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Optical properties of remotely doped AlAsÕGaAs coupled quantum wire arrays.
II. Fermi-edge singularities
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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). The
enhancement of Fermi-edge singularities in tilted lateral superlattices@T. Mélin and F. Laruelle, Phys. Rev.
Lett. 76, 4219~1996!# is examined in the framework of the Fano resonance scheme that we recently proposed
for two-dimensional systems in presence of alloy disorder@T. Mélin and F. Laruelle, Phys. Rev. Lett.85, 852
~2000!#. Including periodic intersubband couplings as extrinsic scatterings in the Fano model, we obtain a nice
agreement with experimental data. This thus rules out possible many-body scenarios for the enhancement of
Fermi-edge singularities in lateral superlattices, where multiple Coulomb diffusions of Fermi-sea electrons by
charged photocreated valence holes would be boosted by the reduced dimensionality.

DOI: 10.1103/PhysRevB.65.195303 PACS number~s!: 78.66.2w, 71.10.Ca, 73.21.2b, 71.35.2y
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I. INTRODUCTION

Fermi-edge singularities~FES’s! refer to the divergence o
optical oscillator strength for Fermi-level transitions in a d
generate electron gas~DEG!,1 first identified in the x-ray
absorption spectra of simple metals such as Al, Na, an
nearly three decades ago.2 Mahan3 and Nozières and De
Dominicis4 explained the FES formation as a result of t
presence of the Coulomb potential of charged core holes
ing the optical experiments. This potential multiply scatte
Fermi-sea electrons throughout and along the DEG Fe
surface, which results in power-law divergences at the o
cal Fermi edges of emission or absorption spectra. Additio
points have also been clarified by theories: first the r
played by the Anderson infrared catastrophe during opt
processes5 which tends to suppress the optical oscilla
strength around Fermi edges and thus reduces the
power-law divergence exponents as clarified by Nozie`res
et al.4 and, also, the role played by the hole localization a
the DEG dimensionality, limiting the observation of FES’s
regimes with either strong hole localization or the dime
sionality being unity because of phase-space restriction
Coulomb diffusion processes.6

Semiconductor structures have generated much intere
studying FES issues. First, optical experiments can be ea
performed by means of photoluminescence~PL! or PL exci-
tation ~PLE!, generally in the visible range, the role of co
holes being played by photocreated minority carriers, i
valence holes in the case of a remote doping achieved in
heterostructure conduction band. Also, the semicondu
materials in which DEG’s are embedded aretailorable, so
that specific structures can be designed in order to esta
the Coulomb nature of observed FES’s and then to test th
ries with respect to localization and dimensionality issue
0163-1829/2002/65~19!/195303~8!/$20.00 65 1953
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The first observation of a divergent Fermi edge is due
Skolnick et al. in 1987 ~Ref. 7! in the PL spectrum of an
InGaAs/InP quantum well and was attributed to a FES eff
owing to the localization of valence holes in the disorder
quantum well material. Since then, new experimental sit
tions have been achieved in semiconductor structures
weaker valence hole localization,8,9 showing that FES’s
could appear when Fermi-level transitions are brought
close resonance with empty subband excitonic levels. To
plain this behavior, a many-body mechanism was propo
on the basis of numerical calculations in the infinite ho
mass approximation,10 putting forward the efficiency of Cou
lomb intersubband scattering processes to enhance FES

We demonstrated recently11 that the experimental exci
tonic enhancement of FES’s is rather due to a Fano re
nance mechanism12 involving extrinsic intersubband scatte
ing processes—like alloy disorder—rather than Coulo
ones. Parasitic FES’s can thus easily develop in optical sp
tra due to the presence of empty—and even remot
subbands and to extrinsic intersubband couplings such
disorder. This emphasizes the essential need to determin
detailed band structure and disorder processes from ex
mental data before the Coulomb origin of FES’s can be
tablished. Since these two ingredients can hardly be kno
from the PL measurements where the FES’s are usually
served, it requires that optical absorption data be system
cally recorded and analyzed in order to evaluate the we
of extrinsic Fano processes in experiments.

The aim of this paper is to test the relevance of the Fa
resonance model to account for the FES’s observed in qu
tum wire arrays known as lateral superlattices~LSL’s!.9

Given the paramount importance of the FES topic in redu
dimensionalities, it appears crucial to determine the phys
nature of FES enhancements in LSL’s from a quantitat
analysis of experiments. This makes the scope of the pre
©2002 The American Physical Society03-1
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T. MÉLIN AND F. LARUELLE PHYSICAL REVIEW B 65 195303
paper, the fabrication and other optical properties of LS
being extensively described in the preceding paper.13 We
show that experimental FES enhancements are well
scribed by a microscopic Fano theory taking into account
LSL periodic intersubband couplings as extrinsic scatter
processes. The quantitative agreement reached with ex
ments emphasizes the conclusion of Ref. 11 in two dim
sions~2D!, showing that intersubband scattering processe
extrinsic origin easily predominate experimentally ov
many-body contributions to FES enhancements.

The paper is organized as follows. After a brief descr
tion of the experiments of Ref. 9, we detail the Fano re
nance model used in Ref. 11. Fano parameters are then
puted, first in the case of random alloy disorder and then
the case of the periodic potential of LSL’s. The theory
finally quantitatively compared to experimental data.

II. SAMPLES AND EXPERIMENTS

We perform 2K PL experiments on remotely doped LS
epitaxially grown on vicinal GaAs substrates with 0.5° m
cut. This quantum wire system provides a DEG of dens
ns.831011 cm22 subjected to a tunable 1D periodic p
tential of amplitude.20 meV and periodLx532 nm, i.e.,
at the scale of its Fermi energy (EF.25 meV) and wave-
length (lF.30 nm).

The sample fabrication and electronic properties of til
LSL’s are described in the preceding paper.13 We report here
only on the FES aspects of the samples9 and their correlation
with tilt-induced periodic intersubband couplings. The LS
tilt originates in flux gradients of effusion cells inside th
molecular beam epitaxy growth chamber and thus co
sponds to the local relative deviation« from the nominal
AlAs and GaAs fluxes required to cover exactly the LS
terrace during growth cycles.13 The tilt angleb (b5e/a, a
being the wafer miscut angle! continuously varies along
samples~see Fig. 1!. However, this parameter is inappropr
ate to describe the electronic properties of LSL’s. One rat
needs to take into account the vertical extension of the en
lope wave functions of the 2D electron and hole statesEi and

FIG. 1. ~a! Schema showing how optical properties are track
as a function of tilt along a given sample.~b! squared normalized
intra- and intersubband couplingsA 11

2 andA 12
2 as a function ofN«.

~c! In-plane band structure of a 2D DEG with PL recombinations
localized hole levels. The LSL tilt induces intersubband couplin
between states separated62p/Lx along thekx direction of recip-
rocal space.
19530
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HHi which probe the LSL confinement potential. We u
hereN« as the tilt parameter,N being the LSL thickness in
monolayers (N571 and 55 for samples A and B, respe
tively!. 2pN« corresponds to the phase shift of the LS
confinement potential throughout theN-monolayer-thick
LSL.

For nontilted LSL’s (N«50), the 1D periodic potential is
separable between the@110# ~x! and the growth@001# ~z!
directions. The broken separability betweenx andz in tilted
LSL’s (N«Þ0) induces periodic intersubband couplings a
ing between electronic states belonging to subbands with
ferent quantum numbers@see Fig. 1~c! for illustration#. The
relative amplitudes of the lowest-index inter- and intrasu
band coupling termsA12(N«) andA11(N«) are depicted in
Fig. 1. It shows the typical camelback shape ofA 12

2 as a
function of N«.

Periodic intersubband coupling effects have been foun
the PL data of samples A and B in Ref. 9. Their observat
is related to the peculiar interplay between the sample D
densities~and thus Fermi wave vectorskF.0.022 Å21) and
the wave vector associated with the LSL period 2p/Lx
.0.020 Å21. This means that Fermi-level electrons pop
lating the first subbandE1 are efficiently coupled with zone
center electrons inE2 for sufficiently smallD5E2X

2EF en-
ergy separations. We reproduce for illustration in Fig. 2

d

n
s

FIG. 2. Left: 2 K PL spectra of sample A (D5E2X
2EF

56.5 meV) measured when tilt is varied along the sample. Rig
FES intensities of samples A and B, normalized with respect to
peak intensity of low wave-vector PL transitions. The camelba
behavior is typical ofA 12

2 in Fig. 1.
3-2
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OPTICAL PROPERTIES OF. . . . II. . . . PHYSICAL REVIEW B 65 195303
raw PL spectra of sample A from Ref. 9 for various tilt p
rameters. First, the figure shows an enhancement of FES
tensities as a function of tilt, with camelback shape var
tions typical of theA 12

2 intersubband coupling paramet
~see Fig. 1!. These variations occur due to the much grea
oscillator strength ofE2X

transitions~of excitonic character!

compared toE1HH1. Second, FES enhancements effects
more pronounced in the case of sample A, correlated
smaller energy separationD56.5 meV betweenE2X

andEF

compared to sample B whereD519.5 meV.13 These two
features demonstrate the presence of periodic intersub
couplings in LSL’s. Also, the FES enhancement extremum
obtained for N«50.9260.14 and N«51.2660.06 for
samples A and B, in good agreement with theN«51 value
from the square quantum well~QW! model calculations
sketched in Fig. 1. However, in the absence of relevant
croscopic models, we did not evaluate in Ref. 9 the ac
variations of the FES oscillator strength beyond qualitat
and phenomenological considerations.

III. FANO RESONANCE MODEL

We here describe in more details the Fano model
calculations relative to Ref. 11. It consists in using the d
crete nature of excitonic resonances associated with em
conduction subbands in order to get an analytical descrip
of the interaction between DEG states and empty conduc
subbands~see Fig. 3!. We thus basically consider a discre
state u i & coupled to a continuum of statesuk& by a matrix
elementW. The coupled system is ‘‘observed’’ through tra
sitions onto a third levelun&, described by aHpert Hamil-
tonian in the perturbation theory. In our case, the observa
is performed by means of photoluminescence spectrosc
un& therefore represents valence hole states, which we
sider of infinite mass for simplicity. In this approximatio
the continuum ofE2 states corresponds to the distribution
E1HH1 electron-hole pairs, with a population factor given
the Fermi-Dirac distribution of electrons in theE1 subband.
The discrete levelu i & is assumed to be the excitonic res
nanceE2X

. This description therefore considers the Coulom
interaction between valence holes and the empty conduc
subbandE2, but neglects any with DEG states filling the fir
conduction subbandE1.

Fano12 described analytically the shape of the recombi
tion spectra of the coupled~discrete level1continuum! sys-
tem onto the levelun&. Assuming a constant oscillato
strength for the continuum in theW→0 limit and measuring
energies with respect to the discrete level transition, the
combination spectrum reads

I ~E!5
uq1ju2

11j2 ,

wherej denotes a reduced energy valueE/G. Hereq andG
are the two parameters controlling the recombination l
shape.G represents the spectral spreading of the disc
state u i & coupled to the continuum of statesuk&. It equals
pW2D, whereD is the density of states of the continuum.q2

measures the oscillator strength of the broadened disc
19530
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level for WÞ0, compared to that of the continuum forW
50. It depends on the optical matrix elements^nuHpertu i &
and ^kuHpertu i & of E2X

andE1HH1 by the formula

q5
^nuHpertu i &

^nuHpertuk&pWD .

The main feature of Fano’s theory was its explanation of
asymmetrical character of x-ray spectra line shapes involv
discrete levels.12 This point originates in the interference b
tweenj and q terms as the energy is scanned in the abo
formula. Similar asymmetries have already been reporte
optical spectra of semiconductor heterostructures.14 How-
ever, as explained in the following, such effects will not ar
in our samples due to specific properties on theW interac-
tion. As seen from Fig. 3, the formation of FES’s in optic
spectra simply comes from the Fermi-Dirac filling of th
Fano profile in the 2D quantum limit~i.e., for a negative
reduced Fermi energyjF). The divergent behavior corre
sponds to the positive slope of the Fano profile atEF , all the
more pronounced with reducedD5E2X

2EF energy separa-
tions. In experimental PL data, FES’s, however, only oc
when the positive slope from the Fano profile atEF over-
comes the nominal decay of the DEG PL with energy as
ciated with PL recombination on localized valence holes
indirect processes.15

In the Fano resonance model, two means thus exis
enhance Fermi-edge singularities in the PL spectrum o
DEG: on the one hand, by putting PL Fermi-level transitio
into resonance withE2X

~this was reported experimentally b
Chenet al.8 nearly a decade ago! and on the other hand, b
increasing intersubband couplings~or equivalently the Fano
parameterG) at fixed D5E2X

2EF energy separations~we
demonstrated this point quantitatively in 2D systems with
random alloy disorder!.11

FIG. 3. Fano resonance scheme with zero~top! and nonzero
~bottom! intersubband coupling amplitudeW. For WÞ0, a singu-
larity appears at the Fermi edge of the optical emission spect
~dark gray! of the DEG filling the first conduction subbandE1.
Parameters are defined in the text.
3-3
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T. MÉLIN AND F. LARUELLE PHYSICAL REVIEW B 65 195303
Our purpose is to show that the Fano scheme also co
sponds to the case of LSL’s, where periodic intersubb
couplings generated by tilt act as the extrinsic intersubb
scattering necessary for the Fano process. To do so, we
cessively compute the Fano parameters~i! in the case of
alloy disorder which accounts for 2D DEG’s embedded
ternary-alloy materials like AlxGa12xAs , but also for
samples A and B in the limit of large tilt values (N«→`),
and ~ii ! in the case of periodic intersubband couplings
tilted LSL’s. The theory is then compared to experiments

IV. CALCULATION OF ALLOY-DISORDER FANO
PARAMETERS

In MBE-grown ternary alloysAxB12xAs such as AlGaAs
or GaInAs alloys, potential fluctuations arise from the ra
dom possibility of finding an atomA or B on a given site.
The alloy can be described as a mean crystalA^x&B^12x&As of
mean potentialxVA1(12x)VB , with a potential fluctuation
on each positionRi given by16

hi5 f i@VA~r2Ri !2VB~r2Ri !#,

whereVA(r ) and VB(r ) denote the potentials of speciesA
andB, f i equals 12x (2x) with a probabilityx (12x). This
fluctuation couples states (1,k) and (2,k8) belonging to the
first and second subbandsE1 and E2 and with respective
in-plane wave vectorsk andk8. Using the decomposition o
(1,k) and (2,k8) onto their envelope functionsf1 and f2
and on their periodic Bloch wave functionuc(r ), the cou-
pling amplitude equals

hi~1,k,2,k8!5V0

dV

S
f ie

(k82k)•RiE f1~z!f2~z!dz,

whereV0 denotes the crystal unit cell and with

dV5
1

V0
E

V0

@VA~r !2VB~r !#uucu2~r !d3r

(dV is the conduction band-gap offset between pureAAsand
BAsmaterials!.

Taking into account the combination(k8F(k8)(2,k8) for
the excitonic levelE2X

, one gets

hi~1,k,E2X
!

5V0

dV

S (
k8

f iF~k8!e(k82k)•RiE f1~z!f2~z!dz.

This coupling is zero, when averaged over all positionsRi ,
but its squared value—which enters the Fano formula—
nonzero:16

^uhi~1,k,E2X
!u2&5V0

2 dV

S
2

1

V0
x~12x!E f1

2~z!f2
2~z!dz.

In the approximation of a square QW of widthLz , we obtain
finally
19530
e-
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d

uc-

-

is

W2 5^uhi~1,k,E2X
!u2&5

V0dV2

S
x~12x!

1

Lz

and the Fano formula becomes

I ~E!5
q21j2

11j2 ,

with a resonance broadening parameterG given by

G5
m

\2 V0~dV2!x~12x!
1

Lz
.

We report for illustration in Fig. 4 Fano profiles for variousq
values, as a function of the reduced energyj.

The validity of the Fano scheme has been demonstrate
Ref. 11 in the case of AlxGa12xAs remotely doped QW’s. A
linear increase has been found for the excitonic resona
broadening parameterG extracted from measured Fano pr
files in the range of alloy content 2.3%<x<7.1%. A quan-
titative agreement has been also reached on the basis of tG
formula mentioned above. For this purpose, one also ne
to take into account the broadening of the Fano continu
by intrasubband coupling terms induced by the alloy dis
der. In the square QW approximation, this contributi
reaches exactly 3G/2, thus inducing a total broadening pa
rameter 5G/2 for the excitonic resonanceE2X

. The measured

value ~0.063 meV/aluminum % in the QW! falls in good
agreement with the predicted one~0.054 meV/%!, using a
m* 50.07m0 electron mass.11 This means that most of th
physics has been captured by our model. However, we m
tion several points, claiming for a more sophisticated mo
elization. First, the spin quantum number has been explic
ruled out of our model for sake of simplicity. This should b
properly taken into account, since no spin flip is allow
strictly speaking in alloy scattering processes. Doing so w
strongly complicate the model, since one then requires a s
able description of the continuumE1HH1 and the discrete
stateE2X

with respect to valence hole~spin! states, which is

FIG. 4. Fano photoluminescence profiles for variousq values
plotted as a function of the reduced energyj.
3-4
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nontrivial. One may also expect additionnal corrections d
to theE2HH1 continuum of states starting a few meV abo
the excitonic resonanceE2X

and to residual alloy-correlation
effects which we neglected.

The next sections are devoted to intersubband coupl
in lateral superlattices. These couplings superimpose o
residual disorder and alloy-disorder contributions alrea
present in highly tilted (uN«u@1) LSL’s. When needed, we
will therefore fix as constant the alloy contribution in th
analysis and use its 2D valueG050.6 meV known experi-
mentally from our work on AlxGa12xAs QW’s.11

V. CALCULATION OF FANO PARAMETERS IN TILTED
LATERAL SUPERLATTICES

In tilted LSL’s, the 1D periodic intersubband potenti
couples states (1,k) and (2,k8) with kx82kx562p/Lx and
ky82ky50. BecausekF.2p/Lx , Fermi-level states oriente
alongkx can get efficiently coupled to zone-center states
E2X

. On the other hand, Fermi-level states oriented alongky

are coupled to (62p/Lx ,2p/Lx) states in the exciton wav
function, i.e., with a negligible efficiency due to the rel
tively small k-space extension ofE2X

(1/aB.0.01 Å21)

compared tokF .
To demonstrate this more quantitatively, we use

quasi-2D description ofE2X
:

uE2X
&5

2p

L

1

A2p
(
k8

2aB
2

~aB
21k82!3/2

~2,k8!,

whereL denotes the sample length used for 2D plane-w
normalization andaB the exciton inverse Bohr radius 1/aB .
For an intersubband potentialV12cos(2px/Lx), we calculate
the Fano parameterG (2p/Lx,0) corresponding to aconstant

intersubband coupling betweenE2X
and Fermi-level elec-

trons in thekx direction. It equals

G (2p/Lx,0)52pm* aB
2V12

2 /\2.

In the ky direction, Fermi-level electron states (0,6kF)
couple to states (2,k8)5(62p/Lx ,6kF) of the exciton
wave functionuE2X

&. Since 2p/Lx.kF.2aB , the associ-

ated Fano parameterG (0,2p/Lx) would be reduced compare

to G (2p/Lx,0) by a factor .(1122122)3593. This means
that Fano formulas do not rigorously apply to describe
periments in LSL’s, since the couplingW is not constant
between the continuum states and the discrete level.12 To
circumvent this, we use as a first approximation a Fano
scription with a meanG parameter obtained by the avera
of individual G (kx ,ky) values along the DEG Fermi surface.
numerical evaluation gives

^G&LSL.0.1732pm* aB
2V12

2 /\2.
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VI. EXPERIMENTAL DETERMINATION OF FANO
PARAMETERS IN LATERAL SUPERLATTICES

We evaluateq andG values for sample A in the regime o
maximized intersubband couplings (N«51). The PL spec-
trum of sample A is reproduced in Fig. 5~a!, with arrows
showing the energy of Fermi-level transitions andE2X

as
determined from magneto-optical experiments.17 A first esti-
mate ofq andG for N«51 can be obtained as follows.G is
taken as theE2X

half width at half maximum, which can be
obtained by raising the DEG temperature under strong o
cal illumination. This givesG.3.1 meV. To evaluateq, one
notices that in a Fano line shape, the continuum emiss
intensity gets doubled whenq5D/G. This allows us to esti-
mate q.5.3 by comparison between sample A forN«51
and sample B forNu«u@1 taken as a reference spectrum.

An alternative determination ofq andG consists in a di-
rect fit to the Fano profile following Ref. 11. A normalizatio
of the PL line shape is required to remove the nominal
variations corresponding to localization and indirect PL p
cesses. For this purpose, we use the PL spectrum of samp
in the uN«u@1 limit ~sample A is discarded since it alread
displays some Fano effect foruN«u@1 due to alloy disorder
because of its relatively smallD56.5 meV parameter!. The
normalized PL data from sample A inN«51 is displayed in
Fig. 5~b! and fitted by a Fano profile with parametersG
53.3 meV andq57.8. In this figure, the continuum PL
intensity in absence of FES enhancement set to unity~hori-
zontal line!. This shows that the spreading of the exciton
resonanceE2X

already enhances zone-center transitions

sample A forN«51. It explains the difference between th
fitted q value and the one we estimated using the criterium
a doubled PL intensity forq5G, while both estimated and
fitted G parameters fall in good agreement.

FIG. 5. ~a! PL spectra of sample A (N«51) and of sample B
(uN«u→`). Data from sample B have been rigidly energy shift
and normalized so that low wave-vector PL transitions of b
samples coincide in this graph for the sake of clarity. Fermi-le
transitions andE2X

are indicated by arrows.~b! PL data of sample A
normalized by the reference spectrum of sample B, and fitted b
Fano profile withG53.2 meV andq57.5. E2X

is taken as the
origin of energies. The horizontal line~unity normalized PL inten-
sity! corresponds to raw PL intensities which would be unenhan
in the Fano process. This graph shows that Fano processes d
periodic intersubband couplings forN«51 also enhance low wave
vector transitions in sample A.
3-5
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T. MÉLIN AND F. LARUELLE PHYSICAL REVIEW B 65 195303
SubstractingG050.6 meV to account for alloy-disorde
scatterings,11 we obtain ^G&LSL.2.5 meV. From the for-
mula established for̂G&LSL , we extract the associated valu
for the intersubband coupling amplitude 2V12.10 meV and
finally the peak-to-peak conduction-band amplitude of
LSL potential 2V1D.15 meV using the tilt model of Ref
18. This value falls in quantitative agreement with t
.20 meV expected value in samples A and B. This dem
strates that periodic intersubband couplings control the F
formation through a Fano resonance.

VII. TILT DEPENDENCE OF FERMI-EDGE
SINGULARITIES IN LATERAL SUPERLATTICES

We discuss here the variations of the enhancemen
FES’s with tilt in lateral superlattices~camelback profiles in
Fig. 2!. To do so, one needs to find a suitable model
describe the variations ofG andq parameters withN«.

As for theG Fano parameter, we adopt a model summ
the alloy contributionGalloy.0.6 meV ~Ref. 11! and the
LSL one^G&LSL . The variations of̂ G&LSL with N« are then
described using the square QW tilt model of Ref. 18 and
LSL Fano parameter̂G&LSL.2.5 meV found forN«.1 in
sample A. SinceG only depends on alloy scattering and p
riodic intersubband couplings, we can expect similar val
for G in both samples A and B which were grown und
identical MBE conditions.

The estimation ofq values with tilt is not so straightfor
ward, even ifq is expected to vary as 1/W at first sight. In
fact, q also depends on wave function overlaps through
ratio of the oscillator strength ofE2X

andE1HH1. It is there-
fore quite sensitive to small geometrical fluctuations fro
sample to sample.q values should therefore differ from
sample A to sample B, due to the different LSL thickness
Also, the wave function of localized hole levels varies w
tilt and, consequently, affects bothE2X

andE1HH1 oscillator
strengths. Variations ofq with tilt are therefore not predict
ablea priori and must be evaluated from experiments.

The analysis of the FES enhancement with tilt can
made as follows in the case of sample A. We extractq from
the data of Fig. 2 forN«→`. In this limit, FES intensities
get already enhanced by the alloy disorder for sample A
to a relatively smallD5E2X

2EF value, while this Fano pro-
cess is clearly unefficient for sample B due to the mu
larger D519.5 meV spacing. Assuming that valence ho
localization processes are similar in both samples, this all
us to fit q.8 from the comparison between the FES inte
sity values of samples A and B in theN«→` limit. As we
already estimatedq.7.8 for sample A forN«51, this sug-
gests thatq hardly varies with tilt. We therefore adoptq
58 for all N« tilt values. This allows to calculate the FE
enhancement as a function ofN« in the case of sample A
~Fig. 6!.

Before commenting on Fig. 6, we focus on sample B.
explained above and in contrast with sample A, theq Fano
parameter cannot be extracted from optical data in theN«
→` limit due to the low efficiency of alloy-disorder Fan
processes for sample B. A fit from experimental data a
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function of N« is therefore needed to evaluateq. To do so,
we follow the case of sample A and takeq as independent o
N«. Using the sameG value variations as for sample A, th
best fit to the FES enhancement as a function of tilt is fou
taking q511.5. It is reproduced in Fig. 7.

VIII. RESIDUAL FES ENHANCEMENTS FOR N«Ä0

As can be seen from the calculations, the major disag
ment of the present theory with experimental data is tha
does not account for the experimental enhancement of
intensities atN«50 for both samples. Indeed, in the fram
work of our model, periodic intersubband coupling term
vanish forN«50, so that intersubband scattering proces
only stem from the alloy disorder in first approximation, a
the FES intensity should consequently take the same valu
in its N«→` limit. As seen from Figs. 6 and 7, experiment
data reveal on the contrary a strong residual FES enha
ment for N«50, reaching.0.6 times the maximumN«
51 FES enhancement for both samples A and B. This

FIG. 6. Points: FES enhancement with tilt for sample A~from
Fig. 2!. PL intensities are normalized by the peak intensity of lo
wave-vector PL transitions. Lines: calculated FES intensities us
D56.5 meV, q58, Galloy50.6 meV, and̂ G&LSL52.5 meV for
N«51 ~see text!. The horizontal line corresponds to unenhanc
PL intensities.

FIG. 7. Points: FES enhancement with tilt for sample B~from
Fig. 2!. PL intensities are normalized by the peak intensity of lo
wave-vector PL transitions. Lines: calculated values using the s
G Fano parameter variations as for sample A andq511.5~see text!.
The horizontal line corresponds to unenhanced PL intensities.
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sidual enhancement cannot be explained by tilt gradient
fects within the laser probe on the sample, the experime
accuracy on the determination of« being better than 5
31024.

We propose here an explanation of the FES enhancem
in N«50 LSL’s by taking into account thefinite localization
length of photocreated valence hole states.19

Holes are indeed strongly confined, both in the grow
direction due to the electrostatic potential associated with
DEG and remote ionized dopants, leading to a few nmz
extension, and also in the DEG plane, where they easily
calize within one LSL period13 owing to their relatively large
effective mass. Hole states are thus very sensitive to the
step array disorder.20,21 This is sketched in Fig. 8, showin
that localized hole states can take a tilted geometry in p
ence of the step array disorder, even forN«50. In PL ex-
periments, the population of photocreated valence carr
thus adopts some tilt-angle distribution, with a standard
viation DN« necessarily staying less than unity, becau
holes are localized withinoneLSL terrace.13

We speculate that the hole tilt distribution finds its cou
terpart in the electronic description ofE2X

states, mainly be-
cause the hole tilt occurs at a spatial scale comparable
the E2X

exciton Bohr radius. This appears as a dephas

term associated withE2X
in the calculation of the intersub

band coupling amplitudeA12(N«) and, consequently, to
tilt-convolution effect in PL experiments.

To check for this, we display in Fig. 9 the experimen
FES data for samples A and B, fitted by a Fano model us
Galloy50.6 meV, ^G&LSL52.5 meV for N«51, and con-
stantq511 andq516 values for samples A and B, respe
tively. A nice overall agreement is obtained with experime
tal data from both samples by taking a Gaussian
convolution effect of standard deviationDN«50.5. This
value is less than unity, and thus consistent with the hypo
esis of a tilt distribution for valence hole states, as explain
above. Also, as holes are localized withinN.25 monolayers
in the growth~z! direction, the measuredDN«50.5 value
corresponds to a standard deviationD«.0.02 per mono-
layer. This rough estimate is of the order of magnitude of
standard deviation expected in practice for the coverage r

FIG. 8. ~a! Left: asymmetric 2D confinement of electron an
hole states induced by remote doping.~b! Schematical LSL side
view in the (x,z) plane showing the disorder of the terrace st
array, together with a hole state~shaded area! localized within one
LSL terrace.
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« of each terrace during the molecular beam epitaxy of
LSL, because of the experimental uncertainty on the shu
movements of aluminum and gallium sources in the grow
chamber. The above arguments therefore strongly sup
our explanation of residual FES enhancements inN«50
lateral supperlattices in terms of the lateral superlatt
disorder.

IX. CONCLUSION

In conclusion, we have shown that the excitonic enhan
ment of Fermi-edge singularities observed in tilted LSL’s
successfully explained by a Fano resonance mechanism
ing into account the LSL periodic intersubband coupling
extrinsic scattering processes. This shows that the 1D reg
of many-body Fermi-edge singularities6 is not obtained in
LSL’s, in spite of the low dimensionality of these couple
QWR arrays. This claims for experiments in a regime
smaller carrier densities and/or stronger 1D confinement
plitudes. From a more general point of view, the work p
sented in the present paper emphasizes the conclusio
Ref. 11, showing that extrinsic scatterings can easily cre
parasitic~i.e., non-Coulomb! Fermi-edge singularity effects
in optical spectra of degenerate electron systems. We s
that Fano mechanisms shouldalwaysbe carefully evaluated
in experimental data before assigning observed Fermi le
divergences to many-body edge singularities. On the
hand, because semiconductor structures are by essence
tisubband structures, so that Fano effects are likely to oc
even if achieved degenerate electron gases only populat
first subband of the structures. On the other hand, beca
parasitic FES effects already appear in low-disorder MB
grown heterostructures as shown in Ref. 11, they should
drastically boosted in structures with greater disorder.

FIG. 9. FES enhancement with tilt in samples A and B~points!.
PL intensities are normalized by the peak intensity of low wa
vector PL transitions. Fits~lines! correspond toGalloy50.6 meV
and^G&LSL52.5 meV forN«51. Constantq511 andq516 val-
ues are used, respectively, for samples A and B. A Gaussian co
lution of DN«50.5 standard deviation is introduced.
3-7
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