PHYSICAL REVIEW B, VOLUME 65, 195303

Optical properties of remotely doped AIA9GaAs coupled quantum wire arrays.
Il. Fermi-edge singularities

T. Mélin®?* and F. Laruell&®
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 Micrdectronique du Nord, Centre National de la Recherche Scientifique, Avenue Pgincare
BP 69, 59652 Villeneuve d’Ascq Cedex, France
(Received 15 October 2001; published 19 April 2D02

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 ohgemsity
X 10" cm~? subjected to a tunable one-dimensional periodic potential of amplit2@ meV and period
=30 nm, i.e., at the scale of its Fermi enerdys&25 meV) and Fermi wavelengti\=30 nm). The
enhancement of Fermi-edge singularities in tilted lateral superlafticeldlélin 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 disofdeMélin and F. Laruelle, Phys. Rev. Le85, 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.
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[. INTRODUCTION The first observation of a divergent Fermi edge is due to
Skolnick et al. in 1987 (Ref. 7) in the PL spectrum of an

Fermi-edge singularitiedES’s refer to the divergence of InGaAs/InP quantum well and was attributed to a FES effect
optical oscillator strength for Fermi-level transitions in a de-owing to the localization of valence holes in the disordered
generate electron ga®EG),! first identified in the x-ray quantum well material. Since then, new experimental situa-
absorption spectra of simple metals such as Al, Na, and Kions have been achieved in semiconductor structures with

nearly three decades agdVahar and Noziees and De Weaker valence hole localizatidri, showing that FES's
Dominici¢ explained the FES formation as a result of thec0uld appear when Fermi-level transitions are brought in
presence of the Coulomb potential of charged core holes duf/0S€ resonance with empty subband excitonic levels. To ex-

ing the optical experiments. This potential multiply scattersplain this behavior, a many-body mechanism was proposed

Fermi-sea electrons throughout and along the DEG Ferr" the basis of numerical calculations in the infinite hole-

surface, which results in power-law divergences at the opti[naSS approximatiotf, putting forward the efficiency of Cou-

cal Fermi edges of emission or absorption spectra AdditionaIPmb intersubband scattering processes to enhance FES's.
9 P P ' We demonstrated recentlythat the experimental exci-

points have also been clarified by theories: first the rol;q]l1

laved by the And rared he dur _tonic enhancement of FES's is rather due to a Fano reso-
played by the Anderson Infrared catastrophe during opticaj, e mechanisthinvolving extrinsic intersubband scatter-

processes which tends. to suppress the optical oscillatoring processes—like alloy disorder—rather than Coulomb
strength around Fermi edges and thus reduces the FERes parasitic FES's can thus easily develop in optical spec-
power-law divergence exponents as clarified by N@ge 5 dque to the presence of empty—and even remote—
et al* and, also, the role played by the hole localization andsypbands and to extrinsic intersubband couplings such as
the DEG dimensionality, limiting the observation of FES's to disorder. This emphasizes the essential need to determine the
regimes with either strong hole localization or the dimen-detailed band structure and disorder processes from experi-
sionality being unity because of phase-space restrictions imental data before the Coulomb origin of FES'’s can be es-
Coulomb diffusion processés. tablished. Since these two ingredients can hardly be known
Semiconductor structures have generated much interest from the PL measurements where the FES'’s are usually ob-
studying FES issues. First, optical experiments can be easilserved, it requires that optical absorption data be systemati-
performed by means of photoluminesceiié) or PL exci-  cally recorded and analyzed in order to evaluate the weight
tation (PLE), generally in the visible range, the role of core of extrinsic Fano processes in experiments.
holes being played by photocreated minority carriers, i.e., The aim of this paper is to test the relevance of the Fano
valence holes in the case of a remote doping achieved in thesonance model to account for the FES’s observed in quan-
heterostructure conduction band. Also, the semiconductaum wire arrays known as lateral superlatticdsSL's).°
materials in which DEG’s are embedded daflorable, so  Given the paramount importance of the FES topic in reduced
that specific structures can be designed in order to establigtimensionalities, it appears crucial to determine the physical
the Coulomb nature of observed FES’s and then to test theavature of FES enhancements in LSL's from a quantitative
ries with respect to localization and dimensionality issues. analysis of experiments. This makes the scope of the present

0163-1829/2002/68.9)/1953038)/$20.00 65 195303-1 ©2002 The American Physical Society



T. MELIN AND F. LARUELLE PHYSICAL REVIEW B 65 195303

Ne=0 g |B Sample A
NE<O >Ne>0 E { &8 vd
4 12
a) - ._..l ’%
5 Py i
£, \ | /
] A Vi
E % C) 3 "__." conduction
] o band 50
E3 &
2 E PL 2 = ++*E’
E / ke ky g g dr A
g 0 _2 ] O‘ 1 2 localized ,Q > § $+ #+
tilt parameter NE tole 8 Z-E 4 M
2 3 E +
=)
FIG. 1. (a) Schema showing how optical properties are tracked @ 3 fg b
as a function of tilt along a given samplga) squared normalized @ f‘;} £ 20 #*
intra- and intersubband couplings?, and.A 2, as a function oNe. -E ks o
(c) In-plane band structure of a 2D DEG with PL recombinations on 2 3 10 b O T
localized hole levels. The LSL tilt induces intersubband couplings 8 £=-0.023 > ”'. 'L LI
between states separated® /L, along thek, direction of recip- §
rocal space. ‘g b
3 -0.1 -0.05 0.00 0.05 0.1
paper, the faprication an_d oth_er optical properties of LSL's g €=-0.040 tilt parameter €
being extensively described in the preceding papate £
show that experimental FES enhancements are well de
scribed by a microscopic Fano theory taking into account the £ = 0,085
LSL periodic intersubband couplings as extrinsic scattering o i

processes. The quantitative agreement reached with exper 19 161 163 165

ments emphasizes the conclusion of Ref. 11 in two dimen- Energy (eV)

sions(2D), showing that intersubband scattering processes of

extrinsic origin easily predominate experimentally over FIG. 2. Left: 2 K PL spectra of sample AAEE, —Ef

many-body contributions to FES enhancements. =6.5 meV) measured when tilt is varied along the sample. Right:
The paper is organized as follows. After a brief descrip-FES intensities of samples A and B, normalized with respect to the

tion of the experiments of Ref. 9, we detail the Fano resopeak intensity of low wave-vector PL transitions. The camelback

nance model used in Ref. 11. Fano parameters are then cofehavior is typical ofA§, in Fig. 1.

puted, first in the case of random alloy disorder and then in

the case of the periodic potential of LSL's. The theory iSHH, which probe the LSL confinement potential. We use

finally quantitatively compared to experimental data. hereNe as the tilt parametei\ being the LSL thickness in
monolayers =71 and 55 for samples A and B, respec-
Il. SAMPLES AND EXPERIMENTS tively). 27Ne corresponds to the phase shift of the LSL

We perform 2K PL experiments on remotely doped LspLsconfinement potential throughout thR-monolayer-thick

epitaxially grown on vicinal GaAs substrates with 0.5° mis- LSL.

cut. This quantum wire system provides a DEG of density FOr nontilted LSL's Ne=0), the 1D periodic potential is
n,~=8x 10" cm2 subjected to a tunable 1D periodic po- separable between tHa10] (x) and the growth[001] (2)

tential of amplitude=20 meV and period,=32 nm, i.e directions. The broken separability betweeandz in tilted
X 3 ey

at the scale of its Fermi energfE£=25 meV) and wave- LSL's (Ne#0) induces periodic intersubband couplings act-
length (\r=30 nm). ing between electronic states belonging to subbands with dif-

The sample fabrication and electronic properties of tiltedferer_‘t quantum numbefsee Fig. 1_0) for |_Ilustrat|on]._ The
LSL's are described in the preceding paBeWe report here relative amplltudes of the lowest-index inter- anq mtra_sub-
only on the FES aspects of the samplasd their correlation ©°and coupling terms;(Ne) and.A;(Ne) are depicted in
with tilt-induced periodic intersubband couplings. The LSLFig- 1. It shows the typical camelback shape.4f, as a
tilt originates in flux gradients of effusion cells inside the function ofNe. _ _
molecular beam epitaxy growth chamber and thus corre- Periodic intersubband couplmg effects have_been founq in
sponds to the local relative deviatian from the nominal f[he PL data of sample.s A and B in Ref. 9. Their observation
AlAs and GaAs fluxes required to cover exactly the LSLIS related to the peculiar interplay between the s:allmple DEG
terrace during growth cyclés.The tilt angles (8= ¢/ a, « densitiegand thus Fermllwave V(_actokﬁzo.ozz A. ) and
being the wafer miscut anglecontinuously varies along the wave vector associated with the LSL periodr/,
samplessee Fig. 1 However, this parameter is inappropri- =0.020 A._ - This means that Fermi-level electrons popu-
ate to describe the electronic properties of LSL's. One rathelating the first subbané, are efficiently coupled with zone-
needs to take into account the vertical extension of the envezenter electrons ik, for sufficiently smallA=E, —Eg en-
lope wave functions of the 2D electron and hole st&eand  ergy separations. We reproduce for illustration in Fig. 2 the
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raw PL spectra of sample A from Ref. 9 for various tilt pa- Eox
rameters. First, the figure shows an enhancement of FES in-
tensities as a function of tilt, with camelback shape varia-
tions typical of theAf2 intersubband coupling parameter
(see Fig. 1 These variations occur due to the much greater
oscillator strength oEzX transitions(of excitonic character

compared tdE;HH;. Second, FES enhancements effects are
more pronounced in the case of sample A, correlated to a
smaller energy separatidn=6.5 meV betweersz andEg

compared to sample B where=19.5 meV!® These two
features demonstrate the presence of periodic intersubband iy
couplings in LSL’s. Also, the FES enhancement extremum is : ‘

obtained for Ne=0.92+-0.14 and Ne=1.26+-0.06 for Am]]]]]]]]]]]lﬂ]]l]]]]]ﬂ[ mﬂmﬁwm
samples A and B, in good agreement with the=1 value Ee EgtEr Ex

from the square quantum wel{QW) model calculations
sketched in Fig. 1. However, in the absence of relevant mi-
croscopic models, we did not evaluate in Ref. 9 the actual 5 3 Fano resonance scheme with 2éap) and nonzero

variations of the FES oscillator strength beyond qualitative(bottom intersubband coupling amplitud&. For W0, a singu-

1>

EHH ,

.

i< 2T

PL intensity (arb. units)

energy of electron/hole pairs

and phenomenological considerations. larity appears at the Fermi edge of the optical emission spectrum
(dark gray of the DEG filling the first conduction subbartg.
Ill. FANO RESONANCE MODEL Parameters are defined in the text.

We here describe in more details the Fano model an .
calculations relative to Ref. 11. It consists in using the disjjeveI for W0, compared to that of the continuum fw
=0. It depends on the optical matrix elemexigH ¢ i)

crete nature of excitonic resonances associated with empt .
conduction subbands in order to get an analytical descriptioa/nd“qHpﬁ‘rtl'> of B, andE,HH, by the formula
of the interaction between DEG states and empty conduction

subbandgsee Fig. 3 We thus basically consider a discrete (v[Hperi)

state|i) coupled to a continuum of staték) by a matrix a= (V[Hpor Ky 7WD"

elementW. The coupled system is “observed” through tran- pe

sitions onto a third leve]v), described by &pe Hamil-  The main feature of Fano’s theory was its explanation of the

tonian in the perturbation theory. In our case, the observatiogsymmetrical character of x-ray spectra line shapes involving
is performed by means of photoluminescence spectroscopiscrete leveld? This point originates in the interference be-
|v) therefore represents valence hole states, which we cofyeen ¢ and g terms as the energy is scanned in the above
sider of infinite mass for simplicity. In this approximation, formula. Similar asymmetries have already been reported in
the continuum of, states corresponds to the distribution of gntical spectra of semiconductor heterostructdfeslow-
E,HH, electron-hole pairs, with a population factor given by ever, as explained in the following, such effects will not arise
the Fermi-Dirac distribution of electrons in t@ subband. in our Samp|es due to Speciﬁc properties on Wienterac-
The discrete leveli) is assumed to be the excitonic reso- tion. As seen from Fig. 3, the formation of FES’s in optical
nancek, . This description therefore considers the Coulombspectra simply comes from the Fermi-Dirac filling of the
interaction between valence holes and the empty conductiofano profile in the 2D quantum limif.e., for a negative
subbandE,, but neglects any with DEG states filling the first reduced Fermi energyg). The divergent behavior corre-
conduction subbané;. sponds to the positive slope of the Fano profil&€gat all the
Fand? described analytically the shape of the recombina-more pronounced with reducexi= Ez,—Er energy separa-
tion spectra of the couple(tiiscrete levet-continuum sys-  tions. In experimental PL data, FES'’s, however, only occur
tem onto the |eve||1/>. ASSUming a constant oscillator when the positive S|ope from the Fano prof“ea{ over-
Strength for the continuum in th&/— 0 limit and meaSUring comes the nominal decay of the DEG PL with energy asso-
energies with respect to the discrete level transition, the regjated with PL recombination on localized valence holes or

combination spectrum reads indirect processes.
g+ &2 In the Fano resonance mo_qel, two means thus exist to
|(E):q_2, enhance Fermi-edge singularities in the PL spectrum of a
1+¢ DEG: on the one hand, by putting PL Fermi-level transitions

where¢ denotes a reduced energy vaEA’. Hereq andl’ into resonance withx (this was reported experimentally by
are the two parameters controlling the recombination lineChenet al® nearly a decade agand on the other hand, by
shape.I' represents the spectral spreading of the discret#iCreasing intersubband couplings equivalently the Fano
state|i) coupled to the continuum of staték). It equals Parameted’) at fixed A=E, —Er energy separationgve
TW?2D, whereD is the density of states of the continuug.  demonstrated this point quantitatively in 2D systems with a
measures the oscillator strength of the broadened discretandom alloy disorder'!

195303-3



T. MELIN AND F. LARUELLE

Our purpose is to show that the Fano scheme also corre- 10 ' ' '
sponds to the case of LSL's, where periodic intersubband
couplings generated by tilt act as the extrinsic intersubband
scattering necessary for the Fano process. To do so, we suc-

cessively compute the Fano parametéjsin the case of

alloy disorder which accounts for 2D DEG’s embedded in

ternary-alloy materials like AGa _,As, but also for
samples A and B in the limit of large tilt valuetNg— o),

and (ii) in the case of periodic intersubband couplings in
tilted LSL's. The theory is then compared to experiments.

IV. CALCULATION OF ALLOY-DISORDER FANO
PARAMETERS

In MBE-grown ternary alloy#\,B;_,As such as AlGaAs

or GalnAs alloys, potential fluctuations arise from the ran-

dom possibility of finding an atomi or B on a given site.
The alloy can be described as a mean cry&taB,; - x)As of
mean potentiakV,+ (1—X)Vg, with a potential fluctuation
on each positiorR; given by*®

hi=fi[VA(r—R;)—Vg(r—R)],

whereV(r) and Vg(r) denote the potentials of speciés
andB, f; equals +x (—x) with a probabilityx (1—x). This

fluctuation couples states K),and (2k’) belonging to the
first and second subbands, and E, and with respective

in-plane wave vectork andk’. Using the decomposition of

(1k) and (2k") onto their envelope functiong; and ¢,
and on their periodic Bloch wave functiam.(r), the cou-
pling amplitude equals

hi(1k,2k") :Qogfie(kuk)'RiJ $1(2) po(2)dz,

where() denotes the crystal unit cell and with

_1 ~ 2043
oV= QofQO[VA(r) Vg(r)1|uel?(r)d>r

(8V is the conduction band-gap offset between pAsand
BAsmaterials.

Taking into account the combinatiaty, ®(k’)(2k") for
the excitonic Ievesz, one gets

hi(1k.Es,)

SRSy (ke 0 [ 4,2) 62102
k/

This coupling is zero, when averaged over all positiBns
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W2 =([hi(1k,Ez)|%)=—5
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and the Fano formula becomes

q2+§2

|(E):1+—§2,

with a resonance broadening paramdtegiven by

F—mQ SV2)x(1— !
=32 o(OV2)X( X)Lz-

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

The validity of the Fano scheme has been demonstrated in
Ref. 11 in the case of AGa,_,As remotely doped QW's. A
linear increase has been found for the excitonic resonance
broadening parametédi extracted from measured Fano pro-
files in the range of alloy content 2.3%x<7.1%. A quan-
titative agreement has been also reached on the basis Bf the
formula mentioned above. For this purpose, one also needs
to take into account the broadening of the Fano continuum
by intrasubband coupling terms induced by the alloy disor-
der. In the square QW approximation, this contribution
reaches exactly I3/2, thus inducing a total broadening pa-
rameter 3°/2 for the excitonic resonands;, . The measured

value (0.063 meV/aluminum % in the Qalls in good
agreement with the predicted orj@.054 meV/%, using a

m* =0.07m, electron mas$! This means that most of the
physics has been captured by our model. However, we men-

but its squared value—which enters the Fano formula—igion several points, claiming for a more sophisticated mod-

nonzero*°

oV, 1
(Ihi(1k Ep %)= 05525 -x(1-%) J $1(2) ¢5(2)dz.

In the approximation of a square QW of width, we obtain
finally

elization. First, the spin quantum number has been explicitly
ruled out of our model for sake of simplicity. This should be
properly taken into account, since no spin flip is allowed
strictly speaking in alloy scattering processes. Doing so will
strongly complicate the model, since one then requires a suit-
able description of the continuum,HH; and the discrete
stateE,, with respect to valence holspin) states, which is
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nontrivial. One may also expect additionnal corrections due a) ‘
to theE,HH; continuum of states starting a few meV above -
the excitonic resonande, and to residual alloy-correlation

effects which we neglected.
The next sections are devoted to intersubband couplingsz
in lateral superlattices. These couplings superimpose ont(z
residual disorder and alloy-disorder contributions already £ Eax
present in highly tilted |Ne|>1) LSL's. When needed, we 2 l
will therefore fix as constant the alloy contribution in the et N N
analysis and use its 2D valu&=0.6 meV known experi- 1590 1600 1610 1620 1630 1640  -50 -40 30 20 -10 0
mentally from our work on AlGa, _,As QW's Energy (meV) Energy (meV)

ty (arb. units
m
e

o o > I~y

<_
Normalized PL intensity
B

(S}

FIG. 5. (a) PL spectra of sample ANe=1) and of sample B

V. CALCULATION OF FANO PARAMETERS IN TILTED (INg|—¢°). Data from sample B have been rigidly energy shifted
LATERAL SUPERLATTICES and normalized so that low wave-vector PL transitions of both

samples coincide in this graph for the sake of clarity. Fermi-level

In tilted LSL's, the 1D periodic intersubband potential transitions and,, are indicated by arrowsb) PL data of sample A
couples states (&) and (2k’) with k;,—k,==*2x/L, and  normalized by the reference spectrum of sample B, and fitted by a
ky—ky=0. Becaus&g=2w/L,, Fermi-level states oriented Fano profile withI'=3.2 meV andq=7.5. E,, is taken as the
alongk, can get efficiently coupled to zone-center states ofrigin of energies. The horizontal lin@nity normalized PL inten-
sz_ On the other hand, Fermi-level states oriented akyng _sity) corresponds to raw _PL intensities which would be unenhanced
are coupled to £ 27/L, ,27/L,) states in the exciton wave in the _Fa}no process. This g_raph shows that Fano processes due to
function, i.e., with a negligible efficiency due to the rela- periodic 'me.r.SUbb‘fmd COUIIO“ngS fbr =1 also enhance low wave-
tively small k-space extension oE, (1/ag=0.01 A™%) vector transitions in sample A.
compared tkg .

To demonstrate this more quantitatively, we use a
quasi-2D description oEZX:

VI. EXPERIMENTAL DETERMINATION OF FANO
PARAMETERS IN LATERAL SUPERLATTICES

We evaluatey andI” values for sample A in the regime of
) maximized intersubband couplingdlé¢=1). The PL spec-
E >:2_7T 1 2ag (2K") trum of sample A is reproduced in Fig(&p, with arrows
2 L 2n % (aé+ k232 showing the energy of Fermi-level transitions ang as
determined from magneto-optical experimetta first esti-

whereL denotes the sample length used for 2D plane-wavénate ofg and[" for Ng_: 1 can be obtglned as fQIIOWE' IS
normalization andrg the exciton inverse Bohr radiusaly.  taken as thée, half width at half maximum, which can be
For an intersubband potentisl; ,cos(2mx/L,), we calculate obtained by raising the DEG temperature under strong opti-
the Fano parameteF . o) corresponding to aonstant cal illumination. This gived’=3.1 meV. To evaluate, one

intersubband coupling betwee, and Fermi-level elec- notices that in a Fano line shape, the continuum emission
. - X intensity gets doubled whep=A/T". This allows us to esti-
trons in thek, direction. It equals

mate q=5.3 by comparison between sample A fde=1
and sample B foN|e|>1 taken as a reference spectrum.
L (2m1, 0= 2mm* agvizm% An alternative determination af andI” consists in a di-
¢ rect fit to the Fano profile following Ref. 11. A normalization
o i of the PL line shape is required to remove the nominal PL
In the k, direction, ,Ferml-level electron states {e)  yariations corresponding to localization and indirect PL pro-
couple to states (B,)=(*27/L,,2kg) of the exciton  cegses. For this purpose, we use the PL spectrum of sample B
wave function|Ez,). Since 2r/L,=ke=2ag, the associ- jy the [Ng|>1 limit (sample A is discarded since it already
ated Fano parametdi(g 2, ) Would be reduced compared displays some Fano effect ffNe|>1 due to alloy disorder
to T2m10) DY @ factor=(1+22+2%)3=9% This means because of its relatively small=6.5 meV parametgrThe

that Fano formulas do not rigorously apply to describe ex10rmalized PL data from sample A hte =1 is displayed in
periments in LSL's, since the coupling/ is not constant Fig- 3b) and fitted by a Fano profile with parameters
between the continuum states and the discrete féveh ~ =3.3 meV andq=7.8. In this figure, the continuum PL
circumvent this, we use as a first approximation a Fano delntensity in absence of FES enhancement set to uhiyi-
of individual ' . values along the DEG Fermi surface. A resonanceE, already enhances zone-center transitions in
numerical evaluation gives sample A forNe=1. It explains the difference between the
fitted q value and the one we estimated using the criterium of
22 2 a doubled PL intensity fog=1I", while both estimated and
(TMLs=0.17x2mm* agVi/hi”. fitted I' parameters fall in good agreement.
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Substractingl’'=0.6 meV to account for alloy-disorder 50
scatteringd! we obtain(I') g,=2.5 meV. From the for-
mula established fofl'), 5., we extract the associated value
for the intersubband coupling amplitud® 2=10 meV and
finally the peak-to-peak conduction-band amplitude of the
LSL potential 2/,5=15 meV using the tilt model of Ref.
18. This value falls in quantitative agreement with the
=20 meV expected value in samples A and B. This demon-

S
[
T

w
o
T

ntensity

i
(% of the peak PL intensity)

strates that periodic intersubband couplings control the FES~ 20p

formation through a Fano resonance. A * |
S ot *
0 e 2t oorimr————
VII. TILT DEPENDENCE OF FERMI-EDGE =
SINGULARITIES IN LATERAL SUPERLATTICES 0 ‘ . ‘
. .. ) -0.1 -0.05 0 0.05 0.1
We discuss here the variations of the enhancement o Tilt parameter €

FES’s with tilt in lateral superlatticecamelback profiles in
Fig. 2_)- To do SO, one needs to find a suna}ble model t0 i, 6. Points: FES enhancement with tilt for sampléfam
describe the variations df andq parameters wittNe. Fig. 2. PL intensities are normalized by the peak intensity of low
As for thel" Fano parameter, we adopt a model summinguave-vector PL transitions. Lines: calculated FES intensities using
the alloy contributionly0y=0.6 meV (Ref. 1) and the A=6.5 meV,q=8, I'y;,,=0.6 meV, andT) s =2.5 meV for
LSL one(I'), 5. . The variations of '), 5, with Ne are then Ne=1 (see text The horizontal line corresponds to unenhanced
described using the square QW tilt model of Ref. 18 and theéL intensities.
LSL Fano parametgfl’) 5, =2.5 meV found folNe=1 in
sample A. Sincd’ only depends on alloy scattering and pe- function of N¢ is therefore needed to evaluajeTo do so,
riodic intersubband couplings, we can expect similar value§e follow the case of sample A and tafjes independent of
for I' in both samples A and B which were grown under . ysing the samd& value variations as for sample A, the
identical MBE conditions. o , best fit to the FES enhancement as a function of tilt is found
The estimation ofy values with tilt is not so straightfor- takingq=11.5. It is reproduced in Fig. 7.
ward, even ifq is expected to vary as W at first sight. In
fact, g also depends on wave function overlaps through the
ratio of the oscillator strength (sz andE;HH;. It is there-

fore quite sensitive to small geometrical fluctuations from As can be seen from the calculations, the major disagree-
sample to sampleq values should therefore differ from ment of the present theory with experimental data is that it
sample A to sample B, due to the different LSL thicknessesgpes not account for the experimental enhancement of FES
AlSO, the wave function of localized hole levels varies with intensities aiNe =0 for both Samp|es_ Indeed, in the frame-
tilt and, consequently, affects bolty andE;HH, oscillator  work of our model, periodic intersubband coupling terms
strengths. Variations ofj with tilt are therefore not predict- vanish forNe=0, so that intersubband scattering processes
ablea priori and must be evaluated from experiments. only stem from the alloy disorder in first approximation, and
The analysis of the FES enhancement with tilt can beahe FES intensity should consequently take the same value as
made as follows in the case of sample A. We exteqpfiom  in its Ne—oo limit. As seen from Figs. 6 and 7, experimental
the data of Fig. 2 foNe—o0. In this limit, FES intensities data reveal on the contrary a strong residual FES enhance-
get already enhanced by the alloy disorder for sample A duenent for Ne=0, reaching=0.6 times the maximunNe
to a relatively smalA = B, —Er value, while this Fano pro- =1 FES enhancement for both samples A and B. This re-

cess is clearly unefficient for sample B due to the much
larger A=19.5 meV spacing. Assuming that valence hole
localization processes are similar in both samples, this allows
us to fitq=8 from the comparison between the FES inten-
sity values of samples A and B in thée— o limit. As we
already estimated=7.8 for sample A folNe =1, this sug-
gests thatq hardly varies with tilt. We therefore adopt

=8 for all Ne tilt values. This allows to calculate the FES
enhancement as a function bz in the case of sample A
(Fig. 6).

Before commenting on Fig. 6, we focus on sample B. As k|G, 7. Points: FES enhancement with tilt for samplef®m
explained above and in contrast with sample A, thEano  Fig. 2). PL intensities are normalized by the peak intensity of low
parameter cannot be extracted from optical data inNBe  wave-vector PL transitions. Lines: calculated values using the same
— limit due to the low efficiency of alloy-disorder Fano T' Fano parameter variations as for sample A grdL1.5(see text
processes for sample B. A fit from experimental data as &he horizontal line corresponds to unenhanced PL intensities.

VIIl. RESIDUAL FES ENHANCEMENTS FOR Ng=0
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sidual enhancement cannot be explained by tilt gradient ef- FIG. 9. FES enhancement with tilt in samples A andpBints.
fects within the laser probe on the sample, the experimentdL intensities are normalized by the peak intensity of low wave-
X104, and(T'), 5,=2.5 meV forNe=1. Constang= 11 andg= 16 val-

We propose here an explanation of the FES enhancemer‘fﬂ%S are used, respectively, for samples A and B. A Gaussian convo-
in Ne=0 LSL's by taking into account thénite localization ution of ANe=0.5 standard deviation is introduced.
length of photocreated valence hole stdfes.

Holes are indeed strongly confined, both in the growth

direction due to the electrostatic potential associated with thé Of €ach terrace during the molecular beam epitaxy of the
DEG and remote ionized dopants, leading to a few am LSL, because of the experimental uncertainty on the shutter

extension, and also in the DEG plane, where they easily |omovements of aluminum and gallium sources in the growth
calize within one LSL periotf owing to their relatively large chamber. The above arguments therefore strongly support

effective mass. Hole states are thus very sensitive to the LS ur explanation of residual FES enhancementisNie=0

step array disordéf'?! This is sketched in Fig. 8, showing (;gzrzjl;upperlattmes in terms of the lateral superlattice

that localized hole states can take a tilted geometry in pres-

ence of the step array disorder, even k¢ =0. In PL ex-

periments, the popglation of.ph.otoc.:reate(.j valence carriers IX. CONCLUSION

thus adopts some tilt-angle distribution, with a standard de- _ o

viation ANe necessarily staying less than unity, because In conclusion, we have shown that the excitonic enhance-

holes are localized withione LSL terracet3 ment of Fermi-edge singularities observed in tilted LSL's is
We speculate that the hole tilt distribution finds its coun-_SUCf}eSSfU”y explained by a Fano resonance mechanl_sm tak-

terpart in the electronic description B5_states, mainly be- N into account the LSL periodic intersubband coupling as

cause the hole tilt occurs at a spatial scale comparable witﬁxtrInSIC scattering processes. This shows that the 1D regime

: . : - _of many-body Fermi-edge singularitfeis not obtained in
the E2x exciton Bohr radius. This appears as a dephasmgiSL,s’ in spite of the low dimensionality of these coupled

term associated Wit|E2X in the calculation of the intersub- QWR arrays. This claims for experiments in a regime of
band coupling amplituded,,(Ne) and, consequently, to a smaller carrier densities and/or stronger 1D confinement am-
tilt-convolution effect in PL experiments. plitudes. From a more general point of view, the work pre-
To check for this, we display in Fig. 9 the experimental sented in the present paper emphasizes the conclusion of
FES data for samples A and B, fitted by a Fano model usin@Ref. 11, showing that extrinsic scatterings can easily create
Ia10y=0.6 meV,(I') 5,=2.5 meV forNe=1, and con- parasitic(i.e., non-Coulomp Fermi-edge singularity effects
stantg=11 andg=16 values for samples A and B, respec- in optical spectra of degenerate electron systems. We stress
tively. A nice overall agreement is obtained with experimen-that Fano mechanisms showtivaysbe carefully evaluated
tal data from both samples by taking a Gaussian tilt-in experimental data before assigning observed Fermi level
convolution effect of standard deviatioANe=0.5. This divergences to many-body edge singularities. On the one
value is less than unity, and thus consistent with the hypothhand, because semiconductor structures are by essence mul-
esis of a tilt distribution for valence hole states, as explainedisubband structures, so that Fano effects are likely to occur
above. Also, as holes are localized wittNir=25 monolayers even if achieved degenerate electron gases only populate the
in the growth(z) direction, the measuredNe=0.5 value first subband of the structures. On the other hand, because
corresponds to a standard deviatide=0.02 per mono- parasitic FES effects already appear in low-disorder MBE-
layer. This rough estimate is of the order of magnitude of thegrown heterostructures as shown in Ref. 11, they should be
standard deviation expected in practice for the coverage ratidrastically boosted in structures with greater disorder.
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