u f Jz

v ~r !&.

The polarization anisotropy of optical transitions measu
in PLE experiments is directly related to valence-ba
mixing4,5 through the expression ofuM u2. Indeed, by devel-
oping the preceding relation ofuM u2 one can show4 that the
polarization anisotropy ofuM u2 in the x-y plane increases in
proportion to (I 3/2I 21/21I 1/2I 23/2) with increasing hh-lh
mixing in the valence band.

III. EXPERIMENTAL RESULTS

A. Photoluminescence and its polarization properties

PL spectra for the three QWR samples are displayed
Fig. 3. The different parts of the heterostructure have th
distinct luminescence signature. The lowest-energy pea
each spectrum is assigned to the luminescence of the Q
The broader peak labeled QWs corresponds to that of
side and top QWs. The luminescence from the VQW appe
either as a separated peak@Figs. 3~a!, 3~b!# or as a shoulder
on the high-energy side of QWs’ peak@Fig. 3~c!#. Finally,
the weaker peak around 1.9 eV is due to recombination
the AlxGa12xAs barrier material. We found that the inte
grated QWR luminescence varies linearly with excitation34

power density between 1 and 103 W/cm2, which supports the
intrinsic and excitonic nature of the recombination proces35

In order to identify the origin of these peaks we have co
bined a polarization analysis of the luminescence of the h
erostructure with a calculation of the confinement energ
for the side and top QWs using a finite potential well mod
The widths of the QWs were extracted from the TEM micr
graph of the sample. The Al concentration at the VQW w
determined by cross-sectional atomic force microscopy36 and
was found to be 9% lower than that of the nominal Al valu
These peak assignments are supported by low-tempera
cross-sectional cathodoluminescence imaging of the em
sion wavelengths on similar QWR structures.37

The PL full width at half maximum~FWHM! of the QWR
peak excited with the titanium-sapphire laser ranges from
to 6.9 meV and the FWHM of the first PLE peak ranges fro
3.7 to 12.0 meV for the three samples investigated. The P
FWHM was determined by fitting the first three PLE pea

nd
s-
to
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12 382 57F. VOUILLOZ et al.
with a superposition of Gaussians. The PLE FWHM
mainly determined by inhomogeneous broadening of an
tical transition whereas the PL FWHM strongly depends
relaxation and localization effects. As a consequence,
FWHM of the PLE peaks can be either narrower or broa
than that of the corresponding PL peaks.38 The small Stokes
shifts ~3.6–8.5 meV! and PLE linewidths attest to the hig
quality of these wires.

Localization of excitons at interfacial defects can stron
affect the polarization properties of a 2D~Ref. 39! or a 1D
system. PL spectra of QW structures which show a fi
structure in micro-PL experiments have been assigned
different groups40–42 to recombination of excitons localize
at interface defects caused by roughness or composition
tuations. We find that the polarization anisotropy of PL sp
tra is dependent both on excitation wavelength and on
spectral position within the emission line and thus cannot
related to any polarization analysis based on extended st
To illustrate these remarks we show in Fig. 4~a! the PL emis-
sion of the 2.5 nm QWR together with its degree of line
polarizationP5(I uu2I')/(I uu1I'), whereI uu (I') is the PL
intensity linearly polarized parallel~perpendicular! to the
wires. The excitation wavelength was 488 nm. It can be s
that the luminescence is mainly linearly polarized in the w
direction and thatP strongly depends on the emission wav
length. The maximum ofP is found at a higher energy tha

FIG. 3. PL spectra of QWR samples with a nominal GaAs thi
ness of~a! 5 nm, ~b! 2.5 nm, and~c! 1.5 nm, excited with the 488
nm line of an Ar1 laser (T58 K!.
p-
n
e
r

e
by

c-
-
e
e
es.

r

n

-

that of the PL peak for whichP is 25%. When the excitation
wavelength is increased to 710 nm@Fig. 4~b!# the maximum
of P is also blueshifted from the PL peak whereP is 11%.
This behavior can be attributed to exciton localization due
disorder along the wire. We first note that localized sta
dominate at the low-energy tail of an inhomogeneous exc
band.43 Because localization is expected to decrease the
gree of linear polarization by symmetrizing the exciton wa
function it leads to the lowest degree of linear polarizati
on the low-energy side of the PL.

B. Photoluminescence excitation
and its polarization properties

The linearly polarized PLE spectra of the three QW
samples are shown in Fig. 5~a!, Fig. 5~b!, and Fig. 5~c!,
respectively. The dependence of the optical spectra on
polarization of the exciting laser reveals a striking polariz
tion anisotropy. The PLE spectra show up to seven pe
corresponding to excitonic transitions of 1D quantu
confined energy levels. A decrease of the wire thickn
leads to a blueshift of the ground-state transition,e1-h1, that
increases from 1.538 eV for the 5 nm QWR to 1.634 eV
the 1.5 nm QWR. An additional effect which arises from t
change in the shape of the crescent for thinner wires lead
a modification of the energy separation between theen-hn
transitions. As the crescent thickness decreases, the sub
separation first increases, due to the lateral tapering. For
crescents, however, a further thickness reduction results
more elongated crescent, which prevents further incre
in subband separation. This saturation in the subband s
ration is enhanced by the increased penetration of
wave function into the surrounding barriers. The separati
between thee1-h1 and e2-h2 transitions are 15.0, 26.5, an
25.3 meV for the 5 nm, 2.5 nm, and 1.5 nm QWR, resp
tively.

-

FIG. 4. PL spectra of the 2.5 nm QWR excited by an~a! Ar1

laser~488 nm! and~b! Ti:sappire laser~710 nm!; in both cases the
exciting beams were polarized parallel to the wires. The linear
larization of the luminescence was analyzed parallel (I uu) and per-
pendicular (I') to the wire axis. The degree of linear polarizatio
P5(I uu2I')/(I uu1I') is also shown (T58 K!.
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57 12 383EFFECT OF LATERAL CONFINEMENT ON VALENCE- . . .
The presence of corrugations at the surface of a Q
structure causes several electrodynamical effects which
strongly affect the optical properties of the heterostructu
Periodic surface corrugations allow a momentum transfer
tween photons and the microstructure, giving rise to the
called grating coupler effect.44 This leads to a coupling of the
photons to nonradiative exciton polaritons in the structu
material, which can become observable as an additio
strongly polarized signal in the PL spectrum. This effect h
been demonstrated in GaAs/AlxGa12xAs QWs with a modu-
lated cap layer and in etched GaAs/AlxGa12xAs QWRs for
wire widths above 150 nm.44,45 When the wire width is de-
creased below 150 nm the QW exciton polaritons loca
and a transition to the behavior of quasi-1D excitons
observed.17 The polarization dependence of the observed
tical transitions is then mainly determined by the intrins
properties of the 1D system.

Corrugations at the surface of a QWR structure also re
in local fields characterized by spatial distributions which
polarization dependent.14 To identify this electrodynamic po
larization effect we measured PLE spectra on two differ
1.5 nm QWR samples~Fig. 6!. The first QWR structure was
not planarized and exhibited a periodic modulation of

FIG. 5. Degree of circular polarization~see text for definition!
and linearly polarized PLE spectra for QWR samples with a no
nal GaAs thickness of~a! 5 nm, ~b! 2.5 nm, and~c! 1.5 nm. The
detection wavelength is set at the maximum of the QWR PL l
(T58 K!. Note different energy scale for~a!.
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surface with grooves approximately 100 nm deep, wher
the second sample was completely planarized. The ver
shift of the PLE spectrum in Fig. 6~a! for excitation light
polarized perpendicular to the wires is well explained by
enhancement of the electric field in the grooves of a surf
grating when its polarization is orthogonal to the groov
This, in turn, increases the relative intensities of the P
lines associated with the QWR transitions for the perp
dicular polarization. The polarization dependence of the
citing light intensity at the position of the QWRs thus giv
rise to an additional polarization anisotropy modifiying t
intrinsic anisotropy of the 1D system.14

Figure 6~b! shows PLE spectra of the planarized 1.5 n
QWR. In this case, the same QWR illumination is achiev
for the two polarizations. The difference in the luminescen
signal for the two different polarizations of the exciting lig
reflects then the intrinsic properties of the QWRs. We a
checked that the PLE spectra and their optical anisotropy
not depend on the incidence anglea of the exciting laser
beam, fora,20°. For anglesa.20° the power reflectance
of the incident wave at the surface of the sample critica
depends on its polarization state. The PLE spectra prese
in Fig. 5 were measured ata58.5° on planarized structure
and are therefore free from surface grating effects.

A PLE spectrum depends both on absorption and em
sion properties. To investigate the impact of localization
fects on the optical anisotropy due to the 1D valence-b
structure we measured PLE spectra as a function of the
tection wavelength across the PL peak. Figure 7 shows
results for the 1.5 nm QWR. The spectral positions of
different 1D optical transitions do not change notably wh
the detection wavelength is moved across the PL line.
note, however, that the relative intensity of the first PL
peak with respect to the other peaks decreases as the d
tion is moved to lower energies. This may indicate that c

i-

e

FIG. 6. PLE spectra of 1.5 nm QWRs showing the effect
surface corrugation:~a! 1.5 nm QWR with deep surface corruga
tion, and~b! 1.5 nm QWR with a planar surface.
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riers created at the energy of the first PLE peak relax
efficiently when the final state corresponds to strongly loc
ized excitons. Similar results were obtained for the 2.5
and 5 nm QWRs. PLE spectra of other comparable QW
samples have been found, nevertheless, to be insensitiv
the detection wavelength. In this analysis one should th
fore keep in mind that PLE experiments do not exactly
produce absorption measurements.

Figure 8 shows the ratio of the integrated intensity of
e1-h6 transition and that of thee1-h1 transition as a function
of the angleu between the polarization direction and th
wire axis ~2.5 nm QWR!. It was determined by fitting the
first three PLE peaks with a superposition of three Gau
ians. Assuming the squared optical matrix elementsuM uen -hm

2

to be constant across each peak, this corresponds touM ue1 -h6

2 /

uM ue1 -h1

2 . The different curves in Fig. 8 are for PLE spect

detected at different wavelengths across the PL peak.
variation of these polarization anisotropy curves with det
tion wavelength results from localization effects describ
previously in this section. Comparison of the data of the
nm QWR and the 5 nm QWR shows that the maximum ra
~at u590°) increases as the overall size of the wire d
creases. It should be noted that theoretical calculation
cylindrical QWRs~Ref. 46! yield a vanishing value for light
polarized parallel to the wires~at u50°), unlike our obser-
vation of nonvanishing values in crescent-shaped wires.

To investigate further the nature of the valence states
volved in the observed optical transitions, we use circula
polarized light to excite and analyze the QWR luminescen
In this situation the photon helicity is transferred to the se
conductor through spin orientation of the excited electro

FIG. 7. PLE spectra of the 1.5 nm QWR measured for differ
detection wavelengths. PLE spectra have been normalized to
local minimum between the two lowest-energy peaks (T58 K!.
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and holes.48 If we assume incomplete electron sp
relaxation;49 this leads to circular polarization of the PL
which depends on the initial conduction and valence sta
The measurement of the degree of circular polarizat
of luminescence has been used in QWs to identify the hh
lh transitions.50 In a QWR system light withs1 polariza-
tion couples hh~lh! component of the wave function with
Jz52 3

2 (2 1
2 ) and electron state with spins52 1

2 ~11
2!,

whereass2 polarization couples hh~lh! component of the
wave function withJz51 3

2 (1 1
2 ) and electron state with

s51 1
2 (2 1

2 ). The measured degree of circular polarizati
P5(I 12I 2)/(I 11I 2), whereI 1(I 2) is thes1(s2) circu-
larly polarized luminescence intensity, is also shown in F
5 for each QWR structure. The polarization spectra of
three QWRs present strong modulations correlated with
1D excitonic transitions observed in the linearly polariz
PLE spectra. The pronounced dip located at the sec
lowest-energy transition in each polarization spectrum co
sponds to the first valence subband with strong lh charac

IV. DISCUSSION

To analyze the PLE spectral features we implicitly a
sume a one to one correspondence to absorption peak
PLE spectra of quantum wells show a close resemblanc
calculated absorption spectra.51 An exact correspondenc
holds if the relaxation rate from the excited state towards
emitting state dominates over nonradiative recombinat
rates. We also note that intersubband coupling modifies
overall shape of a PLE spectrum by transferring the osci
tor strength towards the low-energy region, which results
a significant increase of the first exciton peak.3 It is well
known that excitonic effects play a major role in the optic
absorption spectra of 2D systems.47 Moreover, the Sommer-
feld factor was calculated2,3 and found to be much smalle
than unity for a direct allowed interband transition in a 1
system, in striking contrast to the 3D and 2D cases. T
means that electron-hole correlation leads to a strong s

t
he

FIG. 8. Ratio of the integrated intensity of thee1-h6 transition
and that of thee1-h1 transition as a function of the angleu between
the polarization direction and the wire axis~2.5 nm QWR!. It was
determined by fitting the first three PLE peaks with a superposi
of Gaussians. The error bars result from the uncertainty of the cu
fitting process. The solid line is obtained from PLE spectra detec
at the maximum of the QWR PL line, while the upper~lower!
dashed line corresponds to low~high! detection energy.



ar
t o

o
ni

d
o

tru
o

ar

on

ed
ob
n

al

m
he
er
ex

b
i

es
t
s

e

he
n
re
en

o
io
y
t
5

u
it

d
e

nm
a

e
s
su

di
in
r

ca

s
ith
d in
ular

an-

ub-

57 12 385EFFECT OF LATERAL CONFINEMENT ON VALENCE- . . .
pression of the 1D band-edge singularity in the line
absorption spectra. For these reasons, we believe tha
optical spectra are fully dominated by the excitonic nature
the optical transitions; otherwise, aside from the excito
peak, a second peak which corresponds to the maximum
the joint density of states~JDOS! would have been observe
in the PLE spectra at higher energy. This interpretation
PLE spectra as a single series of peaks for each QWR s
ture is allowed by the small inhomogeneous broadening
the optical transitions combined with large subband sep
tion and by the comparison with theoretical predictions. W
note, however, that band to band transitions may still c
tribute to the fine structure of the spectra.

In Fig. 5, we indicated the positions of the calculat
optical interband transitions. In order to compare the
served 1D excitonic transitions with the calculated interba
transitions, we introduced a rigid redshift (;10220 meV! of
each series of optical transitionsen-hm . The overall agree-
ment with the theoretical calculations is very good for
three investigated samples. Remaining differences may
attributed to slightly different wire cross section in the sa
ple’s piece used for the TEM study, to nonparabolicity of t
conduction band and additional excitonic effects, which w
not included. The binding energy of excitons is indeed
pected to vary with the index of the subband52 but the mag-
nitude of this change is small and believed to be compara
to the difference in binding energies of hh and lh excitons
quantum wells of similar thickness~2 to 3 meV! ~Ref. 53!
for the two lowest optical transitions.

Optical transitions in Fig. 5 are attributed to QWR stat
Comparing PL~Fig. 3! and PLE~Fig. 5! spectra shows tha
some of these transitions seem to overlap with the state
the 2D QWs. However, carrier transfer from the side QW
into the QWR region is very inefficient at low temperatur
This is a consequence of the potential barrier (; 40–80
meV! resulting from the necking in the side QWs next to t
QWR @see Fig. 1~b!#. We can also exclude the contributio
to PLE of absorption and emission from the QW structu
since at the spectral position of the QWR emission the int
sity of the QW peak is practically negligible~see Fig. 3!.

The influence of the lateral confinement in the QWRs
the optical properties manifests itself by a linear-polarizat
dependence of the PLE spectra. Clear optical anisotrop
absorption is observed for all three samples. The effec
particularly pronounced for the 2.5 nm QWR and for the
nm QWR where a distinct crossing in the PLE spectra occ
for the second 1D excitonic transition when measured w
orthogonal polarizations. This feature is less pronounce
the PLE spectra of the thinnest 1.5 nm QWR. The weakn
of the optical anisotropy in the optical spectra of the 1.5
QWR is due to the fortuitous superposition of two optic
transitions,e2-h2 and e1-h7. Within the framework of an
adiabatic decoupling of the 2D potential, this occurs wh
the transverse potential splits the first hh and lh subband
an amount equal to the energy separating 1D-electron
bands imparted by the lateral potential.6

The calculated squared optical matrix elements are
played in Fig. 9 for all three QWR samples. All the ma
features of the experimental PLE spectra are remarkably
produced in Fig. 9: The dominance of the diagonal opti
-
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transitions,en-hn , in parallel and perpendicular polarization
is clearly evidenced; in parallel polarization transitions w
nonconserving subband indices are strongly suppresse
the low-energy part of the spectra whereas in perpendic

FIG. 9. Square of the optical matrix elements for interband tr
sitionsei-hj (1< i , j <10) calculated atk50 for QWR samples with
a nominal thickness of~a! 5 nm, ~b! 2.5 nm, and~c! 1.5 nm ~no
adjustable parameters!. Major transitions (uM ue -h

2 .0.1) are labeled
according to the indices of the participating electron and hole s
bands.
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polarization the peaks labelede1-h6 in Figs. 9~a! and 9~b!
and e1-h7 in Fig. 9~c! carry a significant oscillator strengt
resulting in a notable polarization anisotropy for the tw
larger QWRs. This latter feature, clearly visible in Figs. 5~a!
and 5~b!, originates from the contribution to the valence su
band of Bloch states having a dominant lh character.4,5 In-
deed we find a value of 70% lh character for then56 va-
lence state of the 5 nm and 2.5 nm QWR, and 71%
character for then57 valence state of the 1.5 nm QWR~see
Table II!.

Figure 10 shows the envelope functions of that lh-li
ground state(h6) in the 2.5 nm QWR. In fact, two maxima
can be observed on the plot of the probability density of
lh constituent (h6 :lh in Fig. 10! because the mixing with
higher order states results in a negative interference at
center. The ground-state character is further confirmed by
fact that the two lobes oscillatein phasewith each other.
This state mainly couples to then51 conduction subband
due to a large overlap as can be seen in Fig. 9~b!. The wire
cross section derived from a TEM micrograph and used
the calculation is also shown in Fig. 10. The fluctuations
the boundaries result from the digitalization of the TEM p
ture; they have no influence on the calculated wave fu
tions. Theen-hm transitions withn.6 in Fig. 5~a! and Fig.
5~b! involve transverse electronic states. The correspond
electron wave functions exhibit a node along the growth a
at the center of the QWR and mainly couple to hole sta
having similar transverse components. As a conseque
major transitions in this spectral region do not necessa
conserve subband indices.54

We explain the circularly polarized PLE spectra of t
three QWR samples as follows. In the energy rangeEexc
,e1-‘‘lh’’ 1 only electrons from the lowest valence subban
are excited to the conduction subbande1. Here ‘‘lh’’ 1 refers

FIG. 10. Confined zone-center hole states in the 2.5 nm Q
structure. The contours of the probability density are plotted for
h6 state with its constituents of hh and lh. The wire cross sec
derived from a TEM micrograph and used in the calculation is a
shown.
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to the first valence subband displaying a dominant light h
character. Since the first valence subbands have a dom
hh character~see Table II! the resultingP is positive, close
to 35% at thee1-h1 transition in the 1.5 nm and 2.5 nm
QWRs and close to 50% in the 5 nm QWR. The deviati
from a 100% polarization results on one hand from elect
and hole spin relaxation and on the other hand from lh
mixture in theh1 wave function. For an excitation energ
approaching thee1-‘‘lh’’ 1 transition, the electrons originat
ing from the valence subband with strong lh character star
contribute to the luminescence. These electrons are ma
created withs51 1

2 and are associated with a negativeP at
thee1-h1 transition. As the first valence subbands contribu
to a positiveP, the JDOS for the transitione1-‘‘lh’’ 1 has to
be very high to compensate for it giving rise to a decreas
P. This is further supported by our calculation of th
valence-band structure: A negative ‘‘lh’’ mass at the cen
of the Brillouin zone is found in all the QWRs investigate
@e.g., see Fig. 2~b!#. This effect explains the pronounced d
located at thee1-‘‘lh’’ 1 transition in the polarization spec
trum of Fig. 5~b!. As the excitation energy increases, t
JDOS for thee1-‘‘lh’’ 1 transition falls down and the ne
polarization increases again. For still higher excitation en
gies (Eexc.e1-‘‘lh’’ 1) electrons from other valence sub
bands also appear in the conduction subbands. Becaus
depolarization increases with the kinetic energy of photoc
ated electrons,49 these electrons will only weakly contribut
to the polarization and, thus, the circular polarization cu
features only small amplitude modulations for optical tran
tions en-hn with n.2.

V. CONCLUSIONS

We have studied the optical properties of high-qual
V-groove GaAs/Al0.3Ga0.7As QWRs with three different
thicknesses of the GaAs layer. The systematic investiga
of PL and PLE spectra as a function of the wire size co
bined with model calculations has allowed us to study
detail the effect of two-dimensional quantum confinement
valence-band mixing and polarization anisotropy. We ha
shown that the polarization anisotropy of PL spectra cr
cally depends on localization effects and cannot be relate
any polarization analysis based on extended states. The
fluence of exciton localization and surface corrugation
PLE spectra has also been clarified; the observed large
larization anisotropy has been unambiguously related to
one-dimensional character of our QWRs. Comparison of
experimental results obtained for all three QWR samp
with theoretical predictions is clearly compatible with th
strong suppression of the 1D band-edge singularity in P
spectra. We are currently extending our model to inclu
excitonic effects in order to quantify the contribution of in
terband Coulomb coupling to PLE spectra.
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