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Optical properties of remotely doped AlAsÕGaAs coupled quantum wire arrays.
I. Periodic quantum confinement and localization of minority carriers

T. Mélin1,2,* and F. Laruelle1,†

1Laboratoire Photonique et Nanostructures, Centre National de la Recherche Scientifique, 196 Avenue Henri Ravera,
BP 107, 92225 Bagneux Cedex, France

2Institut d’Electronique et de Microe´lectronique du Nord, Centre National de la Recherche Scientifique, Avenue Poincare´,
BP 69, 59652 Villeneuve d’Ascq Cedex, France

~Received 15 October 2001; published 19 April 2002!

We perform low-temperature optical experiments on remotely doped lateral superlattices epitaxially grown
on vicinal GaAs substrates. This quantum wire system provides a degenerate electron gas of densityns.8
31011 cm22 subjected to a tunable one-dimensional periodic potential of amplitude.20 meV and period
.30 nm, i.e., at the scale of its Fermi energy (EF.25 meV) and Fermi wavelength (lF.30 nm). We show
that the one-dimensional quantum confinement strongly affects both photoluminescence and photolumines-
cence excitation properties of the degenerate electron system. Through a careful analysis of the optical emis-
sion and absorption linear polarization spectra together with their temperature dependence, we distinguish
between features due to~i! the periodic one-dimensional confinement and~ii ! the localization anisotropy of
photocreated valence-band carriers.

DOI: 10.1103/PhysRevB.65.195302 PACS number~s!: 78.66.2w, 71.10.Ca, 71.35.2y
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I. INTRODUCTION

Much attention has been paid to the physics of o
dimensional~1D! semiconductor structures in the last d
cade. The experimental investigation of quantum w
~QWR! properties has been made possible by the appear
of reliable fabrication techniques based on various
proaches such as etching and single-step or multistep ep
ial growth.1 A strong emphasis has been put on the opti
studies of nonintentionally doped QWR’s such asT wires,V
wires, and lateral superlattices~LSL’s!, where the excitonic
regime looks now well understood.2

Doped QWR’s providing clean 1D degenerate elect
gases~DEG’s! would be of considerable interest as well
test theoretical predictions in the 1D limit. For instance, o
tical spectra are predicted to be drastically altered by ph
space restrictions in Coulomb diffusion processes, with
appearance of power-law divergences at the Fermi edge
phenomenon known as Fermi-edge singularities.3 Also, the
tunability of confinement in semiconductor structures e
ables us to probe the dimensionality transition towards
systems,4 where the absence of quasiparticles at the Fe
level has been recently demonstrated experimentally by p
toemission spectroscopy on quasi-1D organic salts.5

However, only few optical studies have been devoted
doped semiconductor QWR structures. Existing data re
mainly to type-II structures,6 where electrons and holes a
spatially separated, to 1D plasmon modes in etched w
studied by Raman optical spectroscopy,7 and to dense 1D
electron-hole plasmas generated by bringing undo
QWR’s under strong optical excitation.8 This underlines that
the doping of QWR structures remains in most cases a t
nological issue.

Here, we report on remotely doped AlAs/GaAs QWR
known as LSL’s. The 1D confinement is achieved inside
channel of a 2D heterostructure by self-organized molec
0163-1829/2002/65~19!/195302~10!/$20.00 65 1953
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beam epitaxy~MBE! growth, as demonstrated by Petro
et al. in the 1980’s.9 Due to the one-step growth schem
LSL’s can be remotely doped as easily as in 2D,10 with a
density ~here ns.831011 cm22) controlled by the thick-
ness of the spacer layer between dopants and the LSL.
1D potential amplitude (.20 meV) and period (.30 nm)
~Ref. 11! closely match the Fermi energy~25 meV! and
Fermi wavelength (.30 nm) of the electron system, so th
strong evidence for 1D quantum confinement is expecte
both transport and optical properties. Indeed, magnetotr
port experiments have revealed striking properties such
the spin polarization of Landau bands at high magne
fields.12

In the present paper, we focus on the optical propertie
remotely doped LSL’s. First, we review the LSL fabricatio
and the tunability of their electronic properties with tilt, an
describe the basic optical processes involved in lo
temperature photoluminescence~PL! and photoluminescenc
excitation~PLE! experiments on a 2D DEG. We then turn
1D-modulated DEG’s achieved by remote doping of LSL
and analyze their PL and PLE linear polarization spec
This reveals that the LSL optical properties are not only g
erned by periodic quantum confinement, but also by the
calization anisotropy of photocreated valence carriers wit
one LSL period. Features associated with the former and
latter contributions are distinguished experimentally by th
temperature dependence. The analysis brings an experim
tal identification of the nature of optical processes involv
in the PLE onset of absorption below the Fermi threshold
direct transitions. The final facet of LSL optical properti
consists in the Fermi-edge singularities which develop in
regime of periodic intersubband couplings.13 The analysis of
these aspects in terms of Fano resonances14 is in fact general
to semiconductor heterostructures and not restricted to Q
systems: it therefore makes the scope of a separate pap15
©2002 The American Physical Society02-1
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II. SAMPLES AND EXPERIMENTS

Samples are grown by MBE on 0.5° vicinal GaAs~001!
substrates, which exhibit a monomolecular step array of
riodicity Lx532 nm @see Fig. 1~a!# after the growth of a
GaAs buffer layer in the step-flow mode.16 This step array is
used to laterally organize the growth, each LSL layer c
sisting in a monolayer fractionxAl.0.07 of AlAs followed
by a fraction xGa.0.93 of GaAs @Fig. 1~b!#. The
N-monolayer-thick LSL (55<N<71) is inserted between
two Al0.33Ga0.67As barriers, and remote Sid doping is
achieved on the surface side@see Fig. 1~c!#, leading to an
electron densityns.831011 cm22 at 2 K under optical il-
lumination for a 9 nmspacer layer thickness.

In Fig. 1 the LSL is clearly drawn in an idealized vie
with pure GaAs and AlAs stripes. Experimentally, the amp
tude of the 1D periodic potential is strongly weakened b
in the conduction and valence bands by growth factors s
as the aluminum-gallium vertical segregation during MB
growth or the disorder of the vicinal surface step array. T
has been quantitatively analyzed previously and correspo
to a .90% reduction of the effective periodic confineme
amplitude in LSL’s with a low alloy concentration.17 In the
case of remotely doped structures, the effective LSL pot
tial is further screened by the electrostatic potential indu
by the periodically confined degenerate electron system
self. This phenomenon, however, differs from the Al/Ga s
regation and step-array disorder effects, since it opposes

FIG. 1. ~a! Schema of a GaAs vicinal surface~misorientation
anglea50.5°) exhibiting a monomolecular step array~period Lx

532 nm) in the step-flow mode.~b! During the epitaxy of each
LSL monolayer, AlAs and GaAs are sequentially grown, so as
induce the lateral confinement.~c! The stacking ofN LSL mono-
layers is embedded between Al0.33Ga0.67As barriers, with remote S
d doping on the surface side of the structure. Inset: asymme
confinement in a remotely doped 2D QW. The conduction and
lence envelope functions ofE1 , E2, and HH1 are depicted.
19530
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conduction-band confinement potential, while it emphasi
the valence-band one. In the conduction band, the co
sponding reduction factor can reach 30% of the 1D poten
in low-density samples (ns.4.531011 cm22), in good
agreement with self-consistent Schro¨dinger-Poisson numeri
cal calculations.18

Throughout this paper, we will phenomenologically a
count for the growth and static-screening phenomena by
ferring to the effective 1D confinement potential probed
2D conduction-band electronic states. Limiting our descr
tion to the first Fourier component of the 1D confineme
the confinement potential reads

V1D~x!5V1DcosS 2px

Lx
D .

From previous work,4,11,12 we expect 2V1D.20 meV. As
pointed out in the Introduction, the LSL effective potenti
amplitude and period closely match the Fermi energy~25
meV! and Fermi wavelength (lF.30 nm) of the electron
system. This shows that the DEG is close to the 1D quan
limit, a few 1D minibands only being populated by degen
ate electrons.

Up to this point, we described the situation where the to
fluxes of AlAs and GaAs are adjusted to cover exactly
terrace width during each MBE cycle (xAl1xGa51). How-
ever, the total coverage varies along the samples due to
gradients of effusion cells in the MBE chamber (xAl1xGa
511«). This induces a phase shift between each L
monolayer:

V1D~x,z!5V1DcosS 2px

Lx
22p«

z

aD .

wherea is the monolayer thickness (a52.83 Å). Geometri-
cally, the LSL stripes get tilted with an angleb with respect
to the growth direction as sketched in Fig. 2. However, t
structural parameter is inappropriate to describe the e
tronic properties of tilted LSL’s. To do so, one rather needs
take into account the vertical extension of the 2D electro
states probing the LSL potential. The LSL tilt can be mo
tored at this scale by the phase shift 2p N« of the LSL
potential throughout theN LSL monolayers. We will thus
adopt in the followingN« as tilt parameter to describe th
electronic properties of tilted LSL’s. This quantity has in a
dition a practical meaning, since aDN«51 variation of the
tilt parameter corresponds to an increase of the QW th
nessN by one monolayer. Experimentally, we probe the LS
optical properties with a 40mm laser spot moved along th
sample as shown in the inset of Fig. 3, while« values~i.e.,

o

ic
-

FIG. 2. ~a! Excess coverage of the LSL terraces for a total Al
and GaAs coverage ratioxAl1xGa.1. The excess coverage ratio«
equalsxAl1xGa21. ~b! Geometrical tilt angleb of the LSL. b is
linked to « by tanb5«/a.
2-2
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OPTICAL PROPERTIES OF . . . I. . . . PHYSICAL REVIEW B 65 195302
thexAl andxGa fluxes! are measured independently from t
LSL properties at each laser spot position with an accur
D«5431024, thanks to additional reference heterostru
tures buried below the LSL.4

The electronic properties of LSL’s can be described
follows. For nontilted LSL’s, the 1D periodic potential
separable between the@110# ~x! and growth~z! directions. It
acts therefore only within each 2D-confined conduction s
band En , by coupling with an amplitudeV1D/2 in-plane
states k5(kx ,ky) and k85(kx8 ,ky8) such as kx82kx5

62p/Lx and ky85ky . In the case of tilted LSL’s, the LSL
potential is no more separable betweenx and z, so that the
symmetries of the 1D confinement potential are chang
giving rise to additionnal intersubband periodic couplin
acting between statesk andk85(kx62p/Lx ,ky) belonging
to subbandsEm and En with different quantum numbersm
Þn. We characterize the intra- and intersubband coup
relative amplitudes as a function of tilt by the parame
Amn :

Amn5
2

V1D
E E cm* ~z!V1D~x,z!cn~z!ei2p/Lxdx dz,

where cm (cn) are the envelope functions in the two
dimensional subbandsEm (En). Obviously, Amm51 and
Amn50 (mÞn) for N«50, while Amn (mÞn) terms be-
come nonzero forN«Þ0. For the lowest indexes, we get19

A115
21/p

N«~12N2«2!
sin~pN«!,

A125
24N«/p

~124N2«2!~924N2«2!
cos~pN«!.

We have reported for illustration in Fig. 3 the squar
amplitudes ofA11 andA12. A 11

2 almost monotonically van-
ishes with tilt: this parameter is directly proportional to t
redshift of PL transitions in undoped LSL’s~Refs. 4 and 11!
in the range of validity of the perturbation theory. The lim
whereA 11

2 →0 means that electrons fully average the tilt

FIG. 3. Squared normalized intra- and intersubband coupli
A 11

2 andA 12
2 as a function of the tilt parameterN« ~see text!. Inset:

schematical sample side view showing how optical properties
tracked along a given wafer. TheN«50 region~untilted LSL! cor-
responds to a line on the sample. Variations of the LSL thickn
with tilt are also represented.
19530
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LSL potential owing to theirz extension: the tilted LSL acts
almost as an alloy. The intersubband parameterA 12

2 is zero
for N«50. Due to the broken separability between thex and
z axes, it raises when tilt is increased, but gets also avera
in the limit of largeN« values.A12 thus displays a charac
teristic camelback shape, with a maximum amplitude
N«51. This behavior corresponds to the enhancemen
Fermi-edge singularities in tilted remotely doped LSL’s.13

The samples investigated in this paper are those of R
13. Sample A~B! consists of aN571 ~55! monolayer thick
LSL of meanxAl57% aluminum content inserted betwee
Al0.33Ga0.67As bariers. Remote Sid doping is provided with
a spacer layer thickness.9 nm. We performed 4 K
magneto-optical experiments20 to measure Fermi energie
and conduction- and valence-band electronic masses.
sample A, we getEF526.560.4 meV, me50.074m0 and
mh50.36m0, wherem0 denotes the free electron mass. In t
case of sample B, we findEF527.060.4 meV, me
50.074m0, andmh50.28m0. Sheet densities extracted from
these measurements equalns.8.331011 cm22. Samples A
and B are thus quite similar, except for theE1-E2 subband
spacing due to the different LSL thickness. Indeed, the
ergy separation between the excitonic resonance assoc
with E2 (E2X

) and Fermi-level transitions equals 6.5 me
for sample A while it reaches 19.5 meV for sample B. Th
makes Fermi-edge singularity effects more pronounced
sample A compared to sample B.13

Photoluminescence and PL excitation experiments
performed at 1.8 K with the sample immersed in superfl
helium. The excitation is provided by a tunable Ti:Sa las
with a maximum 300mW power focused within a 40mm
spot. The PL signal is dispersed by a double monochrom
with a typical 0.1 meV resolution. A photomultiplier is use
for detection, with a preamplifier enabling a counting d
namics over six order of magnitudes. PL and PLE line
polarizations are measured at a frequency between 50
and 100 kHz using an acoustooptic modulator locked wit
two-channel photon-counting setup.

III. OPTICAL EMISSION AND ABSORPTION
OF A TWO-DIMENSIONAL ELECTRON GAS

We briefly review the basic mechanisms of optical em
sion and absorption of a 2D DEG in a semiconductor hete
structure. The DEG is described as aT50 K Fermi sea,
with conduction carriers filling states from zero in-plan
wave vector up to the Fermi wave vectorkF (kF
.0.02 Å21 for samples A and B!. We neglect the Coulomb
interaction between valence holes and the Fermi sea an
not address in this section Fermi-edge singularity issues

Experimentally, remotely doped QW’s display a PL lin
shape with an asymmetrical tail towards high energies at
temperature@see Fig. 4~b!#. This shows that usualk-selection
rules for direct optical processes21 do not apply, because pho
tocreated holes having relaxed at the top of the valence b
would only allowk.0 wave-vector transitions and thus lea
to a symmetrical PL profile. Indirect optical processes c
take place in presence of remote ionized dopants as poi
out by Lyo, Jones and Klem.22 Since the efficiency of remote
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T. MÉLIN AND F. LARUELLE PHYSICAL REVIEW B 65 195302
dopant diffusions decreases strongly with the conduc
wave vectors, the resulting PL oscillator strength decrea
with energy, but allows transitions up to the DEG Ferm
level states atEF , even for high electron densities such
ours (ns.831011 cm22). However, in the case of ou
samples, another indirect mechanism sets in, due to the
nary alloy compositionxAl.7% inside the LSL. The asso
ciated disorder creates a band tail of localized states at
top of the HH1 subband. In PL, photocreated holes relax
most localized states and get ak-space extension comparab
to the Fermi wave vectorkF , thus allowing PL transitions
for Fermi-sea electrons with wave vectors up tokF @see Fig.
4~a!#. The validity of this scheme will be demonstrated b
low. In PLE, however, the valence-band population is not
importance and direct optical processes dominate over i
rect ones. The direct absorption starts for wave vec
greater than the DEG Fermi wave vector due to the P
exclusion principle. Because of the finite hole mass, the c
responding absorption edge in PLE is blueshifted byme /mh
EF with respect to the PL Fermi-edge cutoff, a quant
known as the Moss-Burstein shift. The empty subbandE2
gives rise to transitions of excitonic character as seen f
the sharp resonances ofE2HH1 ~namely,E2X

) andE2LH1 in
the experimental PLE data of Fig. 4~b!.

Localized states have been the subject of numerous s

FIG. 4. ~a! In-plane band-structure of the conduction and v
lence bands of a remotely doped QW atT50 K. Dominant PL and
PLE optical processes are depicted. In PL, conduction elect
recombine onto valence states localized on potential fluctuation
the top of the subband HH1. In PLE, direct absorption processe
start between HH1 states andE1 electrons with in-plane wave vec
tors greater than the Fermi wave vectorkF . ~b! Comparison be-
tween the theoretical line shapes in emission and absorption
PL and PLE spectra of a 2D DEG~in fact sample B forN«→`!.
The PL line shape widthDE equals the Fermi energy, while th
PLE starts with anme /mh DE shift ~Moss-Burstein shift! with re-
spect to the PL Fermi-edge cutoff. Excitonic resonances assoc
with the empty conduction subbandE2 appear as quasidiscrete le
els in PLE.
19530
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ies in undoped QW’s and QWR’s recently,23 mainly by
means of PL studies at themm scale in order to probe th
emission of individually localized excitons. However, litt
work has been done in situations where only one of the
recombining electronic states is localized, as is the cas
the PL of remotely doped LSL’s. We demonstrate in the f
lowing that the localization of hole states in the valence-ba
tail can be probed using a conventional PL setup at a 40mm
scale.

IV. LOCALIZATION OF VALENCE HOLES

The theory developed by Halperin and Lax24 can be used
to describe the localization of valence holes in the poten
fluctuations of a ternary alloy like AlxGa12xAs. This varia-
tional method assumes a correspondence principle betw
the energyE of a localized state and its extension~or its
shape! fE(r ). The case of MBE-grown AlxGa12x alloys cor-
responds to a high density of randomly positionned diffus
sites21 for which a statistical description accounts for th
disorder ‘‘seen’’ by the wave fuctionfE . Then, the density
of statesrf(E)—which has to be maximized with respect
f in this variational scheme—reads24

rfE
~E!5A~E!expS 2~E2u!2

2s2 D ,

wherefE is the trial wave function at energyE, A a function
slowly varying with energyE, u the kinetic energy associ
ated withf, ands the standard deviation of the statistic
disorder potential seen byf(r2r0) whenr0 is varied in the
2D space. Taking a parabolic hole dispersionE5
2\2k2/2m* and assuming a Gaussian 2D profile for the tr
wave function,

fE~r !5A2

p

1

m
expS 2

x21y2

m2 D ,

one obtains a description of localized hole levels forE.0
with a characteristic extension

m~E!5A3\2p

2m* E
.

The associated band tail of the valence-band density of st
is exponential:r(E)}exp(2E/Ec), with a characteristic lo-
calization energy

Ec5
m* a2x~12x!~DV!2

3p2\2 ,

wherex is the alloy mean composition,a denotes the crysta
lattice constant, andDV is the valence-band-gap offset b
tween pure AlAs and GaAs materials.

The gradual localization of valence-band states with
ergy is depicted in Fig. 5. Takingx57%, a55.67 Å, DV
50.5 eV, andm* 50.35m0 for the HH1 subband, one esti
matesm.32 nm/AE (E in meV! andEc.0.8 meV. Such
parameters are well adapted to describe localization eff
in actual MBE-grown structures with ternary alloys such
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OPTICAL PROPERTIES OF . . . I. . . . PHYSICAL REVIEW B 65 195302
Al xGa12xAs quantum wells, because~i! Ec corresponds to
the usual Stokes shift values of our samples and~ii ! m(E
51 meV) matches typical Fermi wavelengths in 2D DEG
This underlines the efficiency of indirect PL recombinati
processes between delocalized DEG states and valence
localized by alloy disorder.

Such considerations show that the optical properties
lateral superlattices will be drastically affected by localiz
tion effects in the valence band. Indeed, since the typ
localization lengthm(Ec) is greater than the LSL perio
(Lx532 nm) while remaining of same order of magnitud,
2D valence states localized by alloy disorder will easily g
trapped within one LSL period in presence of the 1D co
finement potential along thex direction. Strong PL linear
polarization features can thus be expected in LSL’s due
this anisotropic valence hole localization. Also, even if m
localized valence states get anisotropically localized wit
one LSL terrace, this process gets rapidly inefficient for m
delocalized states in the valence-band tail. The PL polar
tion features associated with anisotropically localized
lence states will therefore vary strongly as a function of
localization length. This property will be used in the analy
of the optical properties of LSL’s, so as to distinguish b
tween features due on the one hand to the periodic o
dimensional confinement and on the other hand to the lo
ization anisotropy of photocreated valence-band carri
Experimentally, the localization length of valence carrie
can be tuned by raising the sample temperature above
localization energyEc . The experiments reported below wi
demonstrate the major role played by localized carriers
optical emission and absorption processes in the vicinity
the PL and PLE Fermi edges.

V. FROM QUANTUM WELLS TO COUPLED QUANTUM
WIRE ARRAYS

We now focus on the optical properties of QWR arra
using sample B atN«50, for which intersubband coupling
effects can be neglected in a first approximation.

In Fig. 6 we show 2 K PL and PLEspectra, as well as
their linear polarization spectra. We define a linear polari
tion ratio ~LPR! as the difference between PL compone
having an electric field along thex (@110#) and along they
(@11̄0#) axes, normalized to the total PL intensity. At 2D
even if individualk transitions are polarized outside the Br
louin zone center due to valence-band mixing effects,21 a
DEG emission or absorption is not linearly polarized, b

FIG. 5. ~a! Localized states (E.0) in the valence band in pres
ence of disorder.~b! Schema of the exponential valence-band t
with characteristic energyEc ~see text!.
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cause of the isotropy of conduction constant energy surfa
As seen in Fig. 6 both PL and PLE of LSL’s display we
structured LPR spectra. We will show that part of the stru
tures are directly connected to the presence of the 1Dperi-
odic potential of the LSL. This corresponds to featur
labeled~i! ~negative PL LPR for small wave-vector trans
tions! and ~iv! ~1D excitonic transitions associated with th
empty subbandE2). Other features, i.e.,~ii ! the negative PL
LPR for large wave-vector transitions and~iii ! the Fermi-
level depolarization in PL and PLE, will be attributed to th
anisotropy of the valence-hole localization. The analysis
developed in the next sections, after a short analysis of
density of states~DOS! singularities in LSL’s.

VI. ABSENCE OF VAN HOVE SINGULARITIES
IN PHOTOLUMINESCENCE SPECTRA

It is striking in Fig. 6 that the PL line shape does n
mirror the DOS singularities expected from the 1D confin
ment, as revealed, for instance, in scanning tunneling mic
copy studies on carbon nanotubes.25 They are calculated in
Fig. 7 ~bottom! for a typical 2V1D520 meV modulation
amplitude. Singular points labeledp/Lx

2 (p/Lx
1) correspond

to the first minigap states atk5(p/Lx,0) in the first~second!
miniband. The same holds for 2p/Lx

2 state (2p/Lx
1 state!

associated with the second minigap states atk5(2p/Lx,0)
in the second~third! miniband.

Clearly, one cannot refer to disorder to account for t
absence of DOS singularities in experimental photolumin
cence spectra, even if some of them (p/Lx

2 and 2p/Lx
2)

appear as peaks due to their saddle-point character in
band structure11 and could be easily washed out by the pre
ence of disorder.

We rather propose an explanation of the absence of
DOS singularities in PL spectra in terms of the localizati
of valence holes. In a tilted LSL, the 2D model released

l

FIG. 6. PL, PLE and their linear polarization ratios for sample
at N«50. Features denoted by~i!, ~ii !, ~iii !, and~iv! are described
in following sections. In the PL spectrum, arrows labeledk50 and
k5kF denote zone-center and Fermi-edge transitions as determ
from magneto-optical measurements.
2-5
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T. MÉLIN AND F. LARUELLE PHYSICAL REVIEW B 65 195302
the previous section already predicts that valence state
calize within one LSL period (Lx.32 nm) due to the alloy
composition of the LSL. Therefore, forN«50, holes will
localize inside individual LSL potential extrema, as sketch
in Fig. 8. We have also plotted in Fig. 8 the symmetries
p/Lx

2 andp/Lx
1 minigap states. Selection rules appear a

predict thatp/Lx
1 transitions should be optically inactive, i

analogy with usual selection rules in a 2D QW@see Fig.
8~b!#. To ensure this, we calculated in Fig. 7 the correspo
ing PL spectrum. The DOS singularity associated with
second 1D miniband (p/Lx

1) is completely washed out
However, the steplike onset of the third 1D miniba

FIG. 7. Top: conduction dispersion laws in reduced zone sch
showing the formation of 1D minibands in thekx direction for
V1D50 ~left! and V1D510 meV ~right!. Singular points labeled
p/Lx

2 , p/Lx
1 , 2p/Lx

2 , and 2p/Lx
1 appear as a result of the min

gap openings in (kx ,ky)5(p/Lx,0), and (2p/Lx,0). Bottom: calcu-
lated densities of states given in units of the 2D DOS. Midd
calculated optical spectra using an isotropically localized h
(Dkx5Dky50.013 Å21) for V1D50 and an anisotropically local
ized hole (Dkx50.035 Å21, Dky50.013 Å21) for V1D

510 meV. The spectra share the same vertical scale.

FIG. 8. ~a! 1D confinement potential in conduction and valen
bands~dotted lines!. The minigap statesp/Lx

2 and p/Lx
1 and the

valence hole states localized on a potential extremum are depi
~b! First confined states in a nonintentionally doped QW. Symm
tries are analogous to~a! and lead to similar optical selection rule
for PL processes.
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(2p/Lx
1) should be resolved in PL experiments.

The absence of 1D DOS singularities remains thus p
tially unexplained, while the presence of a 1D periodic co
finement is fully established in these samples.13 Two specu-
lative arguments can be mentionned which, however,
beyond the scope of this paper. The first one is that indir
processes associated with remote dopants22 can be boosted
via umklapp processes around 1D miniband edges
QWR’s,26 even if such processes are inefficient at the cor
spondingk wave vectors in 2D. Also, it has been shown th
DOS singularities are suppressed because of the Coul
interaction in undoped QWR’s.27 The comparison with our
data is striking, even if the link with remotely doped stru
tures is not straightforward.

VII. ONE-DIMENSIONAL EXCITONIC TRANSITIONS
ASSOCIATED WITH E2

As observed in Fig. 6, theE2 subband splits into 1D ex
citonic structures labeled~iv! which are equivalent to thos
observed forE1 in the PLE of undoped LSL’s.11

They consist of the following:~a! a grounde1-hh1 transi-
tion between the firstE2 and HH1 1D minibands, with a
characteristic negative LPR,~b! a e1-hh3 transition between
the firstE2 miniband and the third lateral miniband of HH1,
correlated to a positive extremum in the PLE LPR, and~c!
the ground light-holee1-lh1 transition involving the first lat-
eral minibands ofE2 and HH1.

Additional 1D transitions (e2-hh2 , e2-lh2) would allow a
direct quantitative measurement of minigap amplitude11

They are, however, not resolved, probably because of
presence of the continuum ofE1.

VIII. PHOTOLUMINESCENCE LINEAR POLARIZATION

We analyze here the two photoluminescence linear po
ization features labeled~i! and ~ii ! in Fig. 6.

Qualitatively, the origin of the negative PL LPR for sma
k transitions@feature~i! in Fig. 6# is similar to that of the
e1-hh1 PLE transition in PLE in undoped LSL’s.11 It is in-
duced by the mixing betweenk.0 conduction states with
k.(62p/Lx,0) states induced by 1D periodic confineme
However, the description of hole states cannot be limited
free-electron model, since the associated PL LPR (27%,
neglecting static screening effects! clearly underestimates th
experimental value (218%). We rather describe holes a
anisotropically localized states:

C loc~k!}expS 2
kx

2

D2kx
2

ky
2

D2ky
D .

Using Dkx50.035 Å21, Dky50.013 Å21, and 2V1D
520 meV, this model leads to a217% PL LPR value for
zone-center transitions, which falls in quantitative agreem
with experimental data. We stress that even if a quantita
agreement is only reached within a localized hole le
model, the physical origin of the negative LPR of zon
center transitions is in any case due to the quantum mixi
in the LSL conduction band: a pure 2Dk50 conduction

e

:
e

ed.
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state would give no optical anisotropy when recombin
with C loc even withDkxÞDky . This means that the nega
tive polarization of zone-center PL transitions@feature~i! in
Fig. 6# fully originates in the periodicity of the LSL quantum
confinement.

For higher wave-vectors transitions, the conduction-ba
structure becomes 2D like, so that the observed enhance
of the PL LPR@feature~ii ! in Fig. 6# corresponds to anothe
mechanism. To understand it, we calculated in Fig. 9 the
LPR expected for 2D electrons (2V1D50 meV) recombin-
ing onto anisotropically localized holes. As explained abo
k50 optical transitions remain isotropic despite the hole
calization anistropy, but a negative PL LPR component
velops with energy as valence-band mixing effects gradu
take place outside the Brillouin zone center.21 This is in good
agreement with experimental data and suggests that th
LPR enhancement for high wave-vector transitions is fu
due to the localization anistropy of valence holes. We a
propose in Fig. 9 a more complete calculation of the PL LP
including the LSL periodic confinement potential in the co
duction band (V1DÞ0). With increasedV1D values, one re-
covers the negative PL LPR characteristic of zone-center
tical transitions. It is remarkable that the calculated LP
shape then gets structured at higher wave vectors, due t
presence of conduction-band minigaps. This is not reflec
by experiments, but is obviously related to the absence
Van Hove singularities in the PL spectrum, which we alrea
discussed. Nevertheless, the envelope of the calculated
LPR curves is preserved while increasingV1D , so that the
experimental increase of PL LPR at high wave vectors
be reasonably attributed to the anisotropy of localization
valence holes in LSL’s.

To confirm this experimentally, we show in Fig. 10 th
evolution of PL and PL LPR spectra with temperature.
raising the laser power, we obtain effective electronic te
peratures up to 40 K~measured by the PL slope in logarith
mic scale aboveEF!. For such temperatures, the electron g
distribution is quite unchanged (EF /k@40 K), so that the
PL LPR evolution is only sensitive to the distribution of th
photocreated holes. The small wave-vector PL LPR com
nent faintly changes with temperature, while the high wa

FIG. 9. PL linear polarization spectrum of sample B at 2
~from Fig. 6!. Solid lines refer to a fit with a localized hole mod
and a 1D confinement of amplitudeV1D .
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vector contribution almost disappears forT.40 K. This
demonstrates that the latter comes from the localization
holes—suppressed at 40 K—while the former originates
the conduction-band periodic couplings induced by the L
and thus remains weakly affected by changes in the h
distribution. The two different physical origins of PL LPR
components~i! and ~ii ! in Fig. 6 are thus distinguished ex
perimentally.

IX. LINEAR DEPOLARIZATION AT THE
PHOTOLUMINESCENCE FERMI EDGE

We now describe the optical processes in the spec
range of the PL Fermi-level transitions. They correspond
the linear depolarization feature labeled~iii ! in Fig. 6, where
both PL and PLE get depolarized within a few meV abo
the PL Fermi edge. We analyze this feature and show th
allows one to understand the physical nature of PL and P
processes within this spectral range.

The depolarization feature~iii ! is represented for both
samples B and A in Figs. 11 and 12, together with the c
responding PL and PLE data in linear and logarithmic sca
It is remarkable that both PL and PLE linear polarizati

FIG. 10. Temperature evolution of the PL~left! and PL LPR
~right! spectra of sample B forN«50. The temperature is tuned b
raising the illumination power. PL LPR spectra are blueshifted
70 meV for sake of clarity. Dotted lines are a guide to the eye
the two PL LPR components at small and high wave vectors.
2-7
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superimpose onto each other in a few meV spectral ra
above PL Fermi-level transitions, apart from a sm
(<2 meV) energy shift, which we will later attribute to
Stokes shift. This occurs while PL and PLE signals ha
totally different variations with energy in this spectral rang
Also, it remains valid for both samples A and B, althou
their LPR signals are quite different due to the proximity
E2X

above PL Fermi-level transitions in the case of sam
A. These two points demonstrate experimentally that the
tical absorption~PLE! and emission~PL! processes are iden
tical around the DEG Fermi level.

Given the analysis of the previous section, the PL de
larization aboveEF can be understood as follows. If we a
sume that the DEG is at a temperatureT50 K, PL transi-
tions with energies higher thanEF require valence state
closer to the valence-band edge, i.e., less localized, as
picted in Fig. 13. Thus, the PL spectrum aboveEF is a spec-
troscopic probe of the valence-band tail of localized sta
This explains the gradual depolarization in PL aboveEF ,
because more delocalized LSL valence-band states are
isotropic. Also, fully depolarized transitions occur.4 meV
above Fermi-level PL transitions, which falls in good agre
ment with the.40 K temperature required to suppress t
high wave-vector LPR component~Fig. 10!.

The same explanation in terms of localized valence st

FIG. 11. Bottom: 1.8 K PL and PLE spectra of sample B f
N«50. Fermi-level transitions are positioned in PL from magne
optical measurements. Top: same PL and PLE data in logarith
scale plotted around Fermi-level transitions, together with the
and PLE LPR spectra. The blueshift between PL and PLE L
evidences a 1.4 meV Stokes shift, visible between PL and P
Fermi-level transitions atEF andEF,PLE .
19530
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applies for the PLE transitions in the LPR depolarizati
spectral range. This identifies the nature of the PLE tran
tions below the threshold for direct optical transitions atkF
~labeled asE1HH1 in Fig. 4! and shows that indirect optica
processes dominate in this spectral range where direct t
sitions are prohibited due to the Pauli exclusion princip
The correspondence between PL and PLE processes is
trated in Fig. 13. It shows that in the case of PLE, the a
sorption directly reflects the exponential density of states
the valence-band tail. This is not true, however, for PL tra
sitions, where the effective population of the valence-ba
tail by photocreated carriers has to be taken into acco
This dissymmetry is evidenced by logarithmic-scale PL a
PLE data~Fig. 11!: PLE and PL indeed display linear beha
iors, but with different slopes, of respective temperatureT
518 and 10 K for sample B.28 From these PLE logarithmic
scale slopes, one thus measures a characteristic localiz
energyEc.1.5 meV for the valence-band tail. The valu
fairly agrees with the estimation~0.8 meV! from the 2D
localization model, with a greater experimental value
LSL’s probably related to the additionnal step-array disor
in the heterostructure.17 The logarithmic scale slope differ
ence between PL and PLE data would correspond to a po
lation temperatureT56.5 K of valence-band carriers within
the localization band tail. However, this picture is not corre
strictly speaking, because photocreated valence-band car

-
ic
L
R
E

FIG. 12. Same figure for sample A. The pronounced Fermi-e
singularity seen in PL is due to the proximity of the second subb
excitonic resonanceE2X

6.5 meV aboveEF . It modifies the PL and
PL LPR shapes around PL Fermi-level transitions and
logarithmic-scale PL and PLE slopes compared to sample B~see
text!.
2-8
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probed in PL transitions are most likely out of therm
equilibrium, as can be seen from the energy sh
(.1 –2 meV) between PL and PLE LPR depolarization fe
tures in Figs. 11 and 12. It corresponds to a Stokes shift,
transitions probing only valence holes having relaxed
lowest-energy potential fluctuations, while the PLE prob
the spatial average of all localized states.

We finally focus on the PLE signal below the onset of t
LPR depolarization atEF . Logarithmic-scale PLE plots

FIG. 13. ~a! PL ~right! and PLE~left! optical processes for tran-
sitions with energies above the Fermi level. The conduction-ba
DEG and the localized levels of the valence-band tail are rep
sented with different energy scales. Bold and fine arrows are use
sketch the variations of oscillator strengths.~b! Joint density of
states for the conduction and valence bands with the energy re
ence set to Fermi-level PL transitions. The tail of localized valen
states is directly probed by PLE measurements~left!, while PL ex-
periments also depend on the actual population of the locali
states.
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show a clear slope change atEF for both samples B and A
~12–18 K transition in Fig. 11 and 6.4–8 K transition in Fig
12!. Again, one sees that the PLE LPR mimics the PL LP
for this spectral range belowEF . This identifies the valence
states involved in the PLE belowEF as the localized states
involved in PL atEF . Therefore, the PLE signal belowEF
can be attributed to the thermal absorption in empty DE
states belowEF . From the logarithmic-scale PLE slope o
sample B, one estimates an effective DEG temperatureT
512 K, quite above the helium bath temperatureT
51.8 K, but typical of a two-dimensional degenerate ele
tron system under optical excitation.14

X. CONCLUSION

Optical experiments performed on remotely doped LSL
show that substantial information can be acquired about e
tronic states in 1D DEG’s. We showed that LSL PL prope
ties are governed by the quantum mixings induced by
LSL periodic potential, but also by the anisotropic localiz
tion of minority carriers, with extensions of 600 and 200
along and orthogonal to the QWR axis. We demonstra
that the two effects can be distinguished experimentally
the temperature dependence of photoluminescence linear
larization spectra. Moreover, thanks to the regime of anis
tropically localized valence holes, we proved able to una
biguously identify the emission and absorption process
around Fermi-level transitions by a detailed analysis of
and PLE LPR spectra. This description in terms of Ferm
level electrons recombining onto the tail of localized valen
states extends to other degenerate electron systems in p
ence of disorder such as AlxGa12xAs quantum wells.
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