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Electronic states in strained cleaved-edge-overgrowth quantum wires and quantum dots

M. Grundmann, O. Stier, and D. Bimberg
Institut für Festkörperphysik, Technische Universita¨t Berlin, Hardenbergstrasse 36, D-10623 Berlin, Germany

~Received 11 March 1998!

The electronic properties of cleaved-edge-overgrowth~CEO! strained T-shaped quantum wires and twofold
CEO quantum dots are calculated in the presence of strain induced by lattice mismatch. Potential modifications
of growth morphology due to strain are discussed. The anisotropy of the elastic constants causes the band
edges in~001! and ~110!-oriented layers to be different. Using effective-mass theory, we find electrons to be
localized in asymmetric strained T-shaped quantum wires, whereas holes are repelled. Coulomb interaction can
induce localization of excitons. For twofold CEO quantum dots, bound states are expected only when~com-
pressive! strain effects are small. In our calculation image charge effects are properly taken into account.
Numerical examples are presented for the In0.2Ga0.8As/GaAs system.
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I. INTRODUCTION

Creation of nanostructures by cleaved-edge overgro
~CEO! ~Ref. 1! has generated considerable interest in rec
years. T-shaped quantum wires~QWR’s! at the juncture of
two ~unstrained! quantum wells ~QWL’s! made from
GaAs/AlxGa12xAs have been experimentally proven to pr
vide bound states for charge carriers.2,3 The electronic struc-
ture of these systems has been modeled in a number o
pers in the effective-mass approximation4 or employing
k•p theory.5,6 Excitonic effects were included in Refs. 7 an
8, the two-particle correlation being fully considered
Ref. 8.

The formation of electronic quantum dots at the junctu
of three orthogonal quantum wells fabricated with twofo
CEO ~2CEO! was predicted by us.7 Such quantum dots hav
been realized in the meantime,9 and our calculations hav
been quantitatively confirmed.

The dielectric constants of the well and host materials
different, which causes image charge effects. Those w
found to be of appreciable size for quantum wells.10 For
quantum wires and dots their impact was ignored until no

We had shown in Ref. 7 that a deeper confinement po
tial leads to an increase of the exciton localization in CE
T-shaped quantum wires and 2CEO quantum dots in the~un-
strained! GaAs/AlxGa12xAs material system. In order to im
prove the relatively weak localization of carriers further,
seems reasonable to use strained material combinations,
as InxGa12xAs/AlxGa12xAs with a larger difference in band
gaps. At the juncture the strainenergywill relax, and poten-
tially change the straincomponentsin such a way that an
even more attractive potential develops. To the best of
knowledge, strained CEO structures have not been theo
cally treated before. We will show that the situation is rath
complex, and that the above idea can be exploited
QWR’s but not for dots.

We note that a related system is a barrier–quantum-w
barrier layer sequence grown on the cleaved edge o
strained superlattice. Such a system was experimentally s
ied in Ref. 11, and theoretically discussed in Ref. 12. Ho
ever, the intermediate barrier layer creates a topologic
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entirely different situation compared to T-shaped QWR
The strain effect of the underlying superlattice on the CE
quantum well seems then to be negligibly small.12

II. IMAGE CHARGE EFFECTS

The difference between the dielectric constants of the w
and barrier materials leads to image charge effects. The
pact of image charges on two-dimensional excitons in qu
tum wells was treated in Ref. 8. For zero-dimensional ex
tons~analytical!, solutions have been obtained so far only f
spherical geometry.13 In order to obtain the correct electro
static potentialV(r ) of a charge distributionr~r !, the Poisson
equation is numerically solved with spatially varying diele
tric constant,«(r )DV(r )1¹V(r )¹«(r )52r(r )/«0 . At in-
terfaces the solution shows that the tangential componen
the electric fieldE and the normal component of the indu
tion field D are continuous. To quantify the effect of imag
charges, in Fig. 1 we show the results for a GaAs/Al

FIG. 1. Exciton binding energy in a 53535-nm3 2CEO GaAs/
AlAs quantum dot. The solid line~18.3 meV! represents the value
obtained taking the spatial dependence of the dielectric cons
properly into account. The squares~the dashed line is a guide to th
eye! have been calculated by assuming various fixed homogen
dielectric constants between the limiting values of GaAs and Al
10 557 © 1998 The American Physical Society
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2CEO quantum dot where all QWL’s are 5 nm thick. Fir
the exciton binding energy is calculated using the corr
spatial dependence of«~r !, i.e., including the image charge
~solid line!. The results for afixed homogeneousdielectric
constant, whose value was varied between the value
GaAs and AlAs, is shown by squares~dashed curve is guide
to the eye!. Compared to the calculation with constant«(r )
[«GaAs throughout the structure, the correct exciton bindi
energy is 2 meV, about 10%, larger.

III. STRAINED CEO QUANTUM WIRES

In a ~two-dimensional! film the in-plane strain« i is given
by the relative lattice mismatch« i5«05(as2af)/af , where
as andaf denote the unstrained lattice constants of the s
strate and film bulk material, respectively. The strain«' per-
pendicular to the film for an isotropic medium is given b
«'522«0n/(12n), n being the Poisson constant. For a
anisotropic solid the ratio«' /«0 depends on the orientation
For the two relevant orientations in CEO QWR’s and 2CE
dots, the~001! and~110! planes, well-known expressions fo
cubic semiconductors exist:14,15

«'
00152«0

2C12

C11
and «'

11052«0

2C122C0/2

C111C0/2
,

where Ci j denote the elastic compliances, andC052C44
1C122C11 is the anisotropy index. The hydrostatic stra
«H52« i1«' , that determines the shift of the conductio
band, thus depends on the orientation. We note that fo
isotropic solid, i.e., whenC050, the hydrostatic strain of a
structure of arbitrary form in an infinite matrix is constant16

But since C0 is positive for all common semiconductor
consequently«H

001/«0,«H
110/«0 . The conduction-band~CB!

edge of the strained film is given byEc5Ec,01ac«H , where
Ec,0 is the CB edge of the unstrained bulk material, andac is
the hydrostatic CB deformation potential. Therefore the
edge in the~110! QWL is generally higher in energy than i
the ~001! QWL ~for compressive strain,af.as).

For T-shaped QWR’s and dots, the strain distribution
calculated using continuum strain theory as outlined in R
16. Boundary conditions at interfaces are realized by us
virtual interface voxels. Strain calculations were also p
formed using the valence-force-field~VFF! model,17,18 pro-
viding an atomic description. The complianceC44 in this
two-parametermodel is not an independent parameter, an
fixed to a slightly different value than that entering co
tinuum strain theory. Hence the quantitative results of
VFF calculation, especially alonĝ110& ~and ^111&! direc-
tions, are slightly different from those based on the th
parameter continuum model. The following numerical resu
are therefore based on continuum strain theory.

Generally at the T-shaped juncture, strainenergy is re-
laxed. In Fig. 2~a! the CB edge of a symmetri
In0.2Ga0.8As/GaAs T-shaped QWR (d0015d11055 nm) is
shown. The numerical values used in the calculations
given in Table I. Along the~110! QWL the hydrostatic strain
partially relaxes at the junction to the~001! QWL, as com-
pared to the strict~110! case far away from the junctio
~solid line!. This effect creates an attractive potential f
electrons. However, the lowest potential is found in the~001!
,
ct

of

-

an

s
f.
g
-

is

e

e
s

re

QWL far away from the intersection~dashed line!. In large
structures, where the electron confinement energies are s
compared toEc

1102Ec
001, the carriers will therefore ‘‘flow

out’’ from the intersection into the~001! QWL. In contrast,
for small structures the confinement effects due to size qu
tization may be tuned in such a way that the difference
strain-induced shifts is compensated for and the attrac
potential dip along the~110! QWL is utilized.

The additional electron confinement energyEconf,e must
fulfill both the conditionsEe

QWR,Ec
0011Econf,e

001 and Ee
QWR

,Ec
1101Econf,e

110 to ensure the localization of electrons. In o
der to push up the electron level in the~001! QWL, one may
tend to choose a smaller value ford001 than ford110, creating
an asymmetric QWR.

Another possibility to shift the band edge in the~001!
quantum well is the use of different indium contents in t
~001! and~110! parts. In order to increase the CB edge of t
~001! QWL, a lower indium content is required. This, how
ever, would reduce the depth of the attractive potential in
~110! QWL.

The valence-band edge, calculated in a six-bandk•p
scheme,16,20 is higher in the~001! QWL than in the~110!
QWL @Fig. 2~b!#. Therefore, holes in large structures w
tend to diffuse into the~001! QWL. Due to the potential
barrier at the intersection, the movement from the~110!
QWL into the ~001! QWL will be inhibited at low tempera-
tures. For sufficiently small structures the holes will locali
in the ~110! QWL because of the larger mass in the@110#

FIG. 2. ~a! Conduction-band edge in a strained 535-nm2

T-shaped In0.2Ga0.8As/GaAs QWR. Inset: Two-dimensional plo
with indication of crystal directions. Solid line: line scan at th
center of the~110! QWL in the @001# direction. Dashed line: line
scan at the center of the~001! QWL in the @110# direction. ~b!
Valence-band edge. The zero position is in the center of the in
section of the two quantum wells. The band edges of unstrai
GaAs are atEc5Eh50.
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direction. For the numerical modeling, anisotropic ho
massesmhh

00151/(g122g2) and mhh
11052/(2g12g223g3)

~Ref. 8! have been used.
In the single-particle approximation the strained T-shap

QWR thus represents a type-II situation, i.e., the elect
may be confined at the intersection, but the hole is delo
ized from that region. Now the Coulomb interaction is tak
into account additionally. This is done in the Hartr
approximation,21 that was also used in Ref. 7. The exciton
wave function is approximated as the product of an elect
and a hole wave function. Each single-particle wave funct
is calculated self-consistently in the Coulomb potential of
oppositely charged particle. In this approximation the tw
particle character of the wave function that was discussed
unstrained T-shaped QWR’s in Ref. 8 is neglected. For
energy levels a good approximation is obtained.

In Fig. 3 the electron and heavy-hole orbitals of the ex
tonic wave function in a 435-nm2 In0.2Ga0.8As/GaAs quan-
tum wire are shown together with two-dimensional plots
the electron and heavy-hole probability densities. The
combination and localization energies of excitons in
~001! and ~110! quantum wells and in the T-shaped QW
formed at their juncture is shown in Fig. 4 for consta
d00154 nm and varyingd110. For d110.4 nm, bound states
are found for the QWR exciton with a maximum localizatio
energy of 10 meV.

IV. STRAINED 2CEO QUANTUM DOTS

At the juncture of three QWL’s, the strainenergyis fur-
ther relaxed. The conduction-band edge at the juncture
three ~001!, ~110! and ~1-10! In0.2Ga0.8As/GaAs quantum
wells is shown in Fig. 5. In the~001! cross section@Figs. 5~a!

TABLE I. Low-temperature material parameters of GaAs a
In0.2Ga0.8As used in the calculations: lattice constanta0 , band gap
Eg , average valence-band positionEv,av ~Ref. 14!, spin-orbit split-
ting D0 , elastic constantsC11, C12, andC44, hydrostatic deforma-
tion potentials~Ref. 14! for the band gapa and the conduction band
ac , shear deformation potentialsb @110# and d @111#, relative di-
electric constant« r , electron massme , and Luttinger parameter
g1 , g2 , andg3 ~all parameters have been taken from Ref. 19 unl
indicated otherwise!.

GaAs In0.2Ga0.8As

a0 ~nm! 0.565 33 0.5734
Eg ~eV! 1.519 1.222
Ev,av ~eV! 26.92 26.87
D0 ~eV! 0.34 0.346
C11 (1010 Pa) 12.11 11.35
C12 (1010 Pa) 5.48 5.29
C44 (1010 Pa) 6.04 5.62
a ~eV! 28.33 27.88
ac ~eV! 27.17 26.75
b ~eV! 21.9 21.83
d ~eV! 24.23 24.0
« r 12.53 13.36
me 0.067 0.059
g1 6.85 9.42
g2 2.1 3.36
g3 2.9 4.18
d
n
l-

n
n
e
-
or
e

-

f
-

e

t

of

and 5~b!#, the juncture has the highest potential. In the~1-10!
QWL plane @Figs. 5~c! and 5~d!# the potential exhibits a
small drop~about 5 meV! along the@110# direction on top of
the ~110! QWL; the lowest potential, however, is present
the juncture of the~001! and the~1-10! quantum wells. Both
electrons and holes are repelled from the juncture, and
effect of~compressive! strain generally counteracts the loca
ization of carriers in a 2CEO quantum dot. If the strain
small, and again an asymmetric@thin ~001! quantum well#

s

FIG. 3. ~a! Three-dimensional view of the electron and~heavy!
hole parts of the excitonic wave function in a 435-nm2 T-shaped
In0.2Ga0.8As/GaAs QWR; the orbitals correspond to 70% probab
ity inside.~b! Cross section through the electron and hole orbitals
their center along the@1̄10# direction.

FIG. 4. ~a! Exciton recombination energy in straine
In0.2Ga0.8As/GaAs structures: 4-nm~001! QWL, ~110! QWL with
varying thickness (d110) and in 4-nm3d110 T-shaped QWR.~b!
Localization energy of a QWR exciton with respect to the minimu
of QWL energies. Ford0015d11054 nm, the exciton is no longe
localized.
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FIG. 5. Geometry@~a! and~c!# and conduction band edge@~b! and~d! ~color!# in meV (Ec
GaAs50) of a 2CEO In0.2Ga0.8As/GaAs quantum

dot; d00154 nm, andd1105d1 – 1056 nm. ~a! and~b! show the intersection through the center of the~001! quantum well, and~c! and~d! the
intersection through the center of the~1–10! quantum well. Dashed white lines in~a! and~c! denote contours of hidden quantum wells. T
conduction-band edge in~b! has been masked to show only the value in the InxGa12xAs.
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geometry is chosen, a bound state may still form when
kinetic quantization effects overcome the repulsive poten
due to strain effects. If the strain is sufficiently large, it dom
nates, and no bound states exist for 2CEO dots. In a num
cal example for a 43636-nm3 In0.2Ga0.8As/GaAs dot, we
find still weakly ~,3 meV! bound electrons. However, eve
inclusion of Coulomb interaction does not lead, to the f
mation of a direct exciton in this case.

V. IMPACT OF STRAIN ON EPITAXIAL GROWTH

The previous discussion has shown that the impac
strain on theelectronic propertiesof CEO nanostructures
does not provide a straightforward improvement of carr
confinement compared to unstrained structures. Howe
perfectlyflat QWL geometry has been assumed.

Strain, however, could also impact thegrowth morphol-
ogy. Locally thicker structures could form on top of th
cleaved edge of the original QWL’s due to strain relaxat
during growth. In this case carrier localization is increas
To elucidate this point, the change of the~110! surface unit
cell area of an InxGa12xAs layer grown on the cleaved edg
of an InxGa12xAs/GaAs quantum well is shown in Fig. 6
Along the @1-10# direction ~wire direction!, the InxGa12xAs
e
l

ri-

-

f

r
r,

.
FIG. 6. Relative change of the surface unit-cell area of

In0.2Ga0.8As ~110! surface grown on top of the cleaved edge of
5-nm-thick ~001! In0.2Ga0.8As/GaAs QWL ~indicated by vertical
solid lines!. The position along@001# is counted from the center o
the ~001! QWL. Different curves correspond to different thick
nesses of a~flat! InxGa12xAs layer on the~110! surface.
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lattice constant is compressed to that of GaAs. Along
@001# direction the expansion of the~001! QWL introduces
tensile strain in the InxGa12xAs. The resulting surface uni
cell area directly above the~001! QWL thus exhibits values
closer to that of bulk InxGa12xAs than in any other part o
the ~110! QWL. Thus the~110! film strain can achieve a
reduction of strain energy if material diffuses to the regi
above the~001! QWL. Of course, this mechanism depen
on sufficient diffusion length under the given growth con
tions. A similar argument holds for the surface unit cell ar
in the ~1-10! layer on top of the T-shaped QWR in the ca
of the growth of 2CEO dots. Similar modification of surfa
strain and impact on growth kinetics has been modeled
and experimentally observed in vertically aligned stacks
self-ordered quantum dots.22–24

VI. CONCLUSION

The properties of compressively strained CEO quant
wires and dots are theoretically predicted in the framew
.
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of effective-mass theory including excitonic and ima
charge effects. As the model material, an In0.2Ga0.8As/GaAs
system was used. A bound state is predicted inasymmetric
QWR’s at the juncture of~001! and ~110! quantum wells.
The ~110! quantum-well width generally has to be chos
larger than that of the~001! quantum well. Localization en-
ergies of up to 10 meV are expected. In compressiv
strained 2CEO dots the strain effects generally counte
carrier localization, and can prohibit the formation of bou
states. The strain-induced modification of growth morph
ogy has been discussed.
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