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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 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 enerdg:&25 meV) and Fermi wavelengtfh =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 {0 the periodic one-dimensional confinement diigl the localization anisotropy of
photocreated valence-band carriers.
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I. INTRODUCTION beam epitaxy(MBE) growth, as demonstrated by Petroff

Much attention has been paid to the physics of One_et al. in the 1980'S’ Due to the one-step growth scheme,

. : ) : LSL's can be remotely doped as easily as in ®0yith a
dimensional(1D) semiconductor structures in the last de density (here n,~8x 101 cm-2) controlled by the thick-

cade. The experimental investigation of quantum wire
. . ness of the spacer layer between dopants and the LSL. The
(QWR) properties has been made possible by the appearani% potential amplitude £20 meV) and period£30 nm)

of reliable fabrication techniques based on various ap- .

proaches such as etching and single-step or multistep epita’g—qef'.ﬂ) closely match the Fermi energig5 meV) and

ial growth! A strong emphasis has been put on the optica ermi wayelength:(:30 nm) of the eIe.ctron sygtem, S0 that.

studies of nonintentionally doped QWR'’s suchTawires, V Ztrong evidence for 1D. quantum (?onfmement Is expected in

wires, and lateral superlatticésSL's), where the excitonic oth transport and optical properﬂeg. 'Indeed, mggnetotrans-

regime looks now well understodd. phort ex.penrr;en.ts have frel\_/ealded slt)nklr;g pro?]grﬂes such as
Doped QWR’s providing clean 1D degenerate electroriieelzdsfzm polarization of Landau bands at high magnetic

gases(DEG's) would be of considerable interest as well to In th ¢ f h tical . f
test theoretical predictions in the 1D limit. For instance, op- h the present paper, we focus on the optical properties o

tical spectra are predicted to be drastically altered by phasd®Motely doped LSLs. First, we review the LSL fabrication
space restrictions in Coulomb diffusion processes, with th&nd the tunability of their electronic properties with tilt, and
appearance of power-law divergences at the Fermi edges,dgscribe the basic optical processes involved in low-
phenomenon known as Fermi-edge singularfliddso, the —temperature photoluminescen@d.) and photoluminescence
tunability of confinement in semiconductor structures en-€Xcitation(PLE) experiments on a 2D DEG. We then turn to
ables us to probe the dimensionality transition towards 10LD-modulated DEG’s achieved by remote doping of LSL,
system¢$, where the absence of quasiparticles at the Ferm@nd analyze their PL and PLE linear polarization spectra.
level has been recently demonstrated experimentally by phoFhis reveals that the LSL optical properties are not only gov-
toemission spectroscopy on quasi-1D organic Salts. erned by periodic quantum confinement, but also by the lo-
However, only few optical studies have been devoted tacalization anisotropy of photocreated valence carriers within
doped semiconductor QWR structures. Existing data refeone LSL period. Features associated with the former and the
mainly to type-II structure§ where electrons and holes are latter contributions are distinguished experimentally by their
spatially separated, to 1D plasmon modes in etched wiremperature dependence. The analysis brings an experimen-
studied by Raman optical spectroscdpgnd to dense 1D tal identification of the nature of optical processes involved
electron-hole plasmas generated by bringing undopeth the PLE onset of absorption below the Fermi threshold for
QWR’s under strong optical excitatiénThis underlines that direct transitions. The final facet of LSL optical properties
the doping of QWR structures remains in most cases a tecltonsists in the Fermi-edge singularities which develop in the
nological issue. regime of periodic intersubband couplingsThe analysis of
Here, we report on remotely doped AlAs/GaAs QWR's these aspects in terms of Fano resonaffdssn fact general
known as LSL’s. The 1D confinement is achieved inside theo semiconductor heterostructures and not restricted to QWR
channel of a 2D heterostructure by self-organized moleculasystems: it therefore makes the scope of a separate Paper.
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y [110] FIG. 2. (a) Excess coverage of the LSL terraces for a total AlAs
and GaAs coverage ratig, +Xg o> 1. The excess coverage ratio
b —- . x [110] o :
equalsxa +Xga—1. (b) Geometrical tilt angle3 of the LSL. B is

linked toe by tanB=¢/a.

conduction-band confinement potential, while it emphasizes
E the valence-band one. In the conduction band, the corre-
sponding reduction factor can reach 30% of the 1D potential
in low-density samples ng=4.5x10' cm 2), in good

conduction

C Ep b | N
) E? agreement with self-consistent Sctiimger-Poisson numeri-
Si 8-doping cal calculationg®
N LSL I 2 0 A Throughout this paper, we will phenomenologically ac-
monolayers — . .
HH, count for the growth and static-screening phenomena by re-

ferring to the effective 1D confinement potential probed by
2D conduction-band electronic states. Limiting our descrip-
tion to the first Fourier component of the 1D confinement,
the confinement potential reads

valence
band

FIG. 1. (@) Schema of a GaAs vicinal surfag¢eisorientation
angle «=0.5°) exhibiting a monomolecular step arrgyeriod L, 2mX
=32 nm) in the step-flow modeb) During the epitaxy of each VlD(X):VlDCOE( L )
LSL monolayer, AlAs and GaAs are sequentially grown, so as to )
induce the lateral confinemer(t) The stacking ofN LSL mono- ~ From previous work;"1? we expect ¥;5,=20 meV. As
layers is embedded between,AiGa, cAs barriers, with remote Si  pointed out in the Introduction, the LSL effective potential
5 doping on the surface side of the structure. Inset: asymmetri@mplitude and period closely match the Fermi ene{@y
confinement in a remotely doped 2D QW. The conduction and vameV) and Fermi wavelength\=30 nm) of the electron

lence envelope functions &;, E,, and HH are depicted. system. This shows that the DEG is close to the 1D quantum
limit, a few 1D minibands only being populated by degener-
Il. SAMPLES AND EXPERIMENTS ate electrons.

Up to this point, we described the situation where the total
fluxes of AlAs and GaAs are adjusted to cover exactly the
Serrace width during each MBE cycle (| +Xga=1). How-
ever, the total coverage varies along the samples due to flux
gradients of effusion cells in the MBE chambety(+ Xga
=1+¢). This induces a phase shift between each LSL

Samples are grown by MBE on 0.5° vicinal Ga&¥1)
substrates, which exhibit a monomolecular step array of p
riodicity L,=32 nm[see Fig. 1a)] after the growth of a
GaAs buffer layer in the step-flow mod®This step array is
used to laterally organize the growth, each LSL layer con
sisting in a monolayer fractior,;=0.07 of AlAs followed

. . I :
by a fraction xg,=0.93 of GaAs [Fig. 1b)]. The monolayer
N-monolayer-thick LSL (55:N=<71) is inserted between 21X z
two AlgfGaysAs barriers, and remote SH doping is Vw(X.Z)ZVlDCOS( 3 —27785)-
. ' . ) X
achieved on the surface silsee Fig. 1c)], leading to an
electron densityn;=8x 10" c¢cm™2 at 2 K under optical il- Wherea is the monolayer thicknesa&2.83 A). Geometri-
lumination fa a 9 nmspacer layer thickness. cally, the LSL stripes get tilted with an angkwith respect

In Fig. 1 the LSL is clearly drawn in an idealized view to the growth direction as sketched in Fig. 2. However, this
with pure GaAs and AlAs stripes. Experimentally, the ampli-structural parameter is inappropriate to describe the elec-
tude of the 1D periodic potential is strongly weakened bothronic properties of tilted LSL’s. To do so, one rather needs to
in the conduction and valence bands by growth factors sucteike into account the vertical extension of the 2D electronic
as the aluminum-gallium vertical segregation during MBEstates probing the LSL potential. The LSL tilt can be moni-
growth or the disorder of the vicinal surface step array. Thigored at this scale by the phase shiftr Re of the LSL
has been quantitatively analyzed previously and correspond®otential throughout thél LSL monolayers. We will thus
to a=90% reduction of the effective periodic confinementadopt in the followingNe as tilt parameter to describe the
amplitude in LSL's with a low alloy concentratidf.In the  electronic properties of tilted LSL's. This quantity has in ad-
case of remotely doped structures, the effective LSL potendition a practical meaning, since/eNe =1 variation of the
tial is further screened by the electrostatic potential inducedilt parameter corresponds to an increase of the QW thick-
by the periodically confined degenerate electron system ithnessN by one monolayer. Experimentally, we probe the LSL
self. This phenomenon, however, differs from the Al/Ga seg-optical properties with a 4Qum laser spot moved along the
regation and step-array disorder effects, since it opposes tlsmample as shown in the inset of Fig. 3, whilevalues(i.e.,
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Ne=() LSL potential owing to theiz extension: the tilted LSL acts
1t 2 /N8<0 % ™ NE>0 almost as an alloy. The intersubband parametés is zero
g 4 for Ne=0. Due to the broken separability between xend
=8 T z axes, it raises when tilt is increased, but gets also averaged
; % L in the limit of largeNe values. A;, thus displays a charac-
£ e teristic camelback shape, with a maximum amplitude for
§§ I 12 \ / Ne=1. This behavior corresponds to the enhancement of
Té g2 L \ / Fermi-edge singularities in tilted remotely doped LSts.
Z 4 / \\ The samples investigated in this paper are those of Ref.
0 ) 1 0 1 5 13. Sample AB) consists of aN=71 (55) monolayer thick
tilt parameter NE LSL of meanx,;=7% aluminum content inserted between

Al 3Gay gAS bariers. Remote S¥ doping is provided with
FIG. 3. Squared normalized intra- and intersubband couplinga spacer layer thickness=9 nm. We performed 4 K
A% and.A%, as a function of the tilt parametdle (see text Inset:  magneto-optical experimeffsto measure Fermi energies
schematical sample side view showing how optical properties areand conduction- and valence-band electronic masses. For
tracked along a given wafer. Tiés =0 region(untilted LSL) cor- sample A, we geEr=26.5+0.4 meV, my=0.074n, and
re_spo_nds to a line on the sample. Variations of the LSL thicknes%hzosaﬂo, wherem, denotes the free electron mass. In the
with tilt are also represented. case of sample B, we findEr=27.0-0.4 meV, m,

. =0.074mg, andmy=0.28m,. Sheet densities extracted from
thex, andxg, fluxes are measured independently from the ihese measurements equak=8.3x 101t cm2, Samples A

LSL properties at each laser spot position with an accuraC¥nq B are thus quite similar, except for tEg-E, subband

_ -4 -
Ag=4x10 %, thanks to additional reference heterostruc-ghacing due to the different LSL thickness. Indeed, the en-

tures buried below the LSt. , , ergy separation between the excitonic resonance associated
The electronic properties of LSL's can be described as,ith, E, (E,,) and Fermi-level transitions equals 6.5 meV

follows. For nontilted LSL's, the 1D periodic potential is - .
separable between thi¢10] (x) and growth(z) directions. It for sample A_Whlle it _reache_s 19.5 meV for sample B. This
makes Fermi-edge singularity effects more pronounced for

acts therefore only within each 2D-confined conduction sub-

. , , ; sample A compared to sample'B.
band E,,, by coupling with an amplitude/,p/2 in-plane ) o .
states k=(k, k,) and k'=(kj k) such as k.—k. Photoluminescence and PL excitation experiments are

R . , performed at 1.8 K with the sample immersed in superfluid
iz”/l_‘x qnd Ky=Ky. In the case of tilted LSLs, the LSL helium. The excitation is provided by a tunable Ti:Sa laser
potential is no more separable betweeandz so that the ith a maximum 300 W power focused within a 4Qum
symmetries of the 1D confinement potential are changedy, . the pi signal is dispersed by a double monochromator
giving rise to additionnal intersubband periodic couplings, i 4 typical 0.1 meV resolution. A photomultiplier is used
acting between statdsandk’ = (k,+27/L,,k,) belonging

) _ for detection, with a preamplifier enabling a counting dy-
to subbands<=,, andE, with different quantum numbems  pamics over six order of magnitudes. PL and PLE linear

#n. We characterize the intra- and intersubband CO”p"r‘QboIarizations are measured at a frequency between 50 kHz

relative amplitudes as a function of tilt by the parametery,q 100 kHz using an acoustooptic modulator locked with a
Ann:

two-channel photon-counting setup.

2 .
Am“:v_f J U (2)Vip(X,2) n(2) €27 xdX dz, IIl. OPTICAL EMISSION AND ABSORPTION
1D OF A TWO-DIMENSIONAL ELECTRON GAS

where ¢, (¢,) are the envelope functions in the two-
dimensional subbandg,, (E,). Obviously, A,,=1 and
Amnn=0 (m#n) for Ne=0, while A, (m#n) terms be-
come nonzero foNe #0. For the lowest indexes, we g&t

We briefly review the basic mechanisms of optical emis-
sion and absorption of a 2D DEG in a semiconductor hetero-
structure. The DEG is described asTa=0 K Fermi sea,
with conduction carriers filling states from zero in-plane
wave vector up to the Fermi wave vectdte (ke

A= _ 772 >sin(7Ne), =0.02 _A‘l for samples A and B We neglect the Coulomb
Ne(1—N%”) interaction between valence holes and the Fermi sea and do
not address in this section Fermi-edge singularity issues.
—4Nel T Experimentally, remotely doped QW'’s display a PL line

Alz_(1—4N282)(9—4N282)"08(7TN8)' shape with an asymmetrical tail towards high energies at low
temperaturgsee Fig. 4b)]. This shows that usu&tselection

We have reported for illustration in Fig. 3 the squaredrules for direct optical processésio not apply, because pho-
amplitudes of4,; and A,. Afl almost monotonically van- tocreated holes having relaxed at the top of the valence band
ishes with tilt: this parameter is directly proportional to the would only allowk=0 wave-vector transitions and thus lead
redshift of PL transitions in undoped LSL(Refs. 4 and 1l  to a symmetrical PL profile. Indirect optical processes can
in the range of validity of the perturbation theory. The limit take place in presence of remote ionized dopants as pointed

whereA§1—>O means that electrons fully average the tiltedout by Lyo, Jones and KleRt.Since the efficiency of remote
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Photoluminescence energy (meV) ies in undoped QW’s and QWR’s recentfy,mainly by

valence

band the energyE of a localized state and its extensidor its
a) b) b N I_Efd(;zm‘“""‘h)“ shape ¢e(r). The case of MBE-grown AGa, _, alloys cor-
ormalize energy . . i . .
responds to a high density of randomly positionned diffusion
FIG. 4. (3 In-plane band-structure of the conduction and Va_si.te§l for which a statistical de§cription accounts for. the
lence bands of a remotely doped QWIat0 K. Dominant PLand  disorder “seen” by the wave fuctioge . Then, the density
PLE optical processes are depicted. In PL, conduction electron@f statesp4(E)—which has to be maximized with respect to
recombine onto valence states localized on potential fluctuations a in this variational scheme—redds
the top of the subband HHIn PLE, direct absorption processes
o _(E_p2
start between Hidstates and; electrons with in-plane wave vec- _ (E=0)
tors greater than the Fermi wave vecigr. (b) Comparison be- p¢E(E)—A(E)eX 202 ’
tween the theoretical line shapes in emission and absorption with
PL and PLE spectra of a 2D DE(n fact sample B foNe— ). wheredgg is the trial wave function at enerds; A a function
The PL line shape widtiAE equals the Fermi energy, while the Slowly varying with energyE, 6 the kinetic energy associ-
PLE starts with aimm,/m;, AE shift (Moss-Burstein shiftwith re-  ated with ¢, and ¢ the standard deviation of the statistical
spect to the PL Fermi-edge cutoff. Excitonic resonances associatedisorder potential seen by (r —rg) whenr is varied in the
with the empty conduction subbaifity appear as quasidiscrete lev- 2D space. Taking a parabolic hole dispersidh=
els in PLE. —#2k?/2m* and assuming a Gaussian 2D profile for the trial
wave function,

dopant diffusions decreases strongly with the conduction 5 o
wave vectors, the resulting PL oscillator strength decreases be(r)= \/ziex;{ Xty
with energy, but allows transitions up to the DEG Fermi- E oy u?

level states aEg, even for high electron densities such as
ours (Ns=8x10'" cm 2). However, in the case of our
samples, another indirect mechanism sets in, due to the t

nary alloy compositiorky;=7% inside the LSL. The asso- \/37;

E, B
\ y e 1620 1620 o0 means of PL studies at them scale in order to probe the
n P § emission of individua_lly I_ocal?zed excitons. However, little
'ﬁﬁi‘ band | work hgs_been done in S|tuat|o_ns Whe_re only one of the twp
3 ! = recombining electronic states is localized, as is the case in
Ey ‘-\ / £ the PL of remotely doped LSL's. We demonstrate in the fol-
K /" ; lowing that the localization of hole states in the valence-band
o A tail can be probed using a conventional PL setup at g40
. Er memyEri | scale.
PL PLE i %EZI:-IHI
i - k=0 A IV. LOCALIZATION OF VALENCE HOLES
k @ 7 iElL:Hll E,LH,
'ocﬁgﬂﬂ\ s ke | f The theory developed by Halperin and Eég:an be used
j _.I-I'I;e/mh B g to describe the localization of valence holes in the potential
P g f!uctuatlons of a ternary alloy like AGa _,As. '_I'h|§ varia-
LH, £ tional method assumes a correspondence principle between
=

one obtains a description of localized hole levels Eor 0
e\{,\{ith a characteristic extension

ciated disorder creates a band tail of localized states at the
top of the HH subband. In PL, photocreated holes relax on

most localized states and gek&pace extension comparable The associated band tail of the valence-band density of states

';O tEe Fgrml W?Ve VeCtOk.Fh’ thus allowing PL tran5|';|:9ns is exponential:p(E) «exp(—E/E), with a characteristic lo-
or Fermi-sea electrons with wave vectors ugkio[see Fig.  .ajization energy

4(a)]. The validity of this scheme will be demonstrated be-

low. In PLE, however, the valence-band population is not of m*a?x(1—x)(AV)?2

importance and direct optical processes dominate over indi- E.= 37772 ,

rect ones. The direct absorption starts for wave vectors &

greater than the DEG Fermi wave vector due to the Pauliyherex is the alloy mean compositiom,denotes the crystal

exclusion principle. Because of the finite hole mass, the comgattice constant, and\V is the valence-band-gap offset be-

responding absorption edge in PLE is blueshiftedriaym;, tween pure AlAs and GaAs materials.

Er with respect to the PL Fermi-edge cutoff, a quantity ~The gradual localization of valence-band states with en-

known as the Moss-Burstein shift. The empty subb&nd ergy is depicted in Fig. 5. Taking=7%, a=5.67 A, AV

gives rise to transitions of excitonic character as seen from-0.5 eV, andm* =0.35m, for the HH, subband, one esti-

the sharp resonances BfHH; (namely,E, ) andE,LH; in matesy~32 nmAJE (E in meV) andE,~0.8 meV. Such

the experimental PLE data of Fig(k}. parameters are well adapted to describe localization effects
Localized states have been the subject of numerous stuéh actual MBE-grown structures with ternary alloys such as
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e
a) %ﬂ b) ﬁ 0
- — -0.2
@ < A\ E -0.4
| N
' k 0 E. 2 I B R e i U g 0 &
valence band energy g el_:;,;,] er-liy _-0.2;
e er-hhs ‘ Joad
FIG. 5. (a) Localized statesE>0) in the valence band in pres- E,‘/
ence of disorder(b) Schema of the exponential valence-band tail 2 PLE
with characteristic energ. (see text g
[}
. k=
AlL,Ga _,As quantum wells, becaud® E. corresponds to e
the usual Stokes shift values of our samples &ndu(E A . . . B . . .
=1 meV) matches typical Fermi wavelengths in 2D DEG's. 1600 1610 1620 1630 1640 1650 1660

This underlines the efficiency of indirect PL recombination Energy (meV)

processes between delocalized DEG states and valence states

localized by alloy disorder. FIG. 6. PL, PLE and their linear polarization ratios for sample B
Such considerations show that the optical properties oft Ne=0. Features denoted ), (ii), (i), and(iv) are described

lateral superlattices will be drastically affected by localiza-n following sections. In the PL spectrum, arrows labeled0 and

tion effects in the valence band. Indeed, since the typicalf:kF denote zong-center and Fermi-edge transitions as determined

localization lengthu(E,) is greater than the LSL period oM magneto-optical measurements.

(Ly=32 nm) while remaining of same order of magnityde ) .

2D valence states localized by alloy disorder will easily getc@use of the isotropy of conduction constant energy surfaces.

trapped within one LSL period in presence of the 1D con-AS Séen in Fig. 6 both PL and PLE of LSL display well-
finement potential along the direction. Strong PL linear structured FPR spectra. We will show that part of the struc-
polarization features can thus be expected in LSL's due t&res are directly connected to the presence of thepa>

this anisotropic valence hole localization. Also, even if mostdic potential of the LSL. This corresponds to features
localized valence states get anisotropically localized withifaPeled(i) (negative PL LPR for small wave-vector transi-
one LSL terrace, this process gets rapidly inefficient for mordions and (iv) (1D excitonic transitions associated with the
delocalized states in the valence-band tail. The PL polarizs€MPty subband,). Other features, i.e(ji) the negative PL
tion features associated with anisotropically localized valPR for large wave-vector transitions aii) the Fermi-
lence states will therefore vary strongly as a function of thd€Vel depolarization in PL and PLE, will be attributed to the
localization length. This property will be used in the analysis@nisotropy of the valence-hole localization. The analysis is
of the optical properties of LSL's, so as to distinguish be-deéveloped in the next sections, after a short analysis of 1D
tween features due on the one hand to the periodic onélensity of state¢DOS) singularities in LSLs.

dimensional confinement and on the other hand to the local-

ization anisotropy of photocreated valence-band carriers. VI. ABSENCE OF VAN HOVE SINGULARITIES
Experimentally, the localization length of valence carriers IN PHOTOLUMINESCENCE SPECTRA

can be tuned by raising the sample temperature above the

localization energyE, . The experiments reported below will It is striking in Fig. 6 that the PL line shape does not
demonstrate the major role played by localized carriers ifnirror the DOS singularities expected from the 1D confine-

optical emission and absorption processes in the vicinity ofent, as revealed, for instance, in scanning tunneling micros-
the PL and PLE Fermi edges. copy studies on carbon nanotuB&ghey are calculated in

Fig. 7 (bottom for a typical 2V,p=20 meV modulation
amplitude. Singular points labeled/ L, (7/L, ) correspond
to the first minigap states &t=(7/L,,0) in the first(second
miniband. The same holds forrZL, state (27/L, statg
We now focus on the optical properties of QWR arrays,associated with the second minigap state&=a(2/L,,0)
using sample B aNe =0, for which intersubband coupling in the secondthird) miniband.
effects can be neglected in a first approximation. Clearly, one cannot refer to disorder to account for the
In Fig. 6 we show 2 K PL and PLBpectra, as well as absence of DOS singularities in experimental photolumines-
their linear polarization spectra. We define a linear polarizacence spectra, even if some of them/I(, and 27/L;)
tion ratio (LPR) as the difference between PL componentsappear as peaks due to their saddle-point character in the
having an electric field along the ([110]) and along they  band structur¥ and could be easily washed out by the pres-
([110]) axes, normalized to the total PL intensity. At 2D, ence of disorder.
even if individualk transitions are polarized outside the Bril- ~ We rather propose an explanation of the absence of 1D
louin zone center due to valence-band mixing effétta, DOS singularities in PL spectra in terms of the localization
DEG emission or absorption is not linearly polarized, be-of valence holes. In a tilted LSL, the 2D model released in

V. FROM QUANTUM WELLS TO COUPLED QUANTUM
WIRE ARRAYS

195302-5



T. MELIN AND F. LARUELLE PHYSICAL REVIEW B 65 195302

(=1

2n/Lx 2m/Ly* (27/L;) should be resolved in PL experiments.

The absence of 1D DOS singularities remains thus par-
tially unexplained, while the presence of a 1D periodic con-
ki finement is fully established in these sampfé3wo specu-

; ! lative arguments can be mentionned which, however, go
; ‘ ] beyond the scope of this paper. The first one is that indirect
processes associated with remote dofdrian be boosted
T=0K via umklapp processes around 1D miniband edges in
QWR's’® even if such processes are inefficient at the corre-
spondingk wave vectors in 2D. Also, it has been shown that
DOS singularities are suppressed because of the Coulomb
interaction in undoped QWR¥. The comparison with our
data is striking, even if the link with remotely doped struc-
tures is not straightforward.

g wave-vector kx

23 n/ ‘Lx_ n/ Lx+

VIlI. ONE-DIMENSIONAL EXCITONIC TRANSITIONS
ASSOCIATED WITH E,

0
0 20 40 0 20 40 As observed in Fig. 6, thE, subband splits into 1D ex-
Energy (meV) Energy (meV) . ! : .
citonic structures labele@v) which are equivalent to those
FIG. 7. Top: conduction dispersion laws in reduced zone schem@bserved f0rE_1 in the PLE Of undoped LSLS! _
showing the formation of 1D minibands in tHg direction for They consist of the following(a) a grounde;-hh, transi-
V;p=0 (left) and V,;p=10 meV (right). Singular points labeled tion between the firsE, and HH 1D minibands, with a
wlLy , @/l , 2w/l , and 27/L; appear as a result of the mini- characteristic negative LPRp) a e;-hh; transition between
gap openings inky ,ky) = (/Ly,0), and (2r/L,,0). Bottom: calcu-  the firstE, miniband and the third lateral miniband of HH
lated densities of states given in units of the 2D DOS. Middle:correlated to a positive extremum in the PLE LPR, #&od
calculated optical spectra using an isotropically localized holethe ground light-holee;-Ih, transition involving the first lat-
(Aky=Aky=0.013 A™*) for V,5=0 and an anisotropically local-  gral minibands of, and HH,.
ized hole @(k,=0035 A%, Ak,=0013 A% for Vip Additional 1D transitions €,-hh,, €,-I,) would allow a
=10 meV. The spectra share the same vertical scale. direct quantitative measurement of minigap amplitudes.

] ) ] They are, however, not resolved, probably because of the
the previous section already predicts that valence states Igyesence of the continuum &,.

calize within one LSL periodl(,=32 nm) due to the alloy
composition of the LSL. Therefore, fade =0, holes will
localize inside individual LSL potential extrema, as sketched
in Fig. 8. We have also plotted in Fig. 8 the symmetries of e analyze here the two photoluminescence linear polar-
/Ly and7/L;{ minigap states. Selection rules appear andzation features labeled) and (ii) in Fig. 6.
predict thatz/L, transitions should be optically inactive, in Qualitatively, the origin of the negative PL LPR for small-
analogy with usual selection rules in a 2D QWee Fig. k transitions[feature(i) in Fig. 6] is similar to that of the
8(b)]. To ensure this, we calculated in Fig. 7 the corresponde;-hh, PLE transition in PLE in undoped LSL%.It is in-
ing PL spectrum. The DOS singularity associated with theduced by the mixing betweek=0 conduction states with
second 1D miniband #/L;) is completely washed out. k=(*=2n/L,,0) states induced by 1D periodic confinement.
However, the steplike onset of the third 1D miniband However, the description of hole states cannot be limited to a
free-electron model, since the associated PL LPR/ %o,

Normalized DOS  PL intensity (arb. units)

VIIl. PHOTOLUMINESCENCE LINEAR POLARIZATION

neglecting static screening effertdearly underestimates the
a) /Ly b) Y., experimental value 418%). We rather describe holes as
oo BTGB GB®- TLs anisotropically localized states:
conduc io.ril‘" ;n - k2 k2
duetion band * ‘e \I’Ioc(k)oce”{_p_]((x_xzy?y).
valence band v_ Avi vl
localized hole level Using Ak,=0.035 A" Ak,=0.013 A", and 2V

=20 meV, this model leads to & 17% PL LPR value for

FIG. 8. (a) 1D confinement potential in conduction and valence ZON€-center transitions, which falls in quantitative agreement
bands(dotted lines. The minigap statesr/L; and #/L; and the with experimental data. We stress that even if a quantitative
valence hole states localized on a potential extremum are depicte@greement is only reached within a localized hole level
(b) First confined states in a nonintentionally doped QW. Symme-model, the physical origin of the negative LPR of zone-
tries are analogous t@) and lead to similar optical selection rules center transitions is in any case due to the quantum mixings
for PL processes. in the LSL conduction band: a pure 2bB=0 conduction
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FIG. 9. PL linear polarization spectrum of sample B at 2 K
(from Fig. 6). Solid lines refer to a fit with a localized hole model
and a 1D confinement of amplitudé, .

PL linear polarization ratio

state would give no optical anisotropy when recombining
with W, even withAk,# Ak, . This means that the nega-
tive polarization of zone-center PL transitioffeature(i) in
Fig. 6] fully originates in the periodicity of the LSL quantum
confinement. :

For higher wave-vectors transitions, the conduction-band T
structure becomes 2D like, so that the observed enhancemel ! :
of the PL LPR[feature(ii) in Fig. 6] corresponds to another ? — 0.5
mechanism. To understand it, we calculated in Fig. 9 the PL L ' ' ' ' ' ' l '
LPR expected for 2D electrons Y2,=0 meV) recombin- 1570 1580 1600 1620 1640 1660 1680 1700 1720 1740
ing onto anisotropically localized holes. As explained above, Energy (meV)

k—_O o_p'ucal 'Fransmons remain |s_otrop|c despite the hole lo- FIG. 10. Temperature evolution of the Rleft) and PL LPR
calization anistropy, but a negative PL LPR component de- . _ .

. L right) spectra of sample B fdde =0. The temperature is tuned by
velops with energy as Va.lenc.e_band mixing e.ff(-.:‘ct.s graduall aising the illumination power. PL LPR spectra are blueshifted by
take place ou_tS|de the,Br'”OU'n zone cerfteThis is in good 70 meV for sake of clarity. Dotted lines are a guide to the eye for
agreement with experimental data and suggests that the Rl 1o pL LPR components at small and high wave vectors.

LPR enhancement for high wave-vector transitions is fully
due to the localization anistropy of valence holes. We also o ) )
propose in Fig9 a more complete calculation of the PL LPR Vector contribution almost disappears for=40 K. This
including the LSL periodic confinement potential in the con-demonstrates that the latter comes from the Iocall'zauon .of
duction band ;5 0). With increased/,, values, one re- holes—suppressed at 40 K_—Whlle_the former originates in
covers the negative PL LPR characteristic of zone-center ogh® conduction-band periodic couplings induced by the LSL
tical transitions. It is remarkable that the calculated LPR&Nd thus remains weakly affected by changes in the hole
shape then gets structured at higher wave vectors, due to tiistribution. The two different physical origins of PL LPR
presence of conduction-band minigaps. This is not reflecteoMponentsi) and (ii) in Fig. 6 are thus distinguished ex-
by experiments, but is obviously related to the absence dperimentally.
Van Hove singularities in the PL spectrum, which we already
discussed. Nevertheless, the envelope of the calculated PL
LPR curves is preserved while increasivgy, so that the
experimental increase of PL LPR at high wave vectors can
be reasonably attributed to the anisotropy of localization of We now describe the optical processes in the spectral
valence holes in LSL's. range of the PL Fermi-level transitions. They correspond to
To confirm this experimentally, we show in Fig. 10 the the linear depolarization feature labelgid) in Fig. 6, where
evolution of PL and PL LPR spectra with temperature. Byboth PL and PLE get depolarized within a few meV above
raising the laser power, we obtain effective electronic temthe PL Fermi edge. We analyze this feature and show that it
peratures up to 40 Kmeasured by the PL slope in logarith- allows one to understand the physical nature of PL and PLE
mic scale abové&r). For such temperatures, the electron gasprocesses within this spectral range.
distribution is quite unchangedsg /k=>40 K), so that the The depolarization featuréii) is represented for both
PL LPR evolution is only sensitive to the distribution of the samples B and A in Figs. 11 and 12, together with the cor-
photocreated holes. The small wave-vector PL LPR comporesponding PL and PLE data in linear and logarithmic scales.
nent faintly changes with temperature, while the high wavedt is remarkable that both PL and PLE linear polarization

Photoluminescence intensity (arb. units)

18K 1025

lattice

IX. LINEAR DEPOLARIZATION AT THE
PHOTOLUMINESCENCE FERMI EDGE
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FIG. 11. Bottom: 1.8 K PL and PLE spectra of sample B for  FIG. 12. Same figure for sample A. The pronounced Fermi-edge
Ne=0. Fermi-level transitions are positioned in PL from magneto-Singularity seen in PL is due to the proximity of the second subband
optical measurements. Top: same PL and PLE data in logarithmigXcitonic resonance, 6.5 meV aboveEe . It modifies the PL and
scale plotted around Fermi-level transitions, together with the PIPL LPR shapes around PL Fermi-level transitions and the
and PLE LPR spectra. The blueshift between PL and PLE LPRogarithmic-scale PL and PLE slopes compared to samplee®
evidences a 1.4 meV Stokes shift, visible between PL and PLEEXY.

Fermi-level transitions &g andEg p g.

_ _ applies for the PLE transitions in the LPR depolarization
superimpose onto each other in a few meV spectral ranggpectral range. This identifies the nature of the PLE transi-
above PL Fermi-level transitions, apart from a smalltions below the threshold for direct optical transitionsat
(=2 meV) energy shift, which we will later attribute to a (japeled asE;HH; in Fig. 4) and shows that indirect optical
Stokes shift. This occurs while PL and PLE signals haveyrocesses dominate in this spectral range where direct tran-
totally different variations with energy in this spectral range.sjtions are prohibited due to the Pauli exclusion principle.
Also, it remains valid for both samples A and B, althoughThe correspondence between PL and PLE processes is illus-
their LPR signals are quite different due to the proximity ofrated in Fig. 13. It shows that in the case of PLE, the ab-
E,, above PL Fermi-level transitions in the case of samplesorption directly reflects the exponential density of states of
A. These two points demonstrate experimentally that the opthe valence-band tail. This is not true, however, for PL tran-
tical absorptionPLE) and emissiorfPL) processes are iden- sitions, where the effective population of the valence-band
tical around the DEG Fermi level. tail by photocreated carriers has to be taken into account.

Given the analysis of the previous section, the PL depoThis dissymmetry is evidenced by logarithmic-scale PL and
larization aboveEr can be understood as follows. If we as- PLE data(Fig. 11): PLE and PL indeed display linear behav-
sume that the DEG is at a temperatdre 0 K, PL transi- iors, but with different slopes, of respective temperatures
tions with energies higher thaBr require valence states =18 and 10 K for sample B From these PLE logarithmic
closer to the valence-band edge, i.e., less localized, as deeale slopes, one thus measures a characteristic localization
picted in Fig. 13. Thus, the PL spectrum abdieis a spec- energyE.=1.5 meV for the valence-band tail. The value
troscopic probe of the valence-band tail of localized statesfairly agrees with the estimatiof0.8 me\j) from the 2D
This explains the gradual depolarization in PL abdgse, localization model, with a greater experimental value in
because more delocalized LSL valence-band states are madi&L's probably related to the additionnal step-array disorder
isotropic. Also, fully depolarized transitions occe4 meV  in the heterostructurt. The logarithmic scale slope differ-
above Fermi-level PL transitions, which falls in good agree-ence between PL and PLE data would correspond to a popu-
ment with the=40 K temperature required to suppress thelation temperaturd=6.5 K of valence-band carriers within
high wave-vector LPR compone(fig. 10. the localization band tail. However, this picture is not correct

The same explanation in terms of localized valence statestrictly speaking, because photocreated valence-band carriers
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B conduction band show a clear slope change &t for both samples B and A
a) g ' (12-18 K transition in Fig. 11 and 6.4-8 K transition in Fig.
Y3 -Ep 12). Again, one sees that the PLE LPR mimics the PL LPR
for this spectral range belo®, . This identifies the valence
states involved in the PLE belo®; as the localized states
! involved in PL atEg. Therefore, the PLE signal belof
PLE PL can be attributed to the thermal absorption in empty DEG
states belowEg. From the logarithmic-scale PLE slope of
I sample B, one estimates an effective DEG temperaiure
A =12 K, quite above the helium bath temperatuie
‘ k =1.8 K, but typical of a two-dimensional degenerate elec-
valence band tron system under optical excitatiofh.
hole population
b)g 3 PLE PL / disfril[))ution X. CONCLUSION
g’ i‘f Optical experiments performed on remotely doped LSL's
g s J show that substantial information can be acquired about elec-
E, 0 E 0 tronic states in 1D DEG’s. We showed that LSL PL proper-
Tt Joint energy ties are governed by the quantum mixings induced by the

LSL periodic potential, but also by the anisotropic localiza-
FIG. 13. (a) PL (right) and PLE(left) optical processes for tran-  tion of minority carriers, with extensions of 600 and 200 A
sitions with energies above the Fermi level. The conduction-bandélong and orthogonal to the QWR axis. We demonstrated
DEG and the localized levels of the valence-band tail are reprethat the two effects can be distinguished experimentally by
sented with different energy scales. Bold and fine arrows are used e temperature dependence of photoluminescence linear po-
sketch the variations of oscillator strengtlib) Joint density of |arization spectra. Moreover, thanks to the regime of aniso-

states for the conduction and valence bands with the energy refetropically localized valence holes, we proved able to unam-
ence set to Fermi-level PL transitions. The tail of localized Va|enCQ)igu0us|y |dent|fy the emission and absorption processes
states is directly probed by PLE measuremélet), while PL ex-  around Fermi-level transitions by a detailed analysis of PL
periments also depend on the actual population of the localizednd PLE LPR spectra. This description in terms of Fermi-
states. level electrons recombining onto the tail of localized valence
states extends to other degenerate electron systems in pres-

probed in PL transitions are most likely out of thermal ence of disorder such as 8a _,As quantum wells.
equilibrium, as can be seen from the energy shift

(=1-2 meV) between PL and PLE LPR depolarization fea-
tures in Figs. 11 and 12. It corresponds to a Stokes shift, PL
transitions probing only valence holes having relaxed on We are indebted to F. Petit, P. Denk, F. Lelarge, A. Ca-
lowest-energy potential fluctuations, while the PLE probesvanna, R. Planel, C. Tanguy, B. Jusserand, M. Potemski, and
the spatial average of all localized states. B. Etienne for stimulating discussions. This work was par-

We finally focus on the PLE signal below the onset of thetially supported by DRET and a SESAME grant of the-Re
LPR depolarization atEr. Logarithmic-scale PLE plots gion lle de France.
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