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Exciton-Exciton Interactions in AlAs /GaAs Coupled Quantum Wire Arrays
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We perform optical spectroscopy on quasi-1D excitons appearing in low disordey BbXss lateral
superlattices (LSLs) achieved by organized growth on vicinal substrates. Exciton-exciton couplings are
measured by bringing optical levels into resonance in tilted LSLs. In a regime where the large LSL
periodicity preserves the 2D RydbetHz), we report unexpected splittings as highGe¥7E; (6 times
the 2D values). This enhancement of Coulomb interaction is analyzed in terms of valence-band mixing
and 1D periodic confinement. [S0031-9007(98)07611-X]

PACS numbers: 71.35.Cc, 73.20.Dx, 78.55.Cr, 78.66.Fd

Exemplar manifestation of exalted Coulomb interac-ented by 0.5 towards (110) to define a monomolecular
tions in semiconductor nanostructures comes from thetep array with a period., = 32 nm after the growth
enhancement of excitonic binding energies with reducedf a GaAs buffer layer in the step-flow mode [7]. We
dimensionalities. This picture, which is now well estab-use a new LSL growth scheme to minimize step disor-
lished for ground optical states in two and one dimensionsler [8]. Each LSL layer nominally consists in a mono-
[1], breaks down in the case of excited optical transitions|ayer fractionm = 0.1 of AlAs followed by a monolayer
where the Coulomb interaction leads to exciton-excitorfraction n = 0.9 of GaAs to exactly cover the terraces
couplings, small and weakly dependent on the dimension@z + n = 1). The previous sequence is repeaféd=
ality in 3D and 2D [2,3]. Such couplings are probed36 times and embedded between two AlAs barriers for
experimentally by bringing excitonic transitions into reso-vertical confinement along the growth axis This real-
nance with an external perturbation. In bulk Ga&s, izes a 10-nm-thick Al;GayoAs/AlAs quantum well with
heavy hole (HH) ands light hole (LH) excitons exhibit a lateral confinement of peak-to-peak amplitude up to
an anticrossing of 0.3 meV (0.05 times the exciton bind50 meV stemming from the partial ordering of Al atoms
ing energyEg) under uniaxial pressure [2], which goes at the step edges during the growth [4,9,10]. The LSL
up to 0.7 meV(0.07Eg) in a 16 nm GaAs quantum well tilt comes from the imperfect surface coveraget+ n =
(QW) under electric field [3]. The role played by exciton- 1 + &, which creates a7 N ¢ phase shift between the first
exciton interactions in lower dimensionalities is crucial toand the last LSL monolayers (Fig. 1a). A continuous set
understand optical spectra of quantum wires (QWRSs) andf & values is obtained due to flux gradients in the MBE
quantum dots and is still open. In the absence of theoretechamber (Fig. 1b). In tilted LSLs, the 1D potential seen
cal predictions, it has been indeed difficult to address this
topic from previous experimental data [4,5], since QWRs

are very sensitive to size fluctuations disorder. a) «~ % i e S

We measure and analyze here Coulomb interactions be- monolayers| T T e B
tween quasi-1D excitons appearing in absorption spectra misorientation angle 0.5 N
of extremely low disorder AIASGaAs lateral superlattices
(LSLs) (which are coupled QWRs). The LSL 1D opti- Ly (1+€) Z[oou
cal transitions are first identified by comparing the optical % g&ASS D L, [110]
absorption and its linear and circular polarization proper- = X
ties with a band-to-band calculation. Exciton-exciton cou- Lx #0283 nm
plings are then probed by bringing excitonic states into b) ZA ATAS
resonance by using the LSL tilt effect (Fig. 1) [6]. We I Lateral
observe an unexpected splitting of 4.4 meVO®7E; (6 AlAs Superlattice
times the 2D values) between HH and LK excitonic —— X
states at the edge and at the center of the Brillouin mini- YA
zone defined by the LSL periodicity. It is unambiguously 6<%<> Sample
evidenced by the exchange of oscillator strength and of 2
hole angular momentum. This huge excitonic interaction X e=0

Is shown to originate in the LSL reduced dim(_:‘nsionalityFIG. 1. (a) Schematic ideal cross section of a LSL with the

and in the valence band mixing. _ definition of L, ande. (b) Schematic side and top views of the
LSLs are achieved by ordered molecular beam epitaxgample to illustrate the change of The open arrow depicts
(MBE) growth on (001) GaAs vicinal substrates misori- the scan of the laser spot on the sample.
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by electrons of the ground subbands confined alofg;,  shown in Fig. 2b together with valence and conduction
HH,, or LH,) follows a sinusoidal law of period, with  minibands in Fig. 2c [14]. FomNe = 0, the periodic
an effective amplitude depending on the tilt paramater confinement forms minibands and opens minigaps at the

[6] as critical points of the band structure ink,,k,) =
| sin(r N ) (pm/Ly,0) for p =1,2,... in the valence band (VB)
VNE(x) = [1 Nig2 (7;] 8)}V1D cos< Wx) and conduction band (CB). Major optical transitions take
- & wNe X

place at the miniband onsets either at the center or at the
The amplitude is obviously maximum fave = 0 (Vip)  edge of the mini-Brillouin zone where the joint density
and decreases to zero for large LSL tilt. of states is singular [16]. Using a rigid 2D Rydberg, we
We perform photoluminescence (PL) spectroscopy ainake a directjuantitativecomparison between the calcu-
1.8 Kin superfluid helium with an experimental setup de-ated band-to-band absorption (used to identify and label
scribed elsewhere [4]. By scanning #@ um laser spot the optical transitions) and the PLE experimental data.
along the wafer, we probe the optical properties for vari-This is justified since the LSL periodicit{l., = 32 nm)
ous tilt values. The PL excitation (PLE) linear polariza- is larger than the exciton Bohr radi(gz = 9 nm) as can
tion ratio (LPR) is defined as LPR (/. — [j)/(I. +  be seen from recent calculations [1,17]. PLE transitions
Iy), wherel, and [ are the PL intensities for the ex- are labelec,,-hh, oOr e,,-lh,, wherem andn denote the
citing laser light polarized, respectively, perpendicularmth and nth lateral minibands of the first CB subband
and parallel to the wires. Each optical transition assof; and two first VB subbands HHor LH;. They are
ciated with a 1D miniband exhibits a specific LPR de-identified as follows.
termined by the HH-LH valence band mixing [4,5,11]. ¢,-hh, is the groundE;HH, transition redshifted com-
The PLE circular polarization ratio (CPR) is defined aspared toV,;p = 0. Its negative LPR comes from the cou-
CPR= (I — I-)/(I+ + I-), wherel, (I-) denotes the pling between thék, = 0, k, = 0) heavy-hole state with
PL intensity polarized along™ (o~) for ao* exciting  the (+2#/L,,0) HH-LH mixed states.
laser light. A positive (negative) CPR reveals a HH (LH)  ¢-hh3 occurs between the onsets of the third lateral
dominant optical transition in QW or QWR [5,12,13]. miniband in VB and the first in CB. It is forbidden
Figure 2a displays the PL, PLE spectra with the PLEin 2D since it involves a(+2#/L,,0) VB state and
LPR and CPR for a nontilted LSL. The low samplea (0,0) CB state. The necessary overlap to make this
disorder is evidenced through the small PL linewidthtransition optically active is brought by the zone-folding
and PLE Stokes shift foNe = 0 (respectively, 3.0 and effect. Calculated and experimental relative oscillator
5.8 meV), which slightly increase compared|2e| > 1 strengths ofe;-hh; and e;-hh3 are in good agreement.
(respectively, 2.0 and 4.0 meV). These data are conTfhe characteristie,-Ah; positive LPR ¢37% in PLE) is
pared to the calculated band-to-band absorption spectrumell reproduced by the calculated oe27%).
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FIG. 2. (a) Measured PL, PLE, LPR, and CPR spectra. The arrow shows the monitored PL window used for PLE. The PLE
CPR is obtained with the PL being detected with polarization. (b) Calculated band-to-band absorption, LPR and CPR spectra.
Stars denote saddle-point singularities. Transitions correlated with CPR and LPR features are indicated by solid vertical lines,
uncorrelated ones by dotted lines. (g) = 0 dispersion curves of tiltedV{, = 0, dotted lines) and untilted (solid lines) LSLs.
Anticrossings between HH and LH dispersion curves occur systematically fo= 0 because of valence-band mixing and lateral
couplings. Transitions are labeled according to the text.
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ei-lhy is the ground light-hole transition, redshifted the negative dip associated BLH; in CPR(|Ng| > 1)
as e1-hhy. lts light-hole character is revealed by its is gradually blurred. A small replica of this LH signature
measured and calculated CPR dip. develops on the low energy peak of the doublet for
e»-hh, involves the onsets of the second lateral mini-|Ne| = 0.8 which shows the exchange of hole angular
bands above the first minigaps opened iz /L,,0) in  momentum.
CB and VB. By essence it is blueshifted with respect to To quantify this, the tilt dependence of the main PLE
the caseV;p = 0. Sincee; and hh; minibands are not lines is compared to the band-to-band calculations in
significantly dispersed along,, a measure of the total Fig. 4. The energy oft;HH;, extrapolated forV,p =
minigaps in CB and VB is given by the energy difference0, is taken as a reference thus correcting all energies
betweene,-hhy andei-hh;. As expected, the measured for the LSL thickness dependence except the HH-LH
value (20.3 meV) is close to the amplitude used in the calsplitting decreasing wittiVe (thin solid lines in Fig. 4).
culation(Vip = 19 meV). The e -hh; redshift and thee;-hh3 line are well fitted
e>-lh, is the similar LH transition. As a result of the for Ne # 0. This demonstrates the relevance of our
electronlike curvature of the LHdispersion curve, the treatment of tilt effects and also that the exciton binding
energy difference between-/h, ande;-lh, is no longer energy remains 2D in coupled QWRs [17]. By tilting the
the total valence and conduction minigaps. ExperimentalSL, the calculate@,-hh, ande;-lh; become degenerate
(9.8 meV) and calculated (9.4 meV) values are indeedor |[Ne| = 0.6, in good agreement with the experimental
reduced and in very good agreement. data which shows a maximum mixing féNe| = 0.8.
es-hhy is the transition between zone-folded statesWe recalculate thee,-hh, and e;-lhy energies as a
at the onsets of the third HH and conduction lateralfunction of tilt using an empirical, tilt independent,
minibands. The LH dominant character (CPR dip in PLEcoupling of 2.2 = 0.2 meV in a two-level model (thick
and in the calculations) of th@=/L,,0) states involved solid line in Fig. 4). This nicely fits the experimental
here is due to valence-band mixing. data for [Ne| = 1. Couplings are still efficient even
We now focus on thee,-hh, and e;-lh; transitions. for Ne = 0 and explain whye,-hh, and e -lh; are not
As the tilt is increased, the system becomes 2D-likecorrelated to PLE LPR and CPR extrema since they are
and e,-hh, lies belowe;-lh; since the summed kinetic mixed and of opposite signs in the calculation (vertical
energy inw/L, in VB (2.2 meV) and CB (4.7 meV) dotted lines in Figs. 2a and 2b).
is less than the HHLH; splitting (16.5 meV) (Fig. 2c).
These transitions are thus expected to come into resonance
for intermediate tilt. A marked anticrossing occurs in D I — , —
Fig. 3 where the PLE and CPR spectra are displayed for
variousN ¢ values, restricted t&/ ¢ < 0 values (the same
holds for Ne > 0). First e;-hh, and e;-lh; exchange
their oscillator strength§—0.87 = Ne = —0.75) while
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FIG. 4. Symbols: energies of experimental PLE lines cor-
i : L rected for the LSL thickness dependence (see text) as a function
1660 Enelrggo(mevl)mo 166%nerg§6(§n0eV) 1700 of the tilt parameter. Thin solid lines: reference 2D energies
of E\HH, and E|LH,. Dotted lines: calculated energies of
FIG. 3. LSL PLE spectra (left) and CPR spectra (right) for e;-hhy, e1-hhs, e;-hh,, ande;-lh; as a function ofiVe. Thick
different Ne values. Solid (dotted) lines are guides to the eyesolid lines: recalculated,-hh, ande,-lh; energies with a two-
and refer toe;-1h, (e,-hh,) transitions. level model (see text).
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FIG. 5. Left: zone-center (dark gray) and zone-edge (light
gray) schematic exciton wave functions used to descrjbk,

and e,-hh,. The conduction-band dispersion law is added for
sake of clarity. Right: schematic representation of éheh,
ande,-hh, excitons in thek,, k,) plane.

We calculate this excitonic splitting in the formalism
of Ref. [18] which describes quantitatively the excitonic
interaction due to VB mixing in 2D [3] by computing the
c-matrix element of the Luttinger Hamiltonian between
pure HH and LH excitons. Here the pure LH wave
function is defined by ds 2D state at the zone center
(it spreads over the 1st, 2nd, Brillouin minizones)
while the HH zone-edge exciton is definedtsidethe first
lateral minizone (it spreads over the 2nd, 3rd,Brillouin
minizones) (Fig. 5). Because/L, = 1/ag, the two HH
and LH excitons fairly overlap aroundr/L,,0) though
they are separated it space. Since the term of
the Luttinger Hamiltonian is proportional té”> along
ky, the calculated splitting (2.0 meV) using a 2D band
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