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Excitons in T-shaped quantum wires
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We calculate energies, oscillator strengths for radiative recombination, and two-particle wave functions for
the ground-state exciton and around 100 excited states in a T-shaped quantum wire. We include the single-
particle potential and the Coulomb interaction between the electron and hole on an equal footing, and perform
exact diagonalization of the two-particle problem within a finite-basis set. We calculate spectra for all of the
experimentally studied cases of T-shaped wires including symmetric and asymmetric G&&s/ARs and
In,Ga, _,As/Al,Ga, _,As structures. We study in detail the shape of the wave functions to gain insight into the
nature of the various states for selected symmetric and asymmetric wires in which laser emission has been
experimentally observed. We also calculate the binding energy of the ground-state exciton and the confinement
energy of the one-dimensionélD) quantum-wire-exciton state with respect to the 2D quantum-well exciton
for a wide range of structures, varying the well width and the Al molar fractiowe find that the largest
binding energy of any wire constructed to date is 16.5 meV. We also notice that in asymmetric structures, the
confinement energy is enhanced with respect to the symmetric forms with comparable parameters but the
binding energy of the exciton is then lower than in the symmetric structures. For GaBs/ALAs wires we
obtain an upper limit for the binding energy of around 25 meV in a 10-A -wide GaAs/AlAs structure that
suggests that other materials must be explored in order to achieve room-temperature applications. There are
some indications that }&a _,As/Al,Ga _,As might be a good candidate.
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[. INTRODUCTION strong-inhomogeneous broadening. Fortunately it appears
possible to achieve quasi-1D particles even without a rigor-
Optical properties of electrons and holes confined to fewous confinement in any of the spatial directions. This has
dimensions are of interest for optical and electronic devicesheen realized in so-called V- and T-shaped quantum wires.
As the dimensionality of the structure is reduced, the density-shaped quantum wires are obtained by self-organized
of states tends to bunch together leading to a singularity igrowth in prepatterned materials such as chemically etched
the one-dimensiondlLD) case. This effect can be very useful V-shaped grooves in GaAs substrates. The T-shaped quan-
for low-threshold laser applications. At the same time thetum wire, first proposed by Chargg al.! forms at the inter-
excitonic interaction in 1D is enhanced with respect to that irsection of two quantum wells and is obtained by the cleaved-
3D and 2D structures. Quantum confinement leads to an iredge over-growth method, a molecular-beam epitaxy
crease in the exciton binding ener@y, and the oscillator technique. The accuracy of this method is extremely high
strength for radiative recombination. Both effects provideand allows fabrication of very thifless than the Bohr radius
possibilities for much better performance of optical devicesof an exciton wires with small thickness fluctuations. These
such as semiconductor lasers. structures are currently the subject of intensive research and
The binding energy of a ground-state exciton in an ideahave been realized by several grodps.
2D quantum well is four times that in the 3D bulk semicon-  Experimentalists try to optimize the geometry and the ma-
ductor. For the ideal 1D quantum wilg, diverges. This terials in order to increase the binding energy of the excitons
suggests thaE,, for quasi-1D wires can be greatly increasedE, and the confinement enerdy.,, for possible room-
with respect to the 2D limit for very thin wires with high- temperature applications. Until now, the most popular mate-
potential barriers. 3D and 2D excitons dissociate at roontial studied experimentally has been GaAs@d, _,As. In-
temperature to form an electron-hole plasma. To make theroreasing the Al molar fractior should lead to biggek, and
useful for real device applications, their binding energyE.,, but, unfortunately, for largerx the interfaces get
needs to be increased and this might be achieved by usimgugher that degrades the transport properties. Thus opti-
1D quantum confinement. mized geometries for lower values ®fbecome more rel-
Technologically it is very difficult to manufacture good- evant.
quality 1D quantum wires with confinement in both spatial The confinement enerdy, ., is the energy difference be-
directions. They can be obtained from a 2D quantum wellfween the lowest excitonic state in the wire and the lowest
fabricated by thin-film growth, by lateral structuring using excitonic state in the 2D quantum well. It can be directly
lithographic methods. The accuracy of this method is, howimeasured as the difference between the photoluminescence
ever, limited to some 10 nm and thus the electronic properpeaks obtained in a quantum wif@WR) and a quantum
ties of samples constructed in this way typically have awell (QW). It is, however, not possible to measure the exci-
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ZZ the quality of the structure can be much higher than for the
GaAs/AlAs case.

Laser emission from the lowest-exciton state in atomi-
cally smooth semiconductor quantum wires was first
observed by Wegscheidat al® in symmetric, T-shaped
quantum wires made on the intersection of two 70-A GaAs
quantum wells surrounded by &g, ,As with the Al frac-
tion x=0.35. Recently the same group obtained excitonic

~ lasing in a 60-A /140-A asymmetric quantum wire with a 7%
Al filled stem well (see Fig. 28 They reported an interesting
observation of two-mode lasing in this structure. Under
strong excitation they achieved simultaneous lasing from two

Dx levels in the quantum wire. There is a switching between

those two lasing modes as the temperature or pumping rate is
changed. A simple rate equation mddegives very good
agreement with experimental data, that suggests that we have
lasing from two different states in the quantum

FIG. 1. Shape of the symmetric T-shaped wire with notations. WI'€-

All calculations published to date which include the Cou-

o . . lomb interaction between the electron and hole have only
ton binding energy directly. Its value has to be obtainedayamined the ground-state exciton. They have used either

froma combination of experimental data and one-particle calygriational methode12 or other approximatios® and
culations of electron and hole energies in a wire. There haﬁlere performed on|y for Symmetric wires and for very lim-
been a disagreement between the purely theoreticiled cases realized experimentally in the early days of
value$™**and those obtained from a combination of experi-T-shaped wire manufacturing. With the growing experimen-
mental data and theoretical calculations. The confinementl realization of these structures as well as the interesting
energies, however, tend to agree between experiment argport of lasing phenomena there is a need for accurate two-
purely theoretical calculations, suggesting that experimentyody calculations, treating on an equal footing the single-
using combined methods where errors tend to accumulatgarticle potential and the Coulomb interaction, of both the
usually overestimates the binding energy. ground and excited states in the structure.

For the 5-nm scale symmetric GaAs/AlAs, Someyal® Excited states seem to be very important for the operation
reported the largest confinement energy for excitons in symof excitonic laser§. Calculations of energies, oscillator
metric wires(Fig. 1), Ec,n=38 meV andE,=27+3 meV.  strengths for radiative recombinatidne, how the various
The largest confinement energy of any structure was reportestates couple to photonas well as the full wave functions
by Gislason and co-worketsfor their optimized wires. Us-  for the whole spectra of interest would be very beneficial for
ing asymmetric wells with different widths and Al content as understanding the origins of certain transitions and effects.
in Fig. 2, they obtained an exciton-confinement energy of 54rhis could help in the design of lasers with better properties
meV. Recently there has also been the first experimental rexsnd higher maximum temperatures for excitonic lasing. The
alization of T-shaped wires uSingy611_yAS/Alo,gGag,7AS-2 goal is to design excitonic lasers that can operate at room
The highest confinement energy reported for this structure isemperature. Also, performing highly accurate calculations
34 meV, which is very close to the GaAs/AlAs result, and of the ground-state exciton in QWR and the corresponding
QW enable€, andE,,, to be obtained for different geom-
etries(both symmetric and asymmetyifor a wide range of

ez
// well widths and Al contentx. Such data are of great impor-
% tance for the optimization of the structures.

/ Our method is based on an exact-numerical solution of
/ the Schrdinger equation in a certain basis within the
? effective-mass approximation. The method is not restricted

/ to a given number of excited states and we can calculate as
GaAs

oM ULy

Stem well Dy GaAs

7

[[oMm wry

many of them as required. For some structures we have cal-
culated up to 100 excited states. We perform calculations for

/ a very wide range of T-shaped wires. In Sec. Il of the paper
? the numerical method is discussed in detail while in Sec. I
= we present the results. There we first study the spectra and
— % wave functions and present a discussion of the nature of the
D % various excited states. Finally we disclgs,,, Ep, and the
/ difference between the ground-state exciton energy and the

first excited-state energlf, ; as a function of well width
Dx and Al molar fractionx for the symmetric and asymmet-
FIG. 2. Shape of the asymmetric T-shaped wire with notationsric quantum wires.

= =
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Il. THE MODEL the complexity of the external potential with its limited sym-
We use the effective-mass approximation with an aniso."! etry and sharp edges, none c_>f the st.andard basis sets seem
tropic hole mass to describe an electron in a conduction ban%pproprlate. We use the following basis set
and a hole in a valence band in the semiconductor structures
under consideration. The effective mass of the hole depen _
e BT (Xe ,Ye Xn:Yn1Ze™ Zn)

on the crystallographic direction in the plane of the T-shape
structure. We consider the heavy hole only. The other bands [ _km k| h
(split-off bands, light holéswould have energies higher than :ijEk CijkSIN 27757 X (Xe,Ye)Xj (Xn,¥n),  (2.2)
the region of interest for us. The light-hole exciton, the clos- -
est in energy to the heavy-hole exciton, is calculated to bavhere)(f(xe,ye)/)(}‘(xh ,Yn) are electron/hole single-particle
over 30 meV higher that the heavy-hole exciton, and thus itvave functions for a T-shaped potential without the electron-
is ignored in the calculations. The electron and hole are ihole Coulomb interaction. In the direction we introduce
the external potential of the quantum wire formed at thehard-wall boundary conditions and use a standing-wave basis
T-shaped intersection of the GaAs/®a _,As quantum set.
wells. The so-called arm quantum well is grown in the 110  Our basis set does not obey the so-called cusp contition
crystal direction and intersects with a stem quantum welthat is satisfied whenever two particles come together. The
grown in the 001 directioiisee Figs. 1 and)2In our model divergence in the potential energy when the electron and
the crystal directions 110, 001, and 110 correspong, i hole come together must be exactly canceled by an opposite
and z, respectively. We consider symmetric quantum wiresdivergence in the kinetic energy. The exact wave function
where the arm and stem well are both of the same width, i.enust therefore have a cusp when the electron and hole are
Dx=Dy, and are made of GaAs. We also consider asyme¢oincident. Using a basis in which every basis function
metric wires where the stem well is significantly wider but obeys the cusp condition would reduce the size of the basis
filled with Al,Ga _,As with a low Al content to compensate set required. For an isotropic hole mass it would be very easy
for the reduction in confinement energy. Our method is apto satisfy the cusp condition by multiplying the basis func-
plicable to any structure regardless of its shape and materiat®ns by the factor eXp- A (Xe— X1)°+ (Ye— Yn) °+ 2°] that
provided the external potential is independent.of is just the hydrogenic wave function. Unfortunately there is

The value of the band gap is different for the differentno analytical solution when we introduce the anisotropic
materials used in the well construction. This gives rise to thénole mass. Thus we choose not to satisfy the cusp condition
potential barriers at the interfaces between the GaAsand therefore have to use a larger basis set.
AlL,Ga _,As and InGa _,As that take different values for The diagonalization is performed using a NAG library
electrons and holes. In our model the electron and hole armmutine. Convergence is usually achieved with a basis set
placed in external potential.(x,y) andV,(X,y), respec- containing 20 of each of the single-particle wave functions
tively, and interact via the Coulomb interaction. We chooseand 20 standing waves in thedirection. Thus 2& 20X 20
the potential in GaAs to be zero and calculate all potentials=8000 basis functions are needed that givesi@atrix ele-
in other materials with respect to this level. The externalments. Only one quarter of the total number needs to be
potential is independent afin all cases. Sample geometries calculated as interchangirg andk, leaves the matrix ele-
considered in this work are shown in Figs. 1 and 2. Using thenent unchanged while interchangingandj, with i, andj,
above model, after the separation of the center of mass arglves its complex conjugate. This still leaves a great many
relative motion in thez direction, the system is described by matrix elements to be calculated. Thus to make the calcula-
the following Hamiltonian: tions feasible the matrix elements need to be calculated very

rapidly (see Sec. Il ©

h? h? h? h?
__ 7 w2 _ 2 2 2
H= Zmere,ye thXVxh 2mhyvyh 2MZVZ

+Ve(Xe Ye) + Vh(Xn,Yh) . .
erene Mo The one-particle(electron and hole wave functions,
e2 21 XF(Xe.Ye) and x](x.ys) in a T-shaped external potential
N —w 2 — 2, 2’ ' are calculated using the conjugate-gradient minimization
Amege(Xe=Xn) "+ (Yo~ Yn)*+ 2 technique with preconditioning of the steepest descent vec-
wherez=z,—z, and 1j,=1/mg+ 1/my,. The wave func- tor. A detailed explanation of this method can be found in

tion associated with the center-of-mass motion inzdaec-  reference® We specify the external potential on a 2D grid

tion is a plane wave and this coordinate can be omitted fronfnd use periodic boundary conditions in thendy direc-
the problem. tions so that we are able to use fast Fourier transfdfRT)

methods to calculate the kinetic energy in Fourier space
while the potential energy-matrix elements are calculated in
real space. The fast calculation of the energy-matrix ele-
ments is crucial as they have to be calculated many times
We calculate the ground and excited states in the struaduring the conjugate-gradient minimization. The FFT pro-
tures of interest by a direct-diagonalization method. Due tovides very fast switching between real and Fourier space and

B. Computational method for calculating the single-particle
wave functions

A. Numerical method for calculating quantum-wire
exciton states
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= integral must be calculated numerically. Numerical integra-

= % . tion .for so many dimensions is very slow and thus is not
- % (001] feasible for the case of 80matrix elements. Thus another
s o method has to be introduced.
ik The above integral is of the form
= F
1
E—
7

[ s —fjfffdxedyedxhdyhdzfe(xe,ye)
_ pRee X Fa(Xn,Yn)A(Xe = Xn Y= Yn 2) f(2), (2.4

\

\

NN

N
&\ &\
T

.

|

|:| Infinite potential where

m

IG. 3. Lattice used for calculations and notations.

fe(Xe,Ye) = X (Xane)X|l(Xevye)
makes the algorithm much more efficient, but the use of
periodic boundary conditions introduces the problem of in-
tercell interactions in the case of two-particle calculations.
To avoid this problem we place the unit cell in the middle of
another, larger unit cell of infinite potentigdee Fig. 3 and ) , ) )
the Sec. Il G. Using the Fourier transform apd the c_onvolutlon theorem it

We use plane waves as a basis set for the one-particg®n P& shown that the above integral is equal to

problem. Using this method we can calculate as many as 50
states for the electron and 50 for the hole. Very good con-
vergence with respect to the number of plane waves and the
size of the unit cell is obtainetsee Sec. Ill ¢ f dZGXZGy Fe( =Gy, = Gy)Fn(Gx.Gy)Q(GK. Gy .2),

(2.6

Fn(Xn Y = X1 (Xn Vi) X, (Xn 1Y) (2.5

C. Computational method for calculating the matrix elements
whereF., F}, Q are the 2D Fourier transforms of the func-

The kinetic and potential energies are diagonal in th'suonf with respect tax, andy,, f, with respect toc, and
basis and are obtained from the one-particle calculation andq with respect Giox Xeh' andy.—Yy,,, respectively.
e e 1

I-rart]gg anly the Coulomb matrix elements need to be CalcuThus the 5D integral can be reduced to a 1D integral with
. . . . respect to the variable and a 2D sum in Fourier space. The

int? rca(ljlélfmg gﬁé%nelig}?:-t in the basis s€t2) is a 5D F. andF,, Fourier transforms can be easily calculated using
9 9 : FFT's in real space after multiplication of the corresponding

X|1(Xeaye) by X (Xenye) for electrons and’ﬁ (Xh Yn) by

—J' f f ffdxedyedxhdyhdz X|2 > (Xn:Yn)-

In order to use FFT's we need to introduce periodic

| kym  kpm boundary conditions in thg andy directions as in the one-
RSN z4———~ xi, (x e,Ye))(J2 (Xn»¥n) particle calculations. To eliminate interactions between par-
z ticles in neighboring cells, we place the unit cell in the
middle of another, bigger unit cell of infinite potentieee
q(xe_xh:ye_yhnz) Flg 3)‘ 99 P @

kim kg The distance between the edges of successive small unit
ZL_ - T) X.l(Xe,ye)XJ (Xn,Yn), (2.3 cells is exactly the width of the small unit cell, We cut off
z the Coulomb interaction at a distance corresponding to the
where q(Xe— Xn,Ye—Yh,2) is the Coulomb interaction cut size of the small unit cell. We therefore consider the follow-
off at final distance to avoid image effedsee below This  ing form of Coulomb interaction:

X sin|

if Xe—Xp<Ly
e?
Xo—Xp Ye—Vi,2)=1{ — and y.—yp<L 2.
40X YoV 2) 4mrege(Xe—Xp)*+ (Ye— Yn)*+2° s *7
0 otherwise.

205317-4



EXCITONS IN T-SHAPED QUANTUM WIRES PHYSICAL REVIEW B33 205317

Particles interact only when their separations inxrendy  experimentally by Rubioet al® that consists of a 60-A
directions are smaller thah, and L, respectively. The GaAs/A| 3:GaeAs arm quantum well and a 140-A
separations of particles in neighboring cells is always biggeAly o/Gay gAS/Alg 35Ga gsAS stem quantum well. We vary
than the cutoff and thus they do not interact. Particles in thehe width of the arm quantum well from 50 A to 100 A. We
same unit cell are always separated by less than that thedso perform calculations for the asymmetric structure stud-
cutoff distance due to the infinite potential outside the smalied by a different group® that consists of a 25-A
unit cell. Thus we take into account all of the physical Cou-GaAs/Al Ga,-/As arm quantum well and a 120-A
lomb interaction and completely eliminate the interactionsAl 1,Ga gAs/Aly :Ga, /AS stem quantum well.
between images. In the numerical implementation the infinite In the first part of this section we present the spectra for
potential is replaced by a large but finite potential. Thus thesymmetric and asymmetric quantum wires with the positions
probability of the particle being outside the small unit cell isof 2D exciton, 1D continuun{unbound electron and hole
effectively zero and we find that the results do not depend oivoth in the wirg and 1 0e/2Dh continuum(unbound electron
the value of this potential for values greater than aroundn the wire and hole in the welstates as well as pictures of
three times the potential in the &g _,As region. representative wave functions. This allows us to discuss the
The 2D Fourier transform of the 3D Coulomb interaction nature of the excited states in the structures. In the second
with a cutoff cannot be done analytically. Thus we put thepart we discuss the trends in confinement and binding energy
Coulomb interaction onto a 2D grid as a function of relativeand the separation in energy between the ground and the
coordinatesx,— X, andy.—Yyy, for everyz value. The unit first-excited states as a function of the well width and Al
cell in relative coordinates will go from-L, to L,, and fraction.
—L,toL,, respectively. Then for every value o& 2D FFT We use a static dielectric constart=13.2 and a
is performed with respect ®—x, andy.—Yyy and the re-  conduction-band offset ratiQ.=AE;,,4/AE, of 0.65. For
sults stored in the 3D arra@(G,,G,,2). Since this is the the difference in band gaps on the GaAsB& _,As inter-
same for every matrix element the above calculation needs tace we use the following formula&E,=1247<x meV for
be performed only once. Xx<0.45 and 124%x+1147x(x—0.45¢ meV for x
The calculations described by E(.6) need to be per- >0.45. For the electron mass we usg=0.067n, while for
formed for every matrix element. AfteFo(G,,G,) and the hole massnp,=mp,=mp16=0.69-0.7Im, and my,
Fn(Gx,Gy) have been calculated the summation over the=myq,;=0.38n, (M, is the electron rest massFor the
reciprocal lattice vector&, and G, for every value ofzis  Ing odGay 9:AS/Alg GayAS (INg 1/Ga gAS/Alg :Gay AS) we
performed. The remaining 1D integral in tlzedirection is use parameters from Ref. 2. for the electram,
done numerically, after interpolation of data points, using a=0.0647(0.0626,, for the hole myy=Mun001

routine from the NAG library. The dependence of the inte-=0.367(0.358)n, and Mhx=Mpz=Mp(110]
grand onz is found to be very smooth and thus not many =0.682(0.656)n,, AE;=464(557) meV and the band
points are required to obtain accurate results. offset was assumed to be 65% in the conduction and 35% in

the valence band.
lll. RESULTS
A. Excited states

We perform the calculations for a series of T-shaped
structures. We calculate energies, oscillator strengths, and
wave functions for the first 20—100 two-particle states for In Fig. 4 we show spectréhe oscillator strength versus
symmetric and asymmetric wires. energy for the first 20(30 in the case of the 70-A and 30-A

For symmetric wires we consider the structure denoted bywvire) states for the GaAs/AkGa, ¢sAS structure for well
W that has been experimentally studied by Wegscheidefidths from 10 A to 80 A. A dashed line shows the energy
etal® and consists of GaAs/pbGayeAs 70-A quantum  of the 1D continuum, a dotted line that of the 1D electron
wells. Then, keeping the rest of parameters constant, we vasnd 2D hole continuum, the dotted-dashed line—the
the quantum-well width from 10 A to 80 A in steps of 10 A guantum-well 2D exciton, while the dashed-dot-dotted line
in order to examine the width dependence of the varioughows the 2D electron and 2D hole continuum. In the case of
properties. We also perform calculations for samples denoteghe 20-A wire the 2D electron and 2D hole continuum is not
by S1 and S2 studied by Someyaetal® made of shown as its value of 245.5 meV is out of range by a signifi-
GaAs/Ap Ga 7As (S1) and GaAs/AlAs §2) quantum cant amount. Because our system is finite inztwbrection,
wells of width around 50 A. For the GaAs/AlAs case we we obtain only a sampling of the continuum states; below the
again vary the well width from 10 A to 60 A. Then we take continuum edge the states are discrete.
an intermediate value of the Al molar fractioxs=0.56, and Note that for the experimentally studied 70-A structure,
vary the well width from 10 A to 60 A in order to examine the 2D exciton has a lower energy than the completely un-
the dependence on the well width as well as Al contentbound electron and hole in the wire. The situation clearly
Finally we perform calculations for 35-A-scale depends on the well width and the crossing point is between
INg.1/Gay gAS/Aly :Gay 7As (denoted byN4) as well as for 60 and 70 A. For well widths of 60 A or smaller, the 1D
40-A-scale 1 odGay g AS/Al Gay7As (denoted by N2)  continuum(1Dcon is lower in energy that the 2D exciton
samples as studied experimentally by Akiyaetaal? (2Dexqg with the difference being maximal for a width of

For asymmetric structures we consider the wire studieciround 20 A. For widths of 70 A or bigger, the 1Dcon is

1. Symmetric wires
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higher in energy than the 2Dexc with the difference growingthus various cuts in 5D space are presented in Figs. 5 and 6:
for increasing well width. This effect might be significant for (a) the electrorx., Y. position after averaging over the hole
pumping T-shaped-wire lasers. Free electrons and holes apwsition, (b) the holex;,, y;, position after averaging over
excited in the whole area of both wells and thus, when thehe electron position, and relative coordinates after averaging
2D exciton has a lower energy than the 1D continuum, forover the center of mass positiofg) the X¢—Xp, Ye—Yn
mation of the 2D excitons is energetically favourable. Theseelative coordinates foz,—z,=0, and (d) the x,—xy, Z
excitons can recombine in a well instead of going to the wirerelative coordinates foy.—y,=0.
and forming a 1D exciton. Clearly it is more efficient to have  For the ground state we observe that the electron and hole
the 1D continuum lower in energy than the 2D exciton. are very well localized in the wire with slightly more hole
By increasing the well width we obtain more states thatlocalization. The relative coordinate plots clearly show the
are lower in energy than the 1Dcon and 2Dexc beginningbound exciton(Fig. 5 state 1

with two (ground and the first excit¢dor the 10-A well, The electron in the first-excited state is localized in the
three for widths between 20-50 A and four states for largewire while the hole already expands into the arm well. The
widths. relative coordinate pictures show that the electron and hole

We now discuss the behavior of|? for the 70-A case. are bound and form an exciton with an asymmetric shape.
The wave functions depend on five spatial coordinates andhe size of the exciton is smallest in tkedirection (the
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FIG. 5. Modulus squared of
the two-particle wave function for
the ground(1), first excited (2)
and the 15tH15) state in the sym-
metric T structure. Electrona),
hole (b), and the relative coordi-
nates Xe—Xp, Ye~Yn (C)| Xe
—Xp,, Z (d) probability densities
are shown.

stem-well directiopand the exciton expands more into the strength is again around one-third of the ground-state exci-
(the arm well where the hole is expangleohd freez direc-  ton.
tions (Fig. 5 state 2 The oscillator strength of this state is  The fourth state with almost zero oscillator strength cor-
about one-third of that of the ground state and the stateesponds to a 1D continuum. The electron and hole are both
clearly takes the form of a 1D exciton with its center of massin the wire but the relative coordinate pictures show an un-
in the T wire. bound exciton. Within the first 30 states we have three states
It can be seen from the spectiéig. 4) that there are four of that nature: the 4th, 7th, and 15th. The 15th state is shown
states(apart from the ground statevith energies smaller in Fig. 5: the electron and hole are confined in the waeb)
than 1Dcon and 2Dexc. The nature of the third and fifthand there are 3 nodes in tieadirection and 1 node in the
states is very similar to the second one: the center of mass direction. The other two states look similar and differ only in
in the wire and the electron is still well localized in the wire the number of nodes. The energy of the fourth state, which is
while the hole spreads into the welisito both the arm and the lowest 1Dcon state, turns out to be lower than the real
stem wells for the third state while only into the stem well 1Dcon obtained from our one-particle calculations. This is
for the fifth ong. The relative coordinates show the complex, due to the finite-size effects. Our method is very well con-
asymmetric shape of this excitonic state and the oscillatoverged with respect to the cell size for the bound state and
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FIG. 6. Modulus squared of
the two-particle wave function for
the 22nd, 25th, and the 27th state
in the symmetric T structure.
Electron(a), hole(b), and the rela-
tive coordinatesxe—Xp, Ye— Yn
(€), Xe— X, Z (d) probability den-
sities are shown.

for the unbound ones where at least one of the patrticles is img on their relative coordinate nature: excitonic-like states
the well. However, for the unbound continuum 1D states, thesimilar to the second stat&ig. 5 state 2and ionized states
particles are very close in they plane because of the very like the 22nd that is represented in Fig. 6 state 22. The os-
small size of the wire and thus the interaction is strongercillator strength of the second group is zésee Fig. 4.
Consequently it does not decay as fast in ztgirection as The 25th statéFig. 6 state 2bis the first state where the
other states and thus we need a much bigger unit cell in thelectron is delocalized in both wells, the relative coordinates
z direction to achieve convergence. There are however onlgnd the large oscillator strength shows that it is clearly an
three such states within the 30 we examine and we knowexcitonic-like state. It appears to be a 2D quantum well ex-
their true energies from the preceding one-particle calculaeiton state scattered on the T-shaped intersection. Its energy
tions. is thus higher than that of a pure 2Dexc.

For further excited states up to the 25th, the electron, and The 27th state is the 2D arm-quantum-well-exciton state.
thus the center of mass, is still localized in the wire while thelt has higher energy than the ground-state 2D exciton be-
hole is taking up more and more energetic states in botlcause the electron and hole wave functions occupy higher
wells, where energies are quantized due to the finite size afnergy states than the ground state of the well due to the
the cell. Those states can be divided into two groups depengiresence of the T intersection.
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L ) B L R B The 21st and the 24th statdarge oscillator strengths in
- . e |Pr=60A Dy=140§|‘ Fig. 7) have an eIec_tron expanding _into the arm well. The
electron wave function has a node in the wire region. The
hole wave function spreads into the arm well and has no
node for the 21st state and one node in the wire region for
6 B the 24th state. The relative coordinates show the excitonic
o . nature of these states. Thus these states correspond to those
2D excitonic states scattered on the wire.
For the asymmetric structure we observe one sttite
5 ] 15th, see Fig. Bthat does not correspond to any state in the
21 ¢ N symmetric case. The state is clearly excitoniclike with a
T o T T T i large-oscillator strength and the relative coordinate plots
. . o .qj) | nﬁT 0. show a very well bound exciton. The electron is confined in
8 85 90 the wire in the same way as the ground state while the hole is
E (MeV) clearly 1D-like, strongly confined in the wire but in a differ-

FIG. 7. Oscillator strength versus energy for the lowest 30 state?nt way. It has a node in the wire region.
in an asymmetric T-shaped structure withx=60 A, Dy
=140 A. B. Trends in confinement and binding energies
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1. Symmetric wires
The 30th state has a very similar nature as the 27th but the

exciton expands into the stem instead of the arm quantum Eipere, WhereE, andEy, are the one-particle energies of

well . an electron and a hole, respectively, in the wire. We also
The 25th, 27th, and 30th states all have large-oscillator ' ' )

strengths(around three-fourths of that of the ground-statecalcmate’ using the same method, the exciton energy in the

exciton. It is interesting to note that between the groundquantum Well.Ezpexc, 10 obtain the confinement energy of

state and those 2D large-oscillator-strength states, there isﬂa]1e 1D excitonEcon=Ezpexs™ Eipexc, in the wire.
We perform calculations for a wide range of structural

group of states with relatively low-oscillator strengths. Theg rameters. For the GaAs{@a,_,As quantum wire we
. . aA x
reason for this is that after the ground state, there are Statcﬁange the well width from 10 A to 80 A for three different

where either the wirelike electron is bound to the well-like

hole and thus they do not overlap enough to give big contrivalues of the Al content. The results are shown in Fig. 9. It

bution to the spectrum or they consist of a wirelike electronc ! be noticed that for a well width bigger than 50 A, chang-

with an unbound hole. ing the Al content has very little effect on the confinement

. . d binding energies. The difference in binding energy be-
Those quantum-well-like exciton states that scattered of" 4
i Iy .. tween the 60-A GaAs/Al;:GaesAs and the pure AlAs is
the T-shaped potentidlike state 23 appear to be quite im only 1.5 meV. Thus it seems more promising to change the

ortant for the excitonic lasing because of their big oscillator . . :
gtrength In Ref. 8 the authogrs reported two-modge lasing i ell width rather than the Al content for relatively wide
. : \é/ires. However, for thinner wires in the range of 10-50 A,

an asymmetric wire where the laser switches between th hanaing the Al content is much more profitable then chana-
ground-state exciton and the other state whose energy corrgaNdING the Al contentis much more profitabie then chang
g the well width. The difference in binding energies for

sponds to the state from the tail of the above-mentione . X ; ;
stpates 0-A wires with Al molar fractions ok=0.3 andx=1.0 is

6.4 meV. This increases to 10.6 meV when the width is
reduced to 10 A.

Ey, andE,,, for Al contents ofx=0.35 andx=0.56 both

The asymmetric wire that we study in detail consists of aapproach a maximum for a well width between 10 A and 20
60-A or 56-A GaAs/A} 3:Ga gsAs arm quantum well and a A. The maximum values forx=0.35 are Eppax
140-A Aly /Gay g AS/Alg 3Gay gsAs stem quantum wefl.  =17.1 meV, Econma=26.4 meV and forx=0.56 they
The spectrum for the 60-A arm case is shown in Fig. 7. Thare Epa=19.7 meV, Ecopma=41.4 meV. For thex
nature of the states is very similar to the case of the symmet= 1.0 case, the curve does not have a maximum in the region
ric wire. The first two excited states are excitonlike and haveor which calculations has been performed but we consider
an electron confined in the wire while the hole spreads int@oing to wells thinner than 10 A as practically uninteresting.
the well. All excited states up to the 20th have the electronThus the maximum energies are k=10 A and they are
confined in the wire. The hole spreads to one or both quanEyy.,=25.8 meV antE ma=87.8 meV.
tum wells taking up more energetic states in the well. The E.,, increases much more rapidly th&g when the well
relative coordinates show either an excitonlike wave functiorwidth is progressively reduced. The curves cross for a well
(states with nonzero-oscillator strength in the spectra of Figwidth between 60 A and 70 A, i.e. for widths of 60 A or
7) or the case where a hole is confined in the wire but is nosmaller,E.,, is greater thaE, that means that the 1D con-
bound to the electrofstates with zero-oscillator strength in tinuum is lower in energy than the 2D excitdas we dis-
the spectra Both groups were discussed and shown for thecussed in Sec. Il AL with the difference having a maxi-
symmetric wire. mum at around 20 A. For widths of 70 A or biggdg, is

We calculate the exciton binding energif,=E.+E,

2. Asymmetric wires
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FIG. 8. Electron(a), hole (b), and the relative coordinates,
—Xn, Ye—VYh (), Xe—X;,, z (d) probability densities for the 15th
state in an asymmetric T-shaped structure viitk=60 A, Dy
=140 A.
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FIG. 9. Confinement energ¥.,,=Espexc— E1pexc,» binding
energy of the ground-state excit@,, and the energy difference
between the ground state and the first-excited $fatg as a func-
tion of the well widthDx in a symmetric T structure for three
different aluminium molar fractions.

greater thark.,, with the difference growing for increasing
well width. We also consider the difference in energy be-
tween the ground-state exciton in the wire and the first-
excited state as a function of the well widths. For the experi-
mentally realizedDx=70-A case, this difference i&,_;
=7.0 meV and the maximum value fdbx=10 A is
Es_ 1max=13.5 meV. The maximum value for the GaAs/
AlAs at Dx=20 A is 22 meV.

Although pure AlAs gives the biggest potential offsets
and thus the biggest binding and confinement energies, the
GaAs/AlAs interfaces are not very smooth, which influences
the transport properties. Thus new materials have to be pro-
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TABLE I. Binding energyE, and the confinement enerd., = E1pexc— E2pexc iIN MeV of the QWR
exciton for five different sample®/,S;,S,,N,,N, obtained from different methods.

w2 Slb Szb NZC N4C Rd G®
Method Eb Econ Eb Econ Eb Econ Eb Econ Eb Econ Eb Econ Eb Econ
Exptf 17 17 17 18 27 38 28 34 138 23 54
This work 13 12 143 178 165 31.1 121 26.3 165 312 135 214 146 36.4
Nonvarl? 13.2 14.3 16.4
Nonvar2" 11.63 13.9
Varl! 15 18
Var2! 9.6 119
var3k 12 14

aSample and experimental values from Ref. 6.

bSample and experimental values from Ref. 3.

‘Sample and experimental values from Ref. 2.

dSample and experimental values from Ref. 8.

€Sample and experimental values from Refs. 4 and 5.

"Econ is Obtained experimentally from the shift between QW and QWR exciton lines Efhs obtained
indirectly from experimental measurement of the QWR exciton line and one-particle calculations.
9Results of calculations from Ref. 9.

"Results of calculations from Ref. 10.

'Results of variational calculations from Ref. 11.

IResults of variational calculations from Ref. 12.

kResults of variational calculations from Ref. 13.

posed. Two structures based on InGaAs have been manufagpect to the stem quantum well. Therefore 33.3 meV is the
tured and measured: 35-A-scale Iy ;/GagAs/  highest confinement energy for this stem well and changing
AlgGayAs (N4) and 40-A-scale  lodGaqAs/  the arm well would have no effect. Thus the 60-A /140-A
AlyGa)-As (N2). The results of calculations for these structure is well optimized and its confinement enelgyy,,
structures are presented in Table I. It can be seen that ends-21.4 meV that is much bigger than that of 14.7 meV for
gies for the sampl&l4 are almost exactly the same as for thethe 60-A symmetric wire.

GaAs/AlAs sampleS2 suggesting that these materials might  The highest confinement energy so far reported is for an
be very good candidates for structures with large-excitorasymmetric GaAs/A|;:Ga, ¢sAs wire with a 25-A arm quan-

confinement and binding energies. tum well and a 120-A stem quantum well filled with 14%
Al.*® The experimentally obtainef,,, for this structure is
2. Asymmetric wires 54 meV. Our calculations however give only 36.4 meV that

. o i . is still the highest among experimentally obtained structures
In order to increase binding and confinement energies, the g g exp Y

asymmetric T-shaped structure was proposed and realized by
two groupsd*® : ]
We calculateE, andE,, for the 60-A /140-A structure 350 o B 3
with the stem quantum well filled with 7% Al in order to 1N o_Econ ]
compare with experimefand then we vary the width of the S AN E
arm well from 50 to 100 A. One can see from Fig. 10 thatthe — »sf & 3
binding energy is almost independent of the arm well width : ) ]
in this region, changing only from the maximum value of
13.5 meV forDx=60 A to 11.5 meV foDx=100 A . The
binding energy for the 60-A symmetric wire with the same >
x=0.35 Al mole fraction is 13.9 meV—a bit bigger than for 10F
the asymmetric structure. In contrast, the confinement energy .
E.on changes rapidly with the width of the arm well from 4.7 s
meV for Dx=100 A up to 33.3 meV foDx=50 A. For of
arm well widths of 60 A or bigger, the 2D quantum-well
exciton in the arm well has a lower energy than that for the
stem well, thus the confinement energy is calculated with FIG. 10. Confinement energion=Espexc— E1pexc, binding
respect to the arm well exciton. For the 50-A -wide arm well,energy of the ground-state excitéh, and the difference between
the 2D exciton has higher energy than for the stem quanturthe ground and the first-excited stdfg_, for an asymmetric wire
well and thus the confinement energy is calculated with reas a function of the well widtiDx, whereDy=140 A.

40 T T T T T T T T

20p :

E (MeV)

15F

Dx (A)
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but much lower than reported by the authors. Our calculation All calculations published to date use the effective-mass
of E¢op, for five different experimentally realized structures approximation model for the heavy-hole exciton. Values of
agree very well with the experimental values and thus it ispotential barriers used in the calculations vary depending on
very probable that the value of 54 meV is overestimated. Theéhe publication. We have examined the influence of these
binding energy from our calculations is only 14.6 meV for differences on the final resultsee Sec. Ill ¢ Both binding

this structure. ~and confinement energies can differ by approximately 0.5
We can conclude from our results that the optimizedyey.

this effect, which can pe measured djrgctly, has often beeﬂ?ef. 12 uses a wave function that takes into account corre-
used to infer that the binding energy 1 |.ncreased. Howeverlation in all spatial direction and the agreement with our
our results show that no such relationship holds between the . :
! - ) : . results is very good for the confinement energy but not so
confinement and binding energies. Thus the biggest confine- d for the bindi
ment energy of any structure constructed so far of 36.4 me O?I'h or the bin ":g ene;g;&. d by Kisel d
does not lead to the biggest binding energy. Indeed, the bind- 1N varnational method proposed by Kiselev an
ing energy of 14.6 meV is smaller than the 16.5 meV re_Rossle? and denoted here as method 3 has a trial wave
ported for the GaAs/AlAs 50-A-scale symmetric strucfure func_tior_1 th_at has only dependence in_the correlation factor.
where the confinement energy should be only 31.1 meV. It id Ne€ir binding energy for the sampli differs by only 1 meV
also smaller than expected for a symmetric 25-A-scale strudrom our result but their value for the confinement energy
ture with the same parametdfss.0-16.5 mey. Thus asym-  differs from ours. They perform calculations of the binding
metric structures could be useful for applications where &nergy for the whole range of well widttisx from 10-70
large confinement energy is required but appear to be less. This can be compared with our results in Fig. 9. Their
suitable than symmetric wires for applications where largecalculations, like ours, give the maximum f&g, and E,

binding energies are of interest. for a well width of around 20 A. Their binding energy is a bit
bigger than the one from our calculations. They obtained a
3. Comparison with experiment and other calculations maximum of E,=18.6 meV that is 1.5 meV higher than

The comparison between experiment and other publishedur result. However, their confinement ener@y,nmax
calculations is presented in Table I. The confinement energy33.0 meV differs by 7 meV from our result. Their values
of the exciton can be directly measured experimentally. Al-of E.,, are probably overestimated. They use the variational
though, due to the strong-inhomogeneous broadening of thechnique to calculate the quantum-wire exciton energy but
photoluminescence peaks, the accuracy of this number is n@ite quantum-well exciton energy is taken from some other
very high, it is the only experimentally proven quantity we calculations of excitons in quantum wells performed using a

can refer to. The experimental binding energy needs to bgifferent method and with different parameters, thus errors
calculated using both experimental data and one-particle cajnay accumulate.

culations and thus errors might accumulate. Other theoretical The variational method ¥ which uses yet another form

methods that we refer to obtain the ground-state exciton ens¢ trial wave function. has been applied to sampBasand
. . . . Fg_l . . )

ergy using Va”at.'of‘a' techniques 3(_they differ in the form S2 to calculate the binding enerds, . It agrees quite well

used for the variational wave functiondhere are also two with our and other accurate methods

nonvariational calculations for the ground-state excitéh. - .
) The binding energy we obtain shows excellent agreement
Our results for the confinement energy of the ground-state

exciton E.,,, agree very well with experimental values for \{_V'tgl othDer gﬁnvarla'luorlla: %aliﬁlatlg.nz.by Glutsehal. (lseef
samplesS1, N2, andN4 to an accuracy of 1%, 6%, and 8%, a el sVV Sley cz(aj;;aed h € |rf1 N9 enlergr)]/ on yf or
respectively. This is indeed very good agreement taking intgaMPIESVY, L, an and thus unfortunately the confine-

account the strong-inhomogeneous broadening of the peal@ent energy cannot be compared. The method presented in
they present. The spectral line width of the photoluminesR€f- 10 gives much lower values for the binding energy than
cence peaks according to the authors is around 15 meV that! other methods.

corresponds to a thickness fluctuation of ab8UA for N2 Despite some small differences, all of the theoretical
andN4 .2 For theS1 andS2 samples the authors estimate themethods give much smaller values fip than the experi-
experimental error due to the inhomogeneous broadening agental estimates. One has to bear in mind, however, that the
2 meV. Agreement between our calculations and experimeritexperimental” values forE, (quoted in the Table)lare in

is not as good for th&2 sample but for this case additional fact derived from a combination of experimental data and
effects are present. For example, AlAs barriers give muclassociated theoretical modeling, with inherent uncertainties.
less smooth interfaces than the lower Al fraction samples an@ur results come from direct diagonalization and are very
this is not taken into account in our model. There is also veryvell converged. Therefore we believe that the experimental
good agreemeribetter than 7%between our results and the binding energies are, in some cases, considerably overesti-
experimental measuremérior asymmetric wire R. The ear- mated. The real binding energy is thus smaller than has been
lier E., published by this group for the symmetric structure claimed and the biggest value for any of the structures manu-
W is probably slightly overestimated. factured so far is 16.5 meV for sampl82 andN4.
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C. Accuracy of the results more complicated. Because our system is finite we obtain
In our method the one-particle energies and wave funconly a _samplin_g of the continuqm states. When we increase
tions are calculated first. The one-particle energies are verfie unit-cell size we automatically calculate more states
well converged with respect to all the variables such as uni ithin the same energy region and they do not have a one-
cell size, number of points on the grid and the number o 0-one cor_respondence with the states _Calculated using a

smaller unit cell. The new states appear in between the old

g1?nes, with smaller oscillator strengths so that the total oscil-
as many as 160000 plane waves that correspond t0 440y, strength is conserved. When the Gaussian broadening
X400 points on the grid (200200 in the small unit cell 4t 3 4 meV full width at half maximum is added to the
We obtain excellent agreement between our energies for theyectra then for a sufficiently big unit cell the broadened
single electron and hole and those obtained by Glues@i”  spectrum is independent of the unit cell, thus convergence is
For the 70 A,x=0.35 symmetric quantum wire we obtain reached. The spectra shown in Figs. 4 and 7 are converged in
E.=47.09 meV ancE,=7.47 meV while their results are the sense that the continuum is accurately sampled on the
E.=47.2 meV and,=7.5 meV. According to our calcu- scale of 4 meV.
lations there is only one electron state confined in the wire
and its confinement enerdy,p_1p (i.€., the difference be- IV. SUMMARY
tween well-like and wirelike-electron stajds 9 meV. This

is in very good agreement with other methods. Pfesteal 1 We have performed an exact diagonalization within a

using 8 bandi- p calculations obtained a confinement energyfinite-basis set of the l_—|ami|t0nian that describes an interact-
. ing electron-hole pair in a T-shaped quantum wire. We have
Of.8'5 meV for the same strupture. Kiselev and Ros3ler obtained the ground- and excited-state energies and wave
using the so-called free-relaxation method obtained approXig,nctions for this system. The first group of excited states
mately the same value of 9 meV. shows ars-like excitonic character where the electron is lo-
These one-particle wave functions are then used as a bagigjized in the wire but is bound to the hole that spreads into
set for the two-particle calculations. Tl pexc is very well  gne of the wells. Due to the fact that the electron and hole are
converged with respect to the number of points on the grichot localized in the same region, we have a group of low
(as for the one-particle calculationsnd with the size of the oscillator-strength states just above the ground state. This
basis set. Convergence is usually achieved with about 2§roup is followed by a number of states with large-oscillator
X 20X 20 (8000 basis functions. In order to minimize finite- strength that are 2D excitonic states scattered on the
size effects we use quite big unit ce[lsom 43 times the T-shaped intersection. The excitonic lasing from one of those
well width, Dx for very thin wires(10 A) to 7 timesDx for  states has been experimentally obsef/@de have also per-
the 80 A wird. The exciton energf peyc iS converged to  formed a detailed study of the exciton binding and confine-
within about 0.2 meV andE,pey. to within 0.3 meV that ment energies as a function of the well width and Al molar

gives an accuracy foE, of about 0.3 meV and foE.,,, of fraction for symmetric and asymmetric wires. The highest
about 0.5 meV. binding energy in any structure so far constructed is calcu-

The other problem that can influence the accuracy of thét€d to be 16.5 meV that is much smaller than previously
thought. Our results have shown that for optimized asymmet-

results is the uncertainty associated with the input param="""% h f ¢ . h d but the bind
eters. The electron and hole masses as well as the dielectfi¢ WIS, th€ conlineément energy 1S enhanced but the bind-

constant are standard but the potential barriers vary a Iof'd ENergy 1S slightly lower with respect to those in symmet-

. L L ic wires. For GaAs/AlGa _,As wires we have obtained an
depending on the publication. We have found quite dlfferen{jpper limit for the binding energy of around 25 meV in a

values of the potential offsets for the same material intery g 4 \ige Gaas/AlAs structure that suggests that other ma-
faf:es in the_ literature. We have examined the_lnfluence Oferials need to be explored in order to achieve room-
thIS uncertainty on the final results by performing Calcma'temperature applications. /8a, ,As/Al,Ga_,As might be
tions for the extrema of the sets of parameters found. Bothy good candidate.

binding and confinement energies can differ by approxi-
mately 0.5 meV.

For the parameters that we are using, the results are con-
verged to within 0.3 meV for the binding and 0.5 meV for We are pleased to thank P. Haynes, G. Rajagopal, A.
the confinement energies. However, one needs to remembBorter, Y. Mao, and G. McMullan for very beneficial discus-
that these parameters are not well calibrated and this coulsions concerning the computational techniques and L. N.
lead to an additional error in both energies of about 0.5 meVPfeiffer, A. Pinczuk, J. Rubio, and H. Akiyama for stimulat-

The first few(4 in the case of Fig.)7excited states of the ing discussions and communicating experimental results
wire that are below the 1Dcon and the 2Dexc are discreteprior to publication. M.H.S acknowledges financial support
quasi-1D excitonic states and are converged to within Xrom Lucent Technologies, Trinity College Cambridge and
meV. Convergence of the higher states in the continuum igan ORS award.
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