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Exciton binding energy in T-shaped semiconductor quantum wires
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Exciton binding energies in semiconductor T-shaped quantum wires formed at the intersection of two
guantum wells are given as functions of well width and potential offset. The calculations are made within the
effective mass approximation using a variational approach for the exciton binding energy and numerical
calculations for the nonseparable single particle electron and hole subband wave functions. Recent experimen-
tal results for these structures are discus§86163-182807)04639-0

The role of confinement in giving increased exciton bind-because the single particle energies have nonlinear magnetic
ing energies through increased electron-hole overlap hafeld dependencesin order to obtain them directly from
been one of the most intensely studied aspects of the behakiminescence data, the single particle energies must be
ior of low-dimensional semiconductor systems in recentnown accurately. Often the binding energies are estimated
years. In most bulk I1I-V materials the exciton is not ther- from exciton diamagnetic shift§ using models, with the
mally stable at room temperature, but it becomes so withntroduction of possible uncertainties.
confinement, a property of considerable interest in a number Recently we have shown that detailed variational calcula-
of potential applications including modulators and switchestions of exciton binding energies are in good agreement with
The increase of the exciton binding energy provides insightxperimental results for modulated-barrier and deep-etched
into the confinement of the electron and hole states, a keyires and dots of widely varying sizes formed by lithography
issue in understanding low-dimensional systems. and etchind. In the present paper we give corresponding

Exciton binding energies have been studied in detail expegylts for semiconductor T-wire structures. The calculations
perimentally in quantum wells, where values approachingye made using numerical results for the nonseparable single
the two-dimensional limit of four times the bulk binding en- 5 icle electron and hole states. Results for the binding en-

ergy have been observed. In an ideal one-dimensional SVStengies are given here as functions of well width and of po-
the exciton binding energy divergésnd thus it is of interest tential offset

o look to quantum wires for further enhancements of the sketch of the T-wire structure is shown in Fig. 1. Here
binding energy. Recently experimental results have been re- o _ -
ported for several wire structures including so-called V-X iS along the direction of the first growtthat of QW3J, y in
groove wires serpentine superlattice quantum wire that of the second growttof QW2), andz in the direction of
structures and wires formed by lithography and etchihg. the quantum wire. We take the effective mass Hamiltonian
The binding energies in this interesting group of structuredor an exciton in a T-wire structure to be

generally have been found to reach values in the range of
23 —33 times the bulk Rydberg.

T-shaped quantum wire§ wires) have been formed by
the epitaxial overgrowth of cleaved edge GaAs®&; ,As A SN \ Lt I L ............
quantum wellS. These structures exhibit high optical quality N7/
and are of interest in, for example, laser action. Work is
being done aimed at determining sizes and structures to Qw2

2 : 7 . S
maximize the confinement enery The exciton binding en-
ergy is a significant part of the confinement energy in these
structures, and thus it is an important part of a quantitative
understanding of their properties. Recently an exciton bind-
ing energy of some six times the bulk value was reported in
a GaAs/AlAs T-wire structure with 5.4 nm quantum wélls.
Such a large value is somewhat surprising in light of the P
binding energies reported for other quantum wire structures. T Qwi

It is worth noting that it is more difficult to obtain reliable S
experimental results for exciton binding energies in quantum F|G. 1. Cross-sectional diagram of the T-wire structure. Quan-
wires than in bulk or quantum well systems. They cannot b@um well widths areL. Also shown are contour plots of single
extracted from magneto-optical data for quantum wires irparticle electron and hole wave functions for= 5.4 nm and
the same straightforward way as in bulk or in quantum wellsal , Ga, -As barriers.

Electron
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TABLE |. Material parameters.
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+V,(Xp,Yh) — o=t (1) FIG. 2. Wire confinement energies for the electron and the hole
e 'h

as a function of T-wire well widthl.. Results shown are for the

We take the conduction band to be isotropic with a singleCase Of Ab 580 7AS barriers.

effective mass for the electron in each matelfdh general,

in these materials the valence band is composed of light and — mi (W[H[¥) 4)

heavy hole bands described by a Luttinger Hamiltonian. In wp (¥|w)

the quantum wells these bands are split, and we represent the

valence band in each well by an anisotropic parabolic ban@nd is given byEg=E.+E,—E, whereE, andE,, are the

with one mass parallel to the well and another perpendiculagingle particle electron and hole energies.

to it and with the hole masses chosen from the diagonal The single particle wave functions in this geometry are

terms of the appropriate Luttinger Hamiltonian. In the barri-nonseparable. The energies and wave functions are com-

ers the holes are represented by a single isotropic effectivguted here by diagonalizing each single particle Hamiltonian

mass. in a basis of two-dimensional harmonic oscillator eigen-
The material parameters used here are given in Table ktates. This method is desirable because the harmonic oscil-

They are appropriate for a structure withalong the[001] lator states are a complete, localized set of states and analytic

direction,y along the[110] direction, andz along the[110] expressions can be obtained for the matrix elements. A set of

direction, which is the geometry studied in recent900 basis functions was used in the diagonalization.

experiments:® Vg(Xo,Ye) and Vi (xy,y) are the confining Electron and hole wave functions for 5.4 nm wires with

potentials for the electron and the hole, which are determine@! 03G2.7As barriers are shown in Fig. 1, and the corre-

by the conduction and valence band offsétsVe take the SPonding electron and hole confinement energies are shown

fractions of the offsets in the conduction and valence band¥ Fig- 2 as functions of size. The hole wave function is

to be 65% and 35% of the total offset. The dielectric constanPreferentially located in QW2 because the mass perpendicu-

€ is taken to be 12.82 lar to the well is larger in it than is the perpendicular mass in
used for the exciton, ably less than that for the electron. Nevertheless, the con-
fined hole wave function must be represented well in order to
describe the electron-hole overlap properly. The confinement
W (fe,Tn) = de(Xe Ye) Bn(Xn.Yr) b propery

energies of the electron and hole are generally in agreement
x e Va0 x0T+ (Ve Y A+ Bz 2)? () with earlier caIcuIation@_'.14 _
The exciton energy is evaluated for eaehand 8 using
Iethe results of the single particle wave functions in the exciton

in which « and 8 are the variational parameters. The sin e . X . )
@ B P g function in Eq.(2). Five dimensional integrals are needed for

particle wave functionsps(Xe.,Ye) and én(xn,yn) are the . . ;
ground states of the single particle Hamiltonians for motion_eaCh“ and,B._ The mte_grals are carried out numerically us-
in the xy plane, ing an adaptive algorithrt®. Figure 3 shows the calculated

exciton binding energies as functions of the quantum well
width for Al o ;Gag 7As and AlAs barriers. The widths of the
two quantum wells in the structure have been taken to be
be(Xe Ye) = Eepe(Xe Ve), equal. The binding energies increase with decreasing struc-
ture size until a width of 1-2 nm is reached. For wires
smaller than 1-2 nm the binding energy decreases for both
types of barriers, indicating that a significant part of the ex-
bn(Xn,Yn) = Endn(Xn . Yn)- citon wave function is extending into the barrier region.
3 The effects of confinement on the single particle states
and on the excitons can be modified by changing the poten-
The exciton binding energy is found in the usual way bytial barriers. Physically this can be achieved by varying the
minimizing Al concentration in the barrier regions. Figure 4 gives the

P%.* Py,
“om. +Ve(Xe,Ye)

Py, Py y
m+m+ h(Xn»Yn)
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8 -— calculations, and we find that they are satisfactorily con-
] verged. The single particle energies and wave functions have
also been calculated using the boundary element mé&thod
which we have developed recently for such problems, and
they are in good agreement with those obtained from the
calculations here. We have compared the present variational
calculations based on E@2) with the results of detailed
numerical calculations for excitons in quantum wells done
by expanding the exciton wave function in a basis of prod-
ucts of hydrogenlike states with electron and hole overlap
functions, and we find that they agree well. We have also
gl compared these variational results with simpler variational
L (nm) forms. For a single parameter variational wave function
given by «= g in Eq. (2) the binding energy for 5.3 nm
FIG. 3. Exciton binding energig as a function of T-wire well wells and AlAs barriers is 12.2 meV as compared to 12.5
width L for Al 5 4Ga, -As and AlAs barriers. meV obtained here. With a simpler two parameter separable
form used in Ref. 7, we obtain 10.5 meV for the binding
effects of variations in the potential on the exciton bindingenergy_ Thus we see that the b|nd|ng energy increases with
energy for T wires with quantum wells dequa) 5.4 nm  jncreasing flexibility in the variational wave function.
widths. It is seen that the binding energy has only a modest rrom the present calculations we see that exciton binding
dependence on the potential offset. This relatively weak deanergies in semiconductor T-wire structures are enhanced
pendence is consistent with the weak depender;ce on potegssiderably over those in the bulk and also over the corre-
o o s e ot SPOTANG Quanum wel case. Fo &ay As barers e
p 9 ying p : I%inding energy reaches over 3 times the bulk value of 4.9

also shown in Fig. 4! o9 -
The hole masses in these systems are larger than the eldb® Vhfor wire ;v?ths Otfh 1_b2 ”r<1m, landf for NAS .Z?r:”ers It 1
tron mass, and therefore we expect that the exciton bindin aches over 5 times the bulk value Tor wireé widihs near
m. The binding energies have a significant dependence on

energy should not be especially sensitive to details of th . P . . .
representation of the valence band. On the other hand, it itbhe size which indicates that this effect must be included in

important to represent the electron-hole overlap well in thefonsidering the size dependence of the localization energy in
exciton, and we can see from Fig. 1 that the hole wave functhe T-wire structures.
tion depends on the anisotropic hole mass. As a measure of From recent photoluminescence studies, Sometyal®
this effect, the exciton binding energy calculated for 5.4 nmreported exciton binding energies of 17 meV for a 5.4 nm
wells with Al {Ga, -As barriers using a single isotropic hole T wire with Al {Gag 7As barriers and~ 27 meV for a 5.3
mass of 0.38 everywhere is 15.2 meV as compared to 11.8m T wire with AlAs barriers. These values are considerably
meV calculated here. For an isotropic hole mass, the asyngreater than our results of 11.5 meV and 12.5 meV, respec-
metry in the hole wave function seen in Fig. 1 is not presenttively, for these two structures. In their experiments, they
and as a result the electron-hole overlap is larger. measured the difference between the position of the exciton
The exciton binding energies have been checked as fungines in photoluminescence for the quantum wire and for the
tions of the number of basis functions in the single particlequantum well and evaluated the wire binding energy by us-
ing estimates of the single particle confinement energies
Al Goncentration (x) based on model calculations and used an experimental value
0.0 0.3 0.7 1.0 . o
13— . , for the exciton binding energy for the well. There are uncer-
tainties in all of the quantities. In particular, the single par-
ticle confinement energies vary by several meV for modest
variations in the band structure parameters. In addition, re-
cent experimental values for exciton binding energies in
wells are lowert” We feel that the uncertainties in these
values led to the large estimate of the binding energy in the
analysis in Ref. 8.
Recently, calculations were reported using a method
based on semiconductor Bloch equatiénshich gave exci-
ton binding energies of 11.63 meV and 13.90 meV for the
ol GaAs/Aly Gay -As and GaAs/AlAs systems. Their values

0 400 y ?oov) 1200 are generally in accord with the present results.
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