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Electronic states in strained cleaved-edge-overgrowth quantum wires and quantum dots
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The electronic properties of cleaved-edge-overgrof@BO) 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 onlfcarhen
pressivé strain effects are small. In our calculation image charge effects are properly taken into account.
Numerical examples are presented for thg,Ba, /AS/GaAs system.
[S0163-182698)04339-3

I. INTRODUCTION entirely different situation compared to T-shaped QWR'’s.
The strain effect of the underlying superlattice on the CEO
Creation of nanostructures by cleaved-edge overgrowtiquantum well seems then to be negligibly small.
(CEO) (Ref. 1) has generated considerable interest in recent
years. T-shaped quantum wir€@WR'’s) at the juncture of
two (unstrained quantum wells (QWL's) made from
GaAs/AlL Gy _,As have been experimentally proven to pro- The difference between the dielectric constants of the well
vide bound states for charge carriérsThe electronic struc- and barrier materials leads to image charge effects. The im-
ture of these systems has been modeled in a number of ppact of image charges on two-dimensional excitons in quan-
pers in the effective-mass approximafioor employing tum wells was treated in Ref. 8. For zero-dimensional exci-
k- p theory>® Excitonic effects were included in Refs. 7 and tons(analytica), solutions have been obtained so far only for
8, the two-particle correlation being fully considered in spherical geometr}? In order to obtain the correct electro-
Ref. 8. static potentiaV/(r) of a charge distributiop(r), the Poisson
The formation of electronic quantum dots at the junctureequation is numerically solved with spatially varying dielec-
of three orthogonal quantum wells fabricated with twofold tric constante (r)AV(r) +VV(r)Ve(r)=—p(r)/eq. Atin-
CEO (2CEO was predicted by usSuch quantum dots have terfaces the solution shows that the tangential component of
been realized in the meantiMeand our calculations have the electric fieldE and the normal component of the induc-
been quantitatively confirmed. tion field D are continuous. To quantify the effect of images
The dielectric constants of the well and host materials areharges, in Fig. 1 we show the results for a GaAs/AlAs
different, which causes image charge effects. Those were
found to be of appreciable size for quantum wéfisor - . - . - |

II. IMAGE CHARGE EFFECTS

guantum wires and dots their impact was ignored until now. 221 scEo ap = AlAs
We had shown in Ref. 7 that a deeper confinement poten- 1 | | Gaas/AlAs ]
tial leads to an increase of the exciton localization in CEO | | BnmxGnmx5nm
T-shaped quantum wires and 2CEQO quantum dots iritthe % 20 | - i
strained GaAs/ALGa, _,As material system. In order to im- £ :
prove the relatively weak localization of carriers further, it g 19r o’ 7
seems reasonable to use strained material combinations, such i - — — .
as InGa _,As/Al,Ga,_,As with a larger difference in band 18r o with image 1
gaps. At the juncture the stra@nergywill relax, and poten- 17k charges
tially change the straitomponentsn such a way that an L ]
even more attractive potential develops. To the best of our 16 - GaAs .
knowledge, strained CEO structures have not been theoreti- 13 ' 1'2 ' 1'1 ' 1'0

cally treated before. We will show that the situation is rather
complex, and that the above idea can be exploited for

QWR's but not for dots. _ _ FIG. 1. Exciton binding energy in a%65x 5-nm? 2CEO GaAs/

We note that a related system is a barrier—quantum-well-ajas quantum dot. The solid liné18.3 me\f represents the value
barrier layer sequence grown on the cleaved edge of @ptained taking the spatial dependence of the dielectric constant
strained superlattice. Such a system was experimentally stu@roperly into account. The squaréke dashed line is a guide to the
ied in Ref. 11, and theoretically discussed in Ref. 12. How-eye have been calculated by assuming various fixed homogeneous
ever, the intermediate barrier layer creates a topologicallgielectric constants between the limiting values of GaAs and AlAs.

homogeneous ¢,
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2CEO quantum dot where all QWL's are 5 nm thick. First, N
the exciton binding energy is calculated using the correct L TLLO] R I
spatial dependence @fr), i.e., including the image charges B o7 J-20 E
(solid line). The results for dixed homogeneoudielectric = ! i Py
constant, whose value was varied between the values of u [ 1-110 %’
GaAs and AlAs, is shown by squarédashed curve is guide E."[ | 1420 2
to the eye. Compared to the calculation with constarr) 1 8
=g gans throughout the structure, the correct exciton binding i ,” T-shapeQWR ] -130 é
energy is 2 meV, about 10%, larger. L (a) ! In, .Ga, As/GaAs | _140 3
o g 5nmx5nm 5
E, P R E B -150 O
lll. STRAINED CEO QUANTUM WIRES : : : : : 90

In a (two-dimensionalfilm the in-plane strairy is given Ehff;:"‘ RN lgo 3
by the relative lattice mismatohy=eq,=(as—as)/a;, where BT N | £
as anda; denote the unstrained lattice constants of the sub- T (b) " 170 k=
strate and film bulk material, respectively. The strajnper- B ! deo0 2
pendicular to the film for an isotropic medium is given by & ! = §
e, =—2¢gyv/(1—v), v being the Poisson constant. For an = . 120 g
anisotropic solid the ratie, /e, depends on the orientation. — (1o awL "\ 5
For the two relevant orientations in CEO QWR’s and 2CEO — - (oonawt DR R

dots, the(001) and(110 planes, well-known expressions for P RPUR S

cubic semiconductors exist:* -30 20 -10 0 10 20 30

Position (nm)
2Cq, 2C1,—Cpl2

110_

and &t FIG. 2. (@ Conduction-band edge in a strained 5-nn?

eo Cpt+Col2” T-shaped 1 Ga As/GaAs QWR. Inset: Two-dimensional plot
) ] with indication of crystal directions. Solid line: line scan at the
where C;; denote the elastic compliances, a@d=2Css  center of the(110 QWL in the [001] direction. Dashed line: line
+C4,—Cy; is the anisotropy index. The hydrostatic strain scan at the center of th@01) QWL in the [110] direction. (b)
ey=2g,+¢,, that determines the shift of the conduction valence-band edge. The zero position is in the center of the inter-
band, thus depends on the orientation. We note that for agection of the two quantum wells. The band edges of unstrained
isotropic solid, i.e., wherC,=0, the hydrostatic strain of a GaAs are aE.=E,=0.
structure of arbitrary form in an infinite matrix is constaht.
But since Cq is positive for all common semiconductors,

consequentlye Y eq<el1%¢,. The conduction-bandCB)

QWL far away from the intersectiofdashed ling In large

dae of the strained film is ai “E 4 h structures, where the electron confinement energies are small
edge of the strained film is given I =Ec ot acey, where o007 e toEX1%— EX the carriers will therefore “flow

E. ¢ is the CB edge of the unstrained bulk material, apds " h S
the hydrostatic CB deformation potential. Therefore the CBOUt from the intersection into th¢001) QWL. In contrast,

edge in thg110) QWL is generally higher in energy than in Ipr ?.mall strucé)turtes th; .confmﬁment efftehctts t(:‘ue(}.c;fsae quan-
the (001) QWL (for compressive strairg;>as). ization may be tuned in such a way that the difference in

For T-shaped QWR's and dots, the strain distribution isstrain-induced shifts is compensated for and the attractive

calculated using continuum strain theory as outlined in RefPotential dip along th¢110 QWL is utilized.
16. Boundary conditions at interfaces are realized by usin? The additional elggtron cgvrglnelggtlant %g]lelﬁyonf,e m\l/JvSRt
virtual interface voxels. Strain calculations were also perdulfill both the conditionsEQVR<EQ™+Ey, and EJ
formed using the valence-force-fielyFF) model"*®pro-  <E'°+ELJ . to ensure the localization of electrons. In or-
viding an atomic description. The complian€g, in this  der to push up the electron level in tf@1) QWL, one may
two-parametemodel is not an independent parameter, and igend to choose a smaller value ! than ford'*°, creating
fixed to a slightly different value than that entering con-an asymmetric QWR.
tinuum strain theory. Hence the quantitative results of the Another possibility to shift the band edge in tli@01)
VFF calculation, especially alon¢l10 (and(111)) direc- quantum well is the use of different indium contents in the
tions, are slightly different from those based on the threg001) and(110) parts. In order to increase the CB edge of the
parameter continuum model. The following numerical resultg001) QWL, a lower indium content is required. This, how-
are therefore based on continuum strain theory. ever, would reduce the depth of the attractive potential in the
Generally at the T-shaped juncture, strainergyis re- (110 QWL.
laxed. In Fig. 2a) the CB edge of a symmetric The valence-band edge, calculated in a six-b&ng
Ing ,Gay gAs/GaAs T-shaped QWRdP?*=d°=5nm) is schemé®?is higher in the(001) QWL than in the(110
shown. The numerical values used in the calculations ar®WL [Fig. 2(b)]. Therefore, holes in large structures will
given in Table I. Along th€110 QWL the hydrostatic strain tend to diffuse into thg001) QWL. Due to the potential
partially relaxes at the junction to tH&01) QWL, as com- barrier at the intersection, the movement from 140
pared to the stric110 case far away from the junction QWL into the (001) QWL will be inhibited at low tempera-
(solid line). This effect creates an attractive potential fortures. For sufficiently small structures the holes will localize
electrons. However, the lowest potential is found in {B@1) in the (110 QWL because of the larger mass in tHgl0]
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TABLE I. Low-temperature material parameters of GaAs and

Ing ,Ga gAs used in the calculations: lattice constagt band gap

E,. average valence-band positig ,, (Ref. 14, spin-orbit split-

ting A, elastic constant€,,, C4,, andC,,, hydrostatic deforma-
tion potentialgRef. 19 for the band ga@ and the conduction band
a., shear deformation potentials[110] andd [111], relative di-
electric constant,, electron massn,, and Luttinger parameters
Y1, Y2, andys (all parameters have been taken from Ref. 19 unless

indicated otherwise

(@)
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hh

[110]

[001]

GaAs Iy 5Gay gAS

ag (nm) 0.565 33 0.5734
Eq (eV) 1.519 1.222
E, a (V) —6.92 —6.87
Ag (eV) 0.34 0.346
Cy; (10'° Pa) 12.11 11.35
Cy, (10'° Pa) 5.48 5.29
C,4 (10'° Pa) 6.04 5.62
a (eV) -8.33 —7.88
a; (eV) -7.17 —6.75

b (eV) -1.9 —-1.83
d(eV) —4.23 -4.0

& 12.53 13.36
me 0.067 0.059
" 6.85 9.42
Y2 2.1 3.36

Y3 2.9 4.18

S —
[110]
(b) I
[001]

FIG. 3. (a) Three-dimensional view of the electron afitkavy
hole parts of the excitonic wave function in &4%-nn? T-shaped
Ing .Gay gAs/GaAs QWR; the orbitals correspond to 70% probabil-
ity inside. (b) Cross section through the electron and hole orbitals in

their center along thgl10] direction.

and 5b)], the juncture has the highest potential. In ¢hel0
QWL plane [Figs. 5c) and Hd)] the potential exhibits a
small drop(about 5 meV along thg110] direction on top of

the (1100 QWL,; the lowest potential, however, is present at
the juncture of th€001) and the(1-10) quantum wells. Both
electrons and holes are repelled from the juncture, and the

direction. For the numerical modeling, anisotropic holeeffect of(compressivestrain generally counteracts the local-

massesmpp'=1/(y;~27,) and my°=2/(2y;— y,~37s)

ization of carriers in a 2CEO quantum dot. If the strain is
small, and again an asymmetfithin (001) quantum wel

(Ref. 8 have been used.
In the single-particle approximation the strained T-shaped

QWR thus represents a type-ll situation, i.e., the electron
may be confined at the intersection, but the hole is delocal-
ized from that region. Now the Coulomb interaction is taken
into account additionally. This is done in the Hartree
approximatiorf! that was also used in Ref. 7. The excitonic
wave function is approximated as the product of an electron
and a hole wave function. Each single-particle wave function
is calculated self-consistently in the Coulomb potential of the
oppositely charged particle. In this approximation the two-
particle character of the wave function that was discussed for
unstrained T-shaped QWR’s in Ref. 8 is neglected. For the
energy levels a good approximation is obtained.

In Fig. 3 the electron and heavy-hole orbitals of the exci-
tonic wave function in a & 5-nn? In, ;Ga, gAs/GaAs quan-
tum wire are shown together with two-dimensional plots of
the electron and heavy-hole probability densities. The re-
combination and localization energies of excitons in the
(001 and (110 quantum wells and in the T-shaped QWR
formed at their juncture is shown in Fig. 4 for constant
d%=4 nm and varyingd**®. For d*'®>4 nm, bound states
are found for the QWR exciton with a maximum localization

energy of 10 meV.

IV. STRAINED 2CEO QUANTUM DOTS

At the juncture of three QWL's, the stragnergyis fur-

three (001, (110 and (1-10 InyGa gAs/GaAs quantum

wells is shown in Fig. 5. In th@001) cross sectiofiFigs. 5a)
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FIG. 4. (a Exciton recombination energy in strained

Ing .Gay gAS/GaAs structures: 4-nrf001) QWL, (110 QWL with
varying thickness ¢*'9 and in 4-nnx d!'° T-shaped QWR(b)

ther relaxed. The conduction-band edge at the juncture qfocalization energy of a QWR exciton with respect to the minimum

localized.

of QWL energies. Fod®'=d!!%=4 nm, the exciton is no longer
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FIG. 5. Geometry(a) and(c)] and conduction band edgé) and(d) (colon] in meV (ES*=0) of a 2CEO I ,Ga, /As/GaAs quantum
dot; d®*=4 nm, andd'°=d*-1°=6 nm. (a) and(b) show the intersection through the center of 6@1) quantum well, andc) and(d) the
intersection through the center of ttle-10 quantum well. Dashed white lines {g) and(c) denote contours of hidden quantum wells. The
conduction-band edge iflp) has been masked to show only the value in th&m_,As.

geometry is chosen, a bound state may still form when the
kinetic quantization effects overcome the repulsive potential

due to strain effects. If the strain is sufficiently large, it domi- 0.0 : i : . :
nates, and no bound states exist for 2CEO dots. In a numeri- In. Ga. As/GaAs

0.2 0.8
cal example for a X 6X6-nnt Iny ,Ga, AS/GaAs dot, we o o d,, =
find still weakly (<3 meV) bound electrons. However, even o o
inclusion of Coulomb interaction does not lead, to the for- osk s e >nm
mation of a direct exciton in this case. ' wme==3 M

V. IMPACT OF STRAIN ON EPITAXIAL GROWTH

SAVA (%)

The previous discussion has shown that the impact of
strain on theelectronic propertiesof CEO nanostructures
does not provide a straightforward improvement of carrier
confinement compared to unstrained structures. However,
perfectly flat QWL geometry has been assumed.

Strain, however, could also impact tiggowth morphol-
ogy. Locally thicker structures could form on top of the
cleaved edge of the original QWL'’s due to strain relaxation fG. 6. Relative change of the surface unit-cell area of an
during growth. In this case carrier localization is increasedin, ,Ga, As (110 surface grown on top of the cleaved edge of a
To elucidate this point, the change of ttel0) surface unit  5-nm-thick (001) In,,Ga,gAs/GaAs QWL (indicated by vertical
cell area of an IgGa,_,As layer grown on the cleaved edge solid lineg. The position alon§001] is counted from the center of
of an InGa _,As/GaAs quantum well is shown in Fig. 6. the (001) QWL. Different curves correspond to different thick-
Along the[1-10] direction (wire direction), the InGa_,As  nesses of &flat) In,Ga, _,As layer on the(110 surface.

0 10
Position (nm})
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lattice constant is compressed to that of GaAs. Along theof effective-mass theory including excitonic and image
[001] direction the expansion of th@01) QWL introduces charge effects. As the model material, ag JBa, gAs/GaAs
tensile strain in the yGa _,As. The resulting surface unit system was used. A bound state is predictedsgmmetric
cell area directly above th®01) QWL t.hus exhibits values QWR’s at the juncture of001) and (110 quantum wells.
closer to that of bulk IgGa _As than in any other part of The (110) quantum-well width generally has to be chosen
the (110 QWL. Thus the(110 film strain can achieve & |4rger than that of thé001) quantum well. Localization en-
reduction of strain energy if matengl diffuses to the regmnergieS of up to 10 meV are expected. In compressively
above .thle(OOJ,} QV.VL' Of course, this mgchanlsm depend.sstrained 2CEO dots the strain effects generally counteract
on sufficient diffusion length under the given growth condi- carrier localization, and can prohibit the formation of bound

. . tates. The strain-induced modification of growth morphol-
in the (1-10) layer on top of the T-shaped QWR in the caseogy has been discussed.

of the growth of 2CEO dots. Similar modification of surface
strain and impact on growth kinetics has been modeled for
and experimentally observed in vertically aligned stacks of

self-ordered quantum doté:2* ACKNOWLEDGMENTS
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VI. CONCLUSION
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