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Quasi-one-dimensional excitons in lateral surface-induced superlattices
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We study the effects of an electrostatic potential designed to induce a lateral periodic modulation in a
guantum well. The resulting superlattice, for small periods, is a system where quasi-one-dimensional excitons
can tunnel from one effective potential well to the next and exhibit a unique center-of-mass folded dispersion
which should be accessible to photoluminescence experiments. An effective-mass envelope-function approach
is used to estimate resulting excitonic minibands, binding energies, and absorption coefficients for the ground
and first few excited states of heavy-hole excitons. For strong electrostatic confinement, this configuration
strongly polarizes the excitons, resembling a type-ll superlattice where electrons and holes are spatially sepa-
rated in different potential wells. A competition between quantum structural confinement and Coulomb inter-

actions is evident in the exciton features.

Optical and electronic properties of semiconductor heteromensionality of the quantum wells, and the optical response
structures and superlattices have been one of the most actiie not affected significantly. The additional reduction in di-
research areas in recent yeh@pecial interest has been paid mensionality allowed in the lateral superlattices of Refs. 3
to excitonic transitions in single, coupled pairs, and multipleand 4, with short periods, produces a strong modulation of
quantum wells, both theoretically and experimentally. Quanihe dispersion relation of the exciton, inducing a “band fold-

tum confinement as well as the effects of applied electric and
magnetic fields have demonstrated to significantly affect the
binding energies and the absorption coefficients of excitons
in these systems.On the other hand, recent experimental
studies of the optical properties of quantum wells with a
lateral field-effect-induced superlattice potential have shown
that the photoluminescendPL) and excitation(PLE) spec-

tra exhibit a strong dependence on applied voltdg€he
basic design involves depositing a series of parallel metallic
lines on a plane close to a quantum well or heterojunction
[see the inset in Fig.(h)]. Further investigations on these
systems have explored potential applications in electro-optic
devices’* These experiments show that through clever
sample design and voltage controls, it is possible to spatially
separate optically produced carriers and then purposely allow
their recombination at desired positions and times.

In this paper, we propose a natural extension of such sys-
tem: One where the separation between gate voltage “fin-
gers” is short enough to allow carrier tunneling from one
guasi-one-dimensional potential well to the next. This re-
gime, which is at the edge of technical feasibility at present
time (as it requires periods of a few hundred angstrom
would allow the fabrication of an excitonic superlattice with
controllable features and unique multiple PL and PLE fea-
tures at low temperatures. We believe that these systems will
become available in a short time and study their properties.

The proposed structure is similar to the excitonic super-
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lattices that have been proposed and observed in multiple G, 1. (a) Exciton binding energiein Ry, here 5.2 meYvs
quantum wells. There, however, as in other compositional d,, for different parameter valued,(d,,) is the barrierwell) width
superlattice potential modulations, it is not possible tofor electrons in structuréreversed role for holes expressed in
change the structural features in a given sample. Moreoveunits of a,=110 A. (b) Oscillator strength for same states. Inset:
the exciton dispersion that results when the barriers are lowliagram of structure; both electrons and holes reside in Gagel|
and thin enough to allow tunneling still reflects the two di- but are laterally modulated by top gate fingers.

0163-1829/2000/619)/130995)/$15.00 PRB 61 13099

©2000 The American Physical Society



13100 G. H. COCOLETZI AND S. E. ULLOA PRB 61

ing” of the dispersion of the center of mass, yielding pos-+mx.)/M, Xx=X.—X;, |g|<=/d, andu®(x,X) is a periodic
sible new features in PLE experiments, as we show below.function in X with periodd=d,+d,,. Following Ref. 5, we
Although this design could be implemented in aexpand the Bloch functions in terms of the corresponding
variety of structures, we consider here the case whergannier basis functions centered at eagith period,
the finger-gate structure is deposited close to anw,(z.,z,,y,x,X—md), as they provide a convenient repre-
Al,Ga _,As-GaAs-AlGa, _,As quantum well. The quantum sentation for the solution of the problem, especially in the
well confines carriers in the direction, and after the appli- limit of weak tunneling between thiateral potential wells.
cation of a strong bias voltage, the finger gate induces an One should emphasize that this description of “laterally
x-direction lateral superlattice modulatiéwhile carriers are indirect” excitons is valid only for short periods of the lat-
still free to move in they direction. In the limit of strong  eral modulation, since for longer perio@®uch larger than
electrostatic confinement, the situation studied here rethe exciton radius/sizethe excitons would drift towards the
sembles the excitons in type-II superlattiéeshere the elec- regions of low fieldgradient and lie on the same spatial
tron and hole are confined in spatially separated oneregion(such as demonstrated in the experiments of Reff 4
dimensional wells, with widthsl,, anddy,, respectively, for they survive recombination or ionization. Because realizable
positive gate voltages. devices will be in this “marginal tunneling” regime, we
We explore the effects of this induced lateral confinementonsider the periodic modulation as a weak perturbation to
on the optical properties via an effective-mass description ofne local solutions. This “tight-binding” limit, where one
the electron and hole Hamiltonian. Using a variational ap-uses local-well orbitalgy™ centered on the weth, provides
proach similar to that of Dignam and Sipend otherswe  a convenient approach. Correspondingly, one arrives at the
write the wave function of the exciton as the product of ageneralized eigenvalue equation,
function depending on the relative coordinates, and the
single-particle wave functions of the individual electron and Hilbj=E,Alb] (4)
hole appropriate for the geometry of interest. The resultin _ _
generalized eigenvalue problem is then solved for the firs hereHﬂ—(X?|H|X?>, Af}—(xﬂ)(?), and
few states in a tight-bindingveak interwell couplinglimit, 1
where the first experimental structures in that regime are XM= —= > elamd M)
likely to be. YN R .
Neglecting possible band nonparabolicities, the Hamil-
tonian of the excitons in the system under study can be writ-

ten as HﬂzfjAﬂ“'% e MY pMAUP|¢)), (5)
_ e wheree; is the isolated-well eigenvaluéi|"| ") = €| #]").
H=T- glre—ryl T Uz(Ze,2n) + UnlXe  Xn), @D The perturbation potential is given by the difference between

the total(periodig potential and the local-well terfjust as
whereT is the kinetic-energy operator for both the electronjy the usual tight-binding descriptionThe generalized ei-
and holeg is the static dielectric constar, andry, are the  genyalue problem is solved conveniently in this tight-binding
electron and hole coordinated,(z.,zn) =Ue(ze) +Un(zn)  approach, suitable for large electrostatic modulatigrsee
describes the structural confinement provided by the quargq, (3)].
tum well, and The analytical solution of the alternate-well electron-and-
hole problem with the additional attractive interaction is not
U (Xe Xn) = 2 [Ve(Xe—mMd) + Vi (Xn—Sm) ] 2) pos_sible. The algebraic _complicat_ions for even t_he no_ninter-
m acting casgwhere the single-particle problem gives rise to
transcendental eigenvalue equations, for exampiake ob-
taining the full solution of this reduced problem quite diffi-
cult. As in related problems, we adopt a variational solution,

is the electrostatic confinement, with an integer,s,,=(m
+1/2)d, and a square profile is assuned,

v Ix;|<d./2 which includes the physics of the lateral confinement for
Vi(xi)= 0 e (3)  each particle, in addition to the correlation introduced by the
ah 0, otherwise Coulomb interaction. For each particle in a well, we use
for j=e or h. Notice that the source of the modulation is c
electrostatic and only the charge sign is different for both Wi(re,lp)= Yoe_r/)\lﬁil(revrh)’ (6)
carriers, so thav,(x,)= —Vea(Xe—Xp), Which makes the
electron barrier the hole well and vice versa. _ with g (Fe.,Tn) = ¥(pe.pr) FE(Xe) FM(xp—5S1),  and r|
The solution of the Schobnger equation may be written =(x;,p), i=eh, andr=|re—ry|. In this equationf® and

_ AlK Y
asW(re,rn) =e"y'®(re,ry), whereY andK, are the coor-  ¢h 510 the ‘wave functions of the electron and hole for the

; ; I
dinate and mome”F“m .Of the exciton center of mass .alon%olated wells, respectively. The expressions we use are
the unmodulated direction, and® represents the solution (when each well is centered at the origin

that accounts for all the confinement. Notice that as the pe-

riodic modulation is along the direction, the center-of-mass Ae™i, x=-d;/2
momentum along that axis is no longer a good quantum -
4 - ix. : .
number, and the states can only be written as a Bloch func- fl=1 Beogkix+48), [x|=d;/2 (7)

tion in X, x%x,X)=e%ud(x,X), where X=(meX, Ce ™, x;=d;/2,
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whered, is a parameter that vanishes for the ground state and
is chosen as- /2 for the first excited statel; is the poten- dy=1.5
tial well width, k!=2m;E;/# is the wave number in the
isolated well, and

(2]

Y(pe.pn)=D COE(QzeZe)Coiqthh)eiKyY- (8

Notice that\ is the only free variational parameter, &S is
determined from the solution of thénite-heightquantum
well in the x direction(allowing for barrier penetrationand
g,= m/a, is the wave vector in the direction, with well
thicknessa,. The constantg,, « and 7, as well asA to D
are calculated using the boundary and normalization condi- o
tions of the wave function for the single-well problem. d
After calculation of these local two-particle state;és}}1
= ff(xe—md)f{‘(xh—sm), we proceed to calculate the lateral ~ FIG. 2. BandwidthE; (q=m/d)—E; (q=0) for different bar-
superlattice statels,(q), as in Eq.(4), for each combination rier heightsV, andd,=1.5. The inset has the same axes and shows
of electron and hole states. Since we are in a situation whereandwidths for differend, values and/,=10. LargerV, and/ord,
electrons and holes can tunnel from well to well, the two-andd, strongly reduce bandwidth.
well states have bonding and/or antibonding character, and
can be defined with definite parity. The lowest four superlat-of changing not only the height of the electrostatic potential
tice bands can then be labeled By (q) andE; (q), where ~ Well but also the width in such a way that a competition
each band is made from symmetri¢  and antisymmetric between Coulomb interaction and confinement effects may

(—) combinations of particles in neighboring wells. Notice P& €xplored and modulated. _ ,
that the “1” states are formed from=0 in Eq. (7), while Figure 1b) shows typical effective oscillator strength
the “2” states haves= — /2. The tight-binding approxima- CUrves for excitonic transitions. We estimate these from the

tion used produces effectively a cqe) dispersion relation, exciton—photqn coupling goeff_icient for direct transitions in
with characteristic bandwidths for each band, as will bethe electric dipole approximatictt,
shown below.
In all figures below we have used GaAs parameters, with T, e pwf W(re=rg,rp=rq)dro, 9
electron mass m,=0.06M,, heavy-hole mass m,ﬁ'
=0.377My, wherem, is the bare massg¢=12.2, anda, wheree is the light polarization vector, angl, is the inter-
=50 A. These values yield an effective exciton Rydberg,band optical matrix element of the momentum operator be-
Ry=pue*/2h%c?=5.2 meV, with the reduced mass ! tween the conduction and valence bands involved. Notice
=m, '+ mH~1=1/0.05M,, and an effective exciton Bohr that|T,,|? is proportional to the imaginary part of the sus-
radius ag=e%?/ue®*=110 A. We measure all relevant ceptibility and is then related to the effective absorption
guantities in terms of these natural scales. coefficient'! In agreement with the smaller binding energies,
To help our understanding of the physics in the problemone finds much weaker overlap and strongly reduced absorp-
we calculate the binding energy of the exciton, defined asion, specially ford,,=6ay, as that effectively separates the
Ebinding= Eo— En(0=0), whereE, is the ground-state en- electron and hole further. Increasidg values strongly sup-
ergy of the uncorrelated electron-hole pair, i.e., the solutiorpress the oscillator strength, with oscillations dkg which
to the problem of the two particles in the absence of Couare correlated with those iByinging, as clearly seen in the
lomb interaction. As the structural parameters will play anthree curves here.
important role in controlling the competition between the Figure 2 shows typical results for the first excited band-
potential confinement and the attractive interaction betweewidth A=E; (q=w/d)—E, (q=0) as a function of the
the carriers, one would expegt,inqing and other features to electrostatic potential dimensious, andd, of the electron
be strongly affected. Figure(d showsEpnging for one of  well and barrier, respectively. We see that the bandwidths
the lowest exciton band&; , for different potential param- decrease nearly monotonically dg increases, keeping,
eters. constant, as one would intuitively expect for wider hole bar-
Notice that forVy,=10 Ry, and various values of the rierd,. LargerV, suppresses tunneling and produces stron-
electron (hole) barrier (well) d,, one sees oscillations in ger exciton localization to a single periggtill in a stag-
Epinding. arising from a competition between confinementgered, type-Il, configuration We should mention, in fact,
and Coulomb interaction, as seen in Ref. 10 for a similathat the corresponding bandwidth of the lowest exciton band
single-well case. Clearly too, largdy, yields less binding, as E; (q) for these parameters is quite sma#@.1 Ry), and
it reduces particle interwell tunneling and effective electron-varies little over thal,, range studiednot shown. It is clear
hole overlap. Notice that for some values @, for the that as the corresponding single-particle state is quite deep,
larger d,,, negative binding energies arise from the muchthe periodic potential does not achieve significant exciton
reduced electron-hole overlap and interaction, which is themlelocalization. As shown in the inset, one also finds that as
overtaken by the single-particle confinement potential. In-d, increasesA drops rapidly, as the larger electron barrier
creasingV, (not shown has similar effects, as one would values also suppress tunneling and induce exciton localiza-
expect. We stress that in this structure one has the possibilityon in a single period.
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FIG. 3. Exciton energies al’ point, Ejt(qzo), for Vg FIG. 4. Ideal PLE yield for folded exciton spectrum. Oriy
=10 Ry andd,=1.25,. Notice near degeneracy &; , espe- (left peak$ andE; (right peak$ contribute to this range. Strong
cially for largerd,, . asymmetry in peak heights reduces for larygr Hered,=1.5a,

andd,,=4a,, andV, values as show(in Ry). Peak width is set at
Figure 3 shows th&-point exciton energf; (q=0) asa 905 Ry.

function ofd,,, with Vo=10 Ry, andd,=1.25,. The de- iy each well provides for largésmalled electron-hole over-
pendence shown illustrates the role of symmetry of the intertap and oscillator strength. Notice that ¥g increases, the
vening single-particle states. For exampt; —E; is a E;—E; separation increases, as one expects for the single-
measure of the hole tunnelin@nd parity, and is corre- particle states. Notice also that the peak amplitude and asym-
spondingly higher for the “2” excited state, than for the metry is reduced substantially, signaling the trend towards
lower “1” ground state, as the latter lies deeper in the po-the “infinite-well” configuration, where the “exciton” ex-
tential well and is more localized. Similarly, the difference ists only within one period, no center-of-mass dispersion ex-
between same-parity states, suctEgs-E; , illustrates the ists, and all the oscillator strengths vanish. Once again, the
effects of the single-particle confinement due to dhewell. V, tunability would facilitate the identification of these fea-
Although the general features can be understood in terms dfires in experiments.
a single-particle picture, the oscillations seen in those curves In summary, we have studied the effects of electrostati-
arise from the interplay with the Coulomb interaction, which cally induced superlattices on the optical properties of the
for specific values ofl,, affects the energies more strongly. ground and first excited states of Wannier excitons. The re-
Similar results are seen for other parameter values, witlsulting band-structure redistributes some of the oscillator
weaker features for larget,, or d, widths. strength to the folded center-of-mass exciton modes due to
Finally, and perhaps much more important to experi-the periodic potential modulation. Oscillations of the exciton
ments, we have calculated the resulting PLE yield of such dinding energies and absorption coefficients are seen as func-
system for different parameters. We present in Fig. 4 thdions of the induced electrostatic potential superlattice pa-
exciton density of states weighted by the oscillator strengtiameters in all excitonic states. The excited states show
of each transition/statd;T.,|2. This quantity describes the stronger PLE couplings as a result of the stronger overlap of
intrinsic yield in a PLE experiment, as it gives the relative the symmetric wave functions.
strengths of the various transitions. As the exciton center-of- In closing, let us mention that we are currently studying
mass dispersion “folds back” to th& point, one would how these features are affected in the presence of magnetic
expect additional features to appear in the PLE response. fiteld, as it would dramatically affect the carrier confinement
fact, all the states presented in Fig_a*:(qzo), would be  along the wires and the resulting optical respoffse.
accessible as the first few transitions in the PLE scan, with an
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