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Strain and piezoelectric fields in arbitrarily oriented semiconductor heterostructures.
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In this paper, we investigate the strain and piezoelectric fields of semiconductor quantum-wire hetero-
structures. The quantum-wire structures considered here are those which are fabricated from superlat-
tices grown on a thick substrate crystal and are laterally confined by vacuum or air. The strain-tensor
components are calculated by minimization of the strain-energy density and by imposing the commen-
surability constraint at the wire/substrate interface only along the wire direction. In fact, due to the
finite lateral dimension of the structure, a relaxation of the crystal lattice perpendicular to the wire
occurs until the minimum of the strain energy is reached. A detailed study of the symmetry of the dis-
torted crystallographic unit cell as a function of the substrate orientation and the wire direction is
presented. We find that due to the anisotropic elastic lattice relaxation of the quantum wires a lower-
symmetry lattice deformation than a tetragonal one can occur also for the [001]-substrate orientation.
We show that, for zinc-blende heterostructure quantum wires, these strain fields can generate high
piezoelectric fields that can be different from zero even for the high-symmetry [001]-interface orienta-

tion.
dimensional electron gas can be produced.

I. INTRODUCTION

It is well known that strain fields, generated by the lat-
tice mismatch between different material systems of semi-
conductor heterostructures (HS’s), affect both their mi-
croscopic*? and macroscopic physical properties.’ In the
case of layered structures, which are grown pseu-
domorphically on thick substrate crystals, the elastic lat-
tice deformation is characterized by the evidence that the
in-plane lattice mismatch between film and substrate is
zero, i.e., the lattice constant of the HS’s is accommodat-
ed to the lattice parameter of the substrate in all in-plane
directions* (see paper I of this work).

Elastic-relaxation phenomena, which modify strain
fields, are observed in semiconductor structures with re-
duced spatial dimensions.>~7 In particular, lattice relaxa-
tion may play a very important role for low-dimensional
systems, such as quantum-wire superlattices (QWSL’s),
which are of great current interest due to their unique
physical properties and potential optoelectronic-device
applications. Recently, we have shown that the experi-
mentally observed strain fields>® can be accounted for by
considering the quantum-wire superlattices as an alloy
and by using the elasticity theory and the appropriate
boundary conditions.®

In this paper, the strain status of one-dimensional (1D)
HS’s with cubic symmetry, fabricated on arbitrarily
oriented thick substrate crystals with a different lattice
constant, has been determined by minimizing the strain-
energy density via the commensurability constraint (Sec.
II). In Sec. III, the lattice deformations have been calcu-
lated and analyzed as a function of the substrate orienta-
tion and the wire direction. Here, the QWSL’s are not
considered as an alloy,® but the strain fields of the indivi-
dual layers of the QWSL period are calculated. Further-
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Due to the presence of these high piezoelectric fields in quantum-wire structures, a one-

more, important differences with respect to the superlat-
tice (SL) case (reported in paper I of this work) are eluci-
dated and discussed. Finally, in Sec. IV the piezoelectric
fields generated by the strain fields are calculated and dis-
cussed. In particular, relaxation phenomena can lead to
strain-induced electric fields also for the [001] substrate
orientation, in contrast with the 2D HS’s (SL case).

II. LATTICE COMMENSURABILITY CONSTRAINT

The quantum-wire heterostructures considered here
are fabricated from SL’s that are grown on thick sub-
strate crystals [Fig. 1(a)]. After a lithographic patterning
followed by a dry or wet etching, thin parallel stripes are
obtained. The sidewalls of the quantum wires are ex-
posed to air or vacuum [Fig. 1(b)] and no lateral stress is
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FIG. 1. Schematic diagram of a superlattice (a) and a
quantum-wire heterostructure (b). The quantum-wire array is
fabricated from a superlattice, which is grown epitaxially on a
thick substrate crystal, by lithographic patterning followed by
an etching process.
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induced as may occur in regrown or embedded struc-
tures.

Now, let us consider two semiconductor materials,
both of cubic-crystal symmetry, which constitute a SL.
By reducing one lateral dimension in order to obtain a
quantum-wire structure, a relaxation of the quantum-
wire lattice occurs that modifies the strain fields.’ 8
Therefore, even if the SL has been grown coherently on
an arbitrarily oriented thick substrate crystal, after the
quantum-wire fabrication we cannot assume anymore
that the in-plane lattice constant of the wire must be the
same as for the substrate for any arbitrary direction in
the interface plane. In fact, even after the lattice defor-
mation, if no plastic deformation occurs, i.e., no genera-
tion of misfit dislocations at the wire-substrate interface,
the lattice translation vectors of each strained material
must have a common projection onto the growth plane
(lattice commensurability constraint) only along the wire
direction.® Defining the distorted lattice translation vec-
tors as introduced in paper I of this work, and by using (i)
the commensurability constraint between layers a and b
of one SL period of the QWSL for any direction in the in-
terface plane, and (ii) the commensurability condition
with the substrate lattice only along the wire direction,
we obtain the following relations:

d,ef,=d,e%,,
d,(€9,+1)=d, (€%, +1), (1)

d,(€5,+1)=d,(e5+1)=d, .

Here, the €]} are the strain-tensor components with
respect to the interface reference system x {, x5, and x4 as
shown in Fig. 2. The axis x} is directed along the wire,
while the axis x is normal to the interface between the
quantum wire and substrate. Thus, we can impose only
one further condition with respect to the free-standing SL
case (see paper I). It must be noted that, in real cases,
Egs. (1) should not be valid in the region near the inter-
face, where the coherence condition is fulfilled for all the
in-plane directions (see Fig. 2). In other words, the strain
field cannot be considered uniform everywhere in layers a
and b of the HS. However, experimental high-resolution
x-ray diffraction evidenced that in real 1D HS’s the lat-
tice deformation can be successfully described by only the
coherence boundary condition along the wire direction,
depending on the amount of the lattice mismatch and of
the height/width ratio of the wire structure.®® In this
way, the strain field can be considered uniform almost
everywhere except for a few monolayers near the inter-
face, where the strain changes gradually in order to allow
the matching of the lattice of the individual layers @ and
b of the strained HS with the lattice of the thick substrate
for all the in-plane directions. A more rigorous strain
model, which describes the elastic lattice relaxation at the
quantum-wire substrate interface as a function of the dis-
tance from the interface and the width of the wires, will
be reported elsewhere.’

III. STRAIN-FIELD CALCULATION

For the calculation of the strain fields in QWSL’s we
assume, in accordance with the experimental evi-
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FIG. 2. Schematic diagram of the elastic lattice deformation
in a strained quantum wire near the wire/substrate interface.
The elastic lattice relaxation occurs perpendicular to the wire
direction (x}), while the wire lattice is perfectly coherent with
the substrate along the wire direction (x3).

dences,>° that the lattice of layers a and b of the quantum
wires are coherent with respect to the substrate lattice
only along the wire direction. Along the interface direc-
tion perpendicular to the wire no coherence condition
with the substrate lattice (commensurability constraint) is
imposed. In order to obtain all the tensor components of
the strain fields in a quantum-wire structure, the strain
energy density U expressed as a function of €{; is mini-
mized by using the constraints given by Egs. (1).{0

The strain components are given in the matrix nota-
tion'! in order to have more compact final formulas. The
complete analytical expressions of the strain-tensor com-
ponents are reported in the Appendix. Here, we will dis-
cuss in detail the most interesting properties of the lattice
deformations. The strain field of the quantum wires
caused by the lattice mismatch [see Egs. (A1) and (A2) in
the Appendix] depends on the substrate surface orienta-
tion as well as on the wire direction. It is important to
note that, in the case of two-dimensional HS’s (superlat-
tices), as reported in paper I of this work,!” we have ob-
tained a tetragonal lattice deformation for all high-
symmetry substrate orientations, i.e., [001], [110], and
[111], since all the off-diagonal components of the strain
tensor are equal to zero. Moreover, for low-symmetry
substrate orientations the lowest-symmetry lattice defor-
mation is monoclinic, due to the isotropy of the boundary
conditions in the interface plane.

On the contrary, for lateral confined HS’s (QWSL’s)
the situation is much more complicated, even for high-
symmetry substrate orientations. In the following two
subsections, we will analyze two different cases: the first
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one concerns a 1D HS grown on the [001]-oriented sub-
strate, with an arbitrary [k10] or [1k0] wire direction;
the second one considers a 1D HS grown on an arbitrary
[kk1]- or [11k]-oriented substrate, where the wire direc-
tion is fixed along the [110] direction.

A. [k10]- and [Tk O]-oriented quantum wires
fabricated on [001]-oriented substrates

If the substrate surface is normal to the [001] direction,
we can choose the three coordinate axes {x;} as follows:
x1|I[jk0], x5||[k jO] (wire direction), and x};=[001],
where j and k are integers. In particular, in Fig. 3 the
lattice deformations for two families of quantum-wire
orientations, namely, [k10] with k integer if
057, <1/V2 and [1k0O] with k integer if
1/V2<T,, <1, are shown. The solid lines are referred
to a single laterally confined In, ,Ga, gAs layer, coherent-
ly fabricated on a thick GaAs substrate. The parameters
for the ternary compound epitaxial layer are obtained
from a linear interpolation of the parameters of the con-
stituent binary compounds as reported in Ref. 12. The
dashed lines are referred to the In, ,Ga, gAs wells of a la-
terally confined GaAs/Iny,GaygAs QWSL, coherently
fabricated on a thick GaAs substrate. The curves labeled

[K10]l¢—[T10]—> [Tk 0]
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FIG. 3. Lattice deformations for different in-plane quantum-
wire orientations: [k10] if 0<7T,,<1/V2 and [TkO] if
1/V2<T,,<1. The surface orientation is [001]. The solid
lines refer to wires made from a single In, ,Ga, gAs layer, while
the dashed lines refer to the Iny,GapgAs layers of a
GaAs/Ing ,Gag sAs QWSL, coherently fabricated on a GaAs
substrate. Curves 1 show the perpendicular component of the
lattice deformation, i.e., £, —€,3, while curves 2 show the in-
plane lattice deformation normal to the wire direction, i.e.,
€ —E11-
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by 1 show the perpendicular component of the lattice de-
formation, i.e., €y —€;3, while the curves labeled by 2
show the in-plane lattice deformation orthogonal to the
wire direction, i.e., €5, —€;;. In the QWSL case, the
thicknesses of the two layers of the SL period have been
chosen to be equal, and as the average strain depends on
the thickness ratio, it is not necessary to specify their ac-
tual values. However, the individual In, ,Ga, sAs layer
thickness and the total SL thickness should be smaller
than the critical thickness.

Clearly, the presence of the GaAs barriers reduces the
amount of the lateral relaxation of the wire lattice. In
fact, the in-plane constant of the well is closer to the sub-
strate value, due to the presence of the GaAs barriers. In
turn, this causes the absolute value of the perpendicular
lattice deformation of the HS wells (dashed curve 1) to be
greater than the correspondent value for the single-layer
case (solid curve 1). Figure 4 shows the only nontrivial
shear strain components for the In, ,Ga, gAs layer. The
solid line refers to the single-layer case and the dashed
line to the SL case. From Figs. 3 and 4 we can see that
for the single-layer case, the lattice deformation is tetrag-
onal?® for the highest-symmetry wire direction [010], since
all the shear strain components are equal to zero and
€33=€,;. In contrast, for the multilayer case, due to the
presence of the barrier layers, the highest-symmetry lat-
tice deformation for these families of wire directions is
orthorhombic. Moreover, except for the [010] and the
[110] wire directions, all the other possible geometrical
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FIG. 4. Shear strain g;, for different quantum-wire orienta-
tions: [k10] if 0<T,,<1/v2 and [1kO] if 1/V2<Tp,=<1.
The solid line refers to wires made from a single Ing ,Gag sAs
layer, while the dashed line refers to the In,,Ga, sAs layers of a
GaAs/Ing ,Gag gAs QWSL, coherently fabricated on a
GaAs(001) substrate.
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configurations for wires fabricated on a [001]-oriented
substrate lead to a monoclinic lattice deformation.

B. [110]-oriented quantum wires fabricated on [kk1]-
or [ 11k ]-oriented substrates

In this subsection we will investigate the case of a fixed
wire direction and a variable substrate orientation. If the
chosen wire direction is x5||[110], we can put x}||[kk1]
or x3||[11k]. In Fig. 5 we show the lattice deformations
for the following substrate orientations: [kk 1] with & in-
teger if 0<T;;<1/V'3 and [11k] with k integer if
1/V'3<T,;;<1. The solid lines are referred to a single
laterally confined Inj,Ga, zAs layer coherently fabricat-
ed on a thick GaAs substrate. Curve 2 shows the perpen-
dicular component of the lattice deformation, i.e.,
€, — €33, While curve 1 shows the in-plane lattice defor-
mation orthogonal to the wire direction, i.e., g5, —F ;.
The dashed lines are referred to the Iny ,Ga, gAs layers of
a laterally confined GaAs/In; ,Ga, jAs QWSL, coherent-
ly fabricated on a thick GaAs substrate. Here, we have
assumed that the GaAs and In,,Ga, gAs layers have the
same thickness. From this figure we can see that the in-
plane and the perpendicular lattice deformations are
different for any substrate orientation, except for the case
of a single well fabricated on a substrate whose orienta-
tion does not belong to the [kk 1] or the [11k] but to the
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FIG. 5. Lattice deformations for two families of substrate
orientations: [kk1] if 0<T;<1/v3 and [11k] if
1/V'3<T3; <1. The solid lines refer to wires made from a sin-
gle Ing,GaggAs layer, while the dashed lines refer to the
Ing ,Gag 3As layers of a GaAs/Ing ;Gag gAs QWSL, coherently
fabricated on a GaAs substrate. Curves 1 show the in-plane lat-
tice deformation normal to the wire direction, i.e., g4 —%j,
while curves 2 show the perpendicular component of the lattice
deformation, i.e., €4 —Ej3,
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more general [hhk] family, with A > 1. Moreover, from
Fig. 6 we see that, for the above considered HS, the non-
trivial shear strain component goes to zero only for the
high-symmetry substrate orientations [001] and [110].
Therefore, the highest possible symmetry of the deformed
lattice is orthorhombic for the [001] and [110] orienta-
tions. For any other substrate orientation the lattice unit
cell of the well becomes monoclinic after the deforma-
tion.

IV. PIEZOELECTRIC FIELDS

Zinc-blende structure semiconductors are piezoelectric
materials. Elastic strain fields can induced a polarization
as given by Eq. (14) of paper I of this work.! If we con-
sider the case where there is no external charge, we find
from the electrostatic equations that this strain-induced
polarization generates an electric field orthogonal to the
heterointerface.

In Fig. 7 we show the strain-induced electric fields in a
quantum wire made from a single In,,GaggAs layer
(curve 1) and of a GaAs/In, ,Gag gAs SL (curve 2), fabri-
cated along the generic [k10] or [1k0] direction on a
GaAs [001]-oriented substrate. Clearly, the presence of
the GaAs barrier layers, which store a part of the strain,
reduces the elastic deformation of the well lattice. Conse-
quently, the magnitude of the strain-induced electric field
is reduced with respect to the case of a single
In, ,Gag gAs layer. It can also be seen that these electric
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FIG. 6. Shear strain ;3 for two families of substrate orienta-
tions: [kk1] if 0< T3 <1/V3 and [11k] if 1/V3<STy <1.
The solid line refers to wires made from a single In;,Gag sAs
layer, while the dashed line refers to the Ing ,Ga, gAs layers of a
GaAs/Ing ,Gag gAs QWSL, coherently fabricated on a GaAs
substrate.
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FIG. 7. Strain-induced electric fields in a quantum wire made
from a single Iny,GaggAs layer (curve 1) or made from a
GaAs/In, ,Ga, gAs SL (curve 2). The wires are fabricated along
the generic [k10] or [TkO] directions on a GaAs [001]-oriented
substrate.

fields are zero for the wire direction with highest symme-
try. This result is related to the fact that for this orienta-
tion, even after the deformation, the center of symmetry
of the positive charges still coincides with that of the neg-
ative ones. In contrast, for the [110] wire orientation the
electric field reaches a pronounced maximum of the order
of 10°~107 V/m, for both the single-layer quantum wire
and the QWSL.

In Fig. 8 we show the strain-induced electric fields in
the wells of a GaAs/In, ,Ga, gAs [110]-oriented quantum
wire on a GaAs substrate (dashed line), of a
GaAs/Ing ,Ga, 3As free-standing SL (dashed-dotted line),
and of a [110]-oriented quantum wire on a GaAs sub-
strate obtained by a single In, ,Ga, 3As layer (solid line).
The electric fields are presented as a function of the direc-
tor cosine T'3; of an arbitrary interface orientation [11k]
and [kk1], where k is an integer. The most important
finding is the presence of nonzero electric fields also for
the [001] substrate orientation, due to the relaxation phe-
nomena. In summary, if we are dealing with 1D struc-
tures (quantum wires) in contrast to 2D structures (SL’s,
multilayers), even for the surface orientation with highest
symmetry, we may obtain strong piezoelectric fields
different from zero, which are comparable to the spon-
tane(}gls polarizations in weak ferroelectrics (i.e., Rochelle
salt).

V. CONCLUSIONS

In this paper, we investigated theoretically the strain
and piezoelectric fields of 1D semiconductor HS’s as a
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FIG. 8. Strain-induced electric fields as a function of an arbi-
trary interface orientation [11k] or [kk1] in the wells of a
GaAs/Ing ,Gag gAs [110]-oriented quantum wire deposited on a
GaAs substrate (dashed line), of a free-standing
GaAs/Ing ,Ga, gAs SL (dashed-dotted line) and of a [110]-
oriented wire made from a single In, ,Ga, gAs layer (solid line).

function of the heterointerface orientation. We show
that the use of elasticity theory and the appropriate
boundary conditions between wire and substrate (com-
mensurability constraint along the wire direction and
elastic lattice relaxation perpendicular to the wire direc-
tion) can lead to an orthorhombic or lower-symmetry lat-
tice deformation also for the [001] interface orientation.

For HS’s of zinc-blende structure these strain fields can
generate high piezoelectric fields that for quantum wires,
in contrast to 2D HS’s such as SL’s and multilayers, can
be different from zero even for the [001] interface orienta-
tion. These static electric fields may change the micro-
scopic band structure and have great influence on the
electronic and optical properties of the constituent ma-
terials. The presence of piezoelectric fields also for the
[001] interface orientation is of high interest, since this al-
lows one to produce a one-dimensional electron (or hole)
gas in a quantum-wire structure without the necessity of
modulation doping and is, therefore, of great importance
to the design of new devices on a nanometer scale with
similar functions as conventional modulation-doped
field-effect transistors.'*
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APPENDIX

In the following, we report on the analytical expres-
sions of the strain-tensor components that have been ob-

J
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tained by minimization of the strain-energy density and
by using the commensurability constraint given by Eqgs.
(1). The strain-tensor components € ¢ and € ! of materials
a and b, respectively, expressed in the matrix notation are
given by

a1 | 9 o Sawb(Sagh_Sadh Sboa
Ei_K "d_{(s 129 26— S 125 26)[(S {15 26 =S 165 12)€50 TS 265 12€pa ]
— —_ 2= —_ 2= _ = = — = _ = _ =
+S LS 11’25 66TS 1276S 1n—28 11723 ’2’63 16)€sq TS ges 2(SHS 1276_S i6S ?2)%{;}
+(§(112§66_§ 16§ %) §12,2(’§?18sa +§?25ba )+ =8 11725 2Esb ]
cadg Ga? ob db ob Qa
—(S 25 66— S 26) |S 22€6a +E‘S 128 |S @
Qaga S Qa Ob Ja db Sadghb Sagb
—(8 925 265165 22) | S 25 6Eba +d_(S 1S 265 16S 12)E0
QT Qa QT Qa db_b_a Sb Ga Sagb (Ta? b
(S 115 26— 5 165 12) d_S 265 1€ T8 228 {680 | TS 76S 26(S 1, —S 11522)d €sp
a a
-5 ’2’2,5_‘;'2(5* 11§ 66_5;%6)8::1 ] ’
d (A1)
b ¥ |, 5as el sba =b 5 b=p s 1
5?_K [(S 225 66— S 26) (S ?15 gz"S ?25 1172)Eba+ TS flS 1172_75 25 11 |Esp ]
a
+(S 16‘§ 26 S 12§ 66) (gfls— gz_g?zs Ifz)ssa S 58 hes ]
+(S 925 6—S 1S 26)(5325 ?6—5?25 gﬁ)sm
Sasad & © -y =3 =p = db—— [ 1 -, =
H(S 1S 265165 22) | (S 325' ?ﬁ“s ?25 gﬁ)sba +d_(s ?GS If2+S ?15 1276)8sb —75 ?25' 16€sb ]
9 <o’ = ga Sbab dy TbLTb _SbTb \((TbTa _Tagh Jagh
= (L =S 1SS S 26%[;‘"7(5 15 26— S 165 12 (S 125 26— S 125 26)€56 T8 225 26844 ] 1 »
where i={1,...,6} and
_ hadb
" hyd,
A= |2r-t5b5t 5 §b |(§e.5¢ Doy s o Ta g ga?
= |4r . 12° 26 165 22 |(S 125 26— 5 165 22) T ""d_S 1275225 11 [(85:5 66— S 26)
+ db SbYG Ta Ga? b Qa (g Ta cadg
";,:S 2608118 =8 12) =8 225 12(S16S 26— 12566 ) »
db—da
Eba= d , (AZ)
a
_ ds_da
€sa™ d ’
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Here, S i are the compliance tensor elements of the layer a= {a,b} calculated with respect to the interface reference
system, and 4, and h, are the thicknesses of layers a and b, respectively. In the Appendix of paper I of this work (Ref.
10) are reported the explicit expressions of these compliance components as a function of the stiffness tensor elements

and the transformation matrix elements T .
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