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We present expressions for the elastic and first-order piezoelectric tensor in (111)-oriented III-V zinc-blende
semiconductors. Moreover, an equation for the second-order piezoelectric polarization vector in these systems
is derived. Together these expressions provide an efficient route to calculate built-in potentials and strain fields
in (111)-oriented zinc-blende nanostructures. Our detailed analysis provides insight into the key parameters that
modify strain and built-in fields in a (111)-oriented zinc-blende system compared to a conventional (001) structure.
We show that the calculated strain field in a (111)-oriented quantum dot displays the correct C3, symmetry of the
underlying crystal structure, even though we use a continuum-based approach and the quantum dot geometry is
higher in symmetry than Cs,, e.g., Cwo,. This behavior originates from an in-plane angle dependence of certain
elastic tensor components in the (111)-zinc-blende system. In addition, we compare the elastic and the first-order
piezoelectric tensor of the (111)-zinc-blende systems with the corresponding quantities in a wurtzite structure
and point out similarities and differences. This comparison provides, for example, insight into the sign of the
shear piezoelectric coefficient e;5 in the wurtzite system, which is still under debate in the literature. Our analysis

indicates e;s < 0, in accordance with recent experimental and theoretical results.
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I. INTRODUCTION

Over the last few years semiconductor quantum dots
(QDs) have attracted considerable interest due to a variety
of reasons, " including their potential in generating entangled
photon pairs,>* which are of high interest for use in novel
quantum logical devices.’”’ In general, conventional III-V
QDs grown along the [001] direction do not allow for such
entangled photons due to a nonzero fine-structure splitting
(FSS) originating from the symmetry of the underlying zinc-
blende (ZB) lattice and the related polarization potentials.®’
Reducing this FSS using post-growth thermal and laser
annealing'®!'! is so far beyond the capabilities of industrial-
scale production mechanisms of such QDs. Singh and Bester!'?
and Schliwa et al.'> therefore focused on ZB QDs grown
on (111)-oriented substrates'*"'7 and demonstrated that these
systems, in principle, exhibit the required symmetry to achieve
a zero FSS.!® Recently grown site-controlled (111)-oriented
InGaAs-QDs are most promising candidates to achieve a
zero FSS.'"18 They exhibit a flat, tetragonal shape with an
extremely small ratio between dot height 4 and base length
b (h/b ~ 1/20).'%1819 Certainly these QD systems can, for
example, be addressed in terms of the conventional continuum
elasticity theory and k-p models that are formulated to
provide a good description of systems oriented along the
[001] axis. However, due to the structural properties of the
considered (111)-oriented ZB QDs, a high cell discretization
is required to describe strain fields, built-in potentials, and
electronic and optical properties of these large nanostructure
systems accurately. When using a (001)-oriented cell, the QD
growth axis is placed along the diagonal of the box and the
size of the supercell has to be increased considerably to avoid
numerical artifacts arising from the boundary conditions. In
this case, the (001)-based description is less than ideal, both
because of computing resource demands and also for clarity
of interpretation.
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In order to achieve higher efficiency of the calculations and
adeeper insight into the key parameters that determine the elas-
tic and polarization characteristics and finally the electronic
and optical properties of (111)-oriented ZB QDs, it can be
useful to work with a basis where the [111] direction is chosen
as one of the coordinate axes. We present here the results of
using such a basis, modifying the widely used expressions
and codes based on using the conventional (001)-oriented
continuum models by transforming to a (111)-oriented system.
Here we derive expressions for the stiffness tensor, the elastic
energy, and (first- and second-order) piezoelectric polarization
vectors in (111)-oriented ZB structures. In the framework
of continuum elasticity theory we calculate the strain and
piezoelectric fields in (111)-oriented InGaAs/GaAs QDs. We
show and discuss here that the calculated fields in these systems
exhibit a C3, symmetry even though neither the QD geometry
nor the surrounding cell exhibit this specific symmetry.

Our approach has the additional benefit to gain further
insights into some of the material parameters of c-plane
wurtzite (WZ) systems, due to structural similarities to the
(111)-oriented ZB systems. Even though the progress in
epitaxial growth over the last few years has improved the
quality of nitride-based heterostructures, some of the key
material parameters are still not well known. For example,
the sign of the shear piezoelectric coefficient e;s, which does
not contribute to the built-in field in c-plane quantum wells
but is important for QDs?>*?! and semipolar structures,? is
surrounded by controversy. For example, Refs. 23-25 predict
a positive sign, while Refs. 26-28 find a negative sign of
e1s. From our previous analysis®® of the built-in potential in
nonpolar nitride-based GaN/AIN QDs, we concluded that e;s
has to be negative to give a built-in field reduction in nonpolar
GalN/AIN QDs compared to conventional c-plane systems, as
observed experimentally.** Here, we show that by comparing
the first-order piezoelectric tensor in the (111)-ZB system to
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the tensor in the (0001)-WZ structure, this conclusion is further
supported. Beyond that, we use the ZB-WZ comparison to
point out both analogies and differences between these two
systems.

The outline of the paper is as follows. Section II provides
a detailed comparison of WZ and ZB structures, which
allows us to identify similarities and differences between
the two systems. In Sec. IIl we derive expressions for
the elastic tensor and the elastic energy in (111)-oriented
ZB systems. The findings are discussed with respect to
conventional (001)-ZB systems and (0001)-WZ structures.
The analysis is then extended to the study of strain fields
in InGaAs QDs. In Sec. IV we focus on the symmetry
adapted formulation of first- and second-order piezoelectric
polarization vectors in (111)-oriented ZB structures. The
resulting expressions are compared to WZ-like systems.
Moreover, the influence of the different contributions in the
polarization vector on the corresponding built-in potential in
(111)-oriented InGaAs QDs is presented and discussed in this
section. Finally we summarize and present our conclusions in
Sec. V.

II. COMPARISON OF WURTZITE AND
ZINC-BLENDE LATTICE

In this section, we focus our attention on the differences
and similarities of ZB and WZ crystal structures. As discussed
by Yeh ez al.! the subtle disparities in the structural properties
and the small differences in the internal energies lead to the
situation that several binary semiconductors can crystallize in
either form.

The Bravais lattice of the WZ system is hexagonal-closed-
packed (hcp), while the Bravais lattice of the ZB structure is
face-centered-cubic (fcc). The ZB structure consists of two
interpenetrating fcc lattices, each with one type of atom, offset
by one-quarter of the distance of a body diagonal, while
the WZ structure can be thought of as two interpenetrating
hcp lattices offset along the ¢ axis by 5/8 of the cell
height (5¢/8).

The differences of the two systems is best understood when
looking at the ZB structure along the [111] direction and at
the WZ system along the ¢ axis ([0001] direction). This is
schematically shown in Figs. 1(a) and 1(b), respectively. Here,
we find that the ZB and WZ structures look very similar
and layers of atoms are arranged in regular hexagons. This
hexagonal symmetry of the atoms within each layer leads to
a C3, symmetry for both ZB as well as WZ systems. Even
though the atoms are identical within each layer, and the layers
alternate between anions and cations, the structures show a
different layer stacking sequence along the [111] direction.
The stacking sequence for WZ is ABABAB ..., while for
ZB it is ABCABCABC.... These stacking sequences are
referred to as the dihedral conformation,’! which is said to
be staggered for ZB and eclipsed for WZ [cf. Figs. 1(c) and
1(d), respectively]. In both crystal structures, the bonding of
the nearest-neighbor atoms has a tetrahedral symmetry. The
nearest-neighbor environment is therefore identical in the two
structures. Nine of the twelve second nearest neighbors are also
in identical positions. The other three second nearest neighbors
are rotated by 7 /3 ZB with respect to their position in WZ.

PHYSICAL REVIEW B 84, 125312 (2011)

Wurtzit}e Zinc-blende

(¢)

FIG. 1. (Color online) (a) Wurtzite and (b) zinc-blende crystal
structures. In the wurtzite structure the ¢ axis is pointing along the
z direction while the z direction in the zinc-blende system shown
is parallel to the [111] direction. The “eclipsed” and “staggered”
dihedral conformations for wurtzite and zinc-blende are displayed in
(c) and (d), respectively. The top view of c-plane wurtzite and (111)-
oriented zinc-blende, indicating the layer to layer stacking along these
directions, is shown in (e) and (f), respectively.

The differences between ZB and WZ are therefore only minor
up to second nearest neighbors, and only become more marked
for third and more distant neighbors. Due to these structural
similarities, the transferability of parameters between the two
polytypes is expected to be valid.

To gain further useful insights in the similarities and
differences of WZ and ZB systems we focus in a second step
on the point groups of the two polytypes. The point group of
ZB semiconductors is 7; and contains 24 elements.>> These
elements include the identity, eight rotations of 2w /3 (C3)
about [£1,£1,41], and three rotations of 7= (C,) about the
three mutually perpendicular crystallographic axes. Moreover,
there are six improper rotations of +m/2 (S4) and six
reflections which leave the crystal invariant.’?

The point group of a WZ crystal is Cg,.*> This group has 12
elements which leave the crystal invariant. These elements are
the identity, rotations of 2 /3 (C3) around the c axis, three
reflections in the vertical planes that contain the ¢ axis and the
reciprocal-lattice vectors, and six rotations, each followed by
a translation of [0,0,c/2].3? Note also that inversion is not a
symmetry operation.
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If we focus our attention now on the description of ZB and
WZ nanostructures, these symmetries will be further reduced.
In the case of conventional (001)-oriented III-V ZB semicon-
ductors (InAs/GaAs) the T, point group symmetry is reduced
to C,, in realistic QD geometries,**** since the rotoinversion
(S4) is no longer a symmetry operation which leaves the system
invariant. This reduction in symmetry gives rise to a significant
FSS in (001)-oriented InGaAs/GaAs QDs.”!2

In the case of (0001)-WZ QDs with realistic shapes
(hexagonal truncated pyramids,* lens-shaped structures®®) the
Ce, point group symmetry is reduced to C3,, lacking the six
rotations that are followed by a translation of [0,0,c/2].3* As
discussed by Singh et al.,'”> QD structures with perfect Cs,
symmetry forbid a FSS.

When growing InGaAs/GaAs on (111)-oriented substrates,
following our discussion above, one is also left with the
same C3, symmetry, explaining the recently measured'”-'® and
calculated'>'3 vanishing FSS in these systems.

III. STRAIN FIELD IN QUANTUM DOT STRUCTURES

The aim of this section is to provide expressions for
the stiffness (elastic) tensor and the elastic energy in (111)-
oriented ZB systems, using a basis where the (111) direction
is chosen as one of the coordinate axes. In the framework of
a continuum-based approach, this then allows for an efficient
calculation of the strain field in such a system. Furthermore,
we will point out both the similarities and differences between
the strain field in a (111)-oriented ZB QD and an otherwise
identical c-plane WZ QD.

In semiconductor heterostructures, the lattice constant is
position dependent. The total elastic energy of the system is
given in a second-order continuum elasticity formulation by>’

1%
F = B ,-,-Zkz Cijri€ij€n, (1)

where V is the total volume of the system, ¢;; denotes the
different components of the strain tensor, while C;jx; are the
components of the stiffness tensor. The indices i, j,k,l run
over the spatial coordinates x, y, and z. Note that €;;(r)
and C;jy(r) are coordinate dependent for heterostructures.

The strain tensor components ¢;; are commonly written
38,39
as”®

€;(r) = €5(r) + €;(r), )

where e?j(r) is the local intrinsic strain and e;‘j(r) denotes local
strain arising from the displacement field u(r). The local strain
tensor components e;‘j (r) are defined by*’

u _1 ou;(r)  du;(r)
E[j(r)_2< 8x_,- + 8x,~ ) (3)

For a given structure, the elastic energy F, Eq. (1), is
minimized with respect to the displacement vector field u.?®
Once the displacement field is known at each point, the position
dependent strain field can be obtained from Eq. (3).

This continuum-based approach to calculate the strain
field in a heterostructure does not capture the underlying
atomistic structure. As discussed in detail in Ref. 40, in the
framework of a continuum-based scheme the symmetry of a
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pyramidal-shaped (001)-oriented InAs/GaAs QD is Cy,, while
an atomistic calculation gives the correct C,, symmetry.3+
Reference 40 illustrates this artificial reduction of the system’s
symmetry for this specific QD, where a continuum elasticity
model yields equal strains along the [110] and the [110]
directions, that are found to be different when employing an
atomistic model, where the correct symmetry of the system
is reproduced. However, since our main focus is on (111)-
oriented ZB structures, we will show that in this case the
continuum ansatz is sufficient to capture the correct symmetry
of the system, namely the C3, symmetry.

To analyze differences and similarities in the elastic
properties of ZB and WZ systems we proceed in the following
way: In Secs. III A and III B we briefly revisit the elastic tensor
and the elastic energy of conventional (001)-ZB and (0001)-
WZ systems, respectively. Expression for these quantities in
(111)-oriented ZB systems are then derived and analyzed in
Sec. III C.

A. Stiffness tensor and elastic energy in (001)-oriented
zinc-blende structures

In (001)-oriented ZB structures one is left with only
three independent elastic constants, which are given in Voigt
notation as Ci111 = Ci1, Ci122 = Ci2, and Ciz12 = Cy4. The
stiffness tensor C (20%1 ) takes the form*'

Cp Cn Cpp O

Cp Cnp Ci O

Co=]lo 0 0 cu 0
0 0 0 0 Cy4q O
0 0 0 0 0 Cyu

S O O

“

o O O O

According to Eq. (1) the elastic energy FZ(%OI) in a ZB structure
using the standard coordinate system then reads

\%
Fé%m) = E [C]] (6121 + E%z + 653) 4+ 2Ca(€11€2 + €11€33

+ exness) +4Culer, + €53 + €33)] - ®)

The local intrinsic strain e?j in a QD system is then given by

G?j = 8,] |:aB — a(r)] . (6)

a(r)

Here, ap is the lattice constant of the barrier material. The
position dependent lattice constant a(r) is the lattice constant
of the nanostructure material if r lies inside the nanostructure,
otherwise a(r) = ap.

B. Stiffness tensor and elastic energy in (0001)-oriented
wurtzite structures

In (0001)-oriented WZ structures, one is left with five
independent elastic constants, namely C\\%, = C}V,\i, CH% =
WZ ~WZ WZ ~WZ Wz Z 7
C3% Cliy, = €%, Ciss = €3 and Chp; = €y and the
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stiffness tensor takes the form:*!

wocy ocy 0 000
wocy oy 0 00

W _|CFcr a0 00

@v=1lo0 0 0 C¥ 0 0

0O 0 0 0 Ccy o
o 0 0 0 0 cC¥

with C% = L(C}¥ — C}%) and where the z axis is chosen
along the [0001], ¢ axis, direction. From Eq. (1), the elastic
energy F%D in a WZ system is then given by

V WZ WZ WZ

FOPD = 5 [Ch (€1, + €3,) + Cifeqs +2C T enen
+2C Y ess(en1 + €22) + ACYE (€5 + €33)
+2(CYY - ClY)ets ] ®)

For a WZ nanostructure embedded in a WZ matrix of a
different material with lattice constants ap and cp, the local
intrinsic strain e?j is given by

ag — a(r) cg — c(r)
€l = (8 — 81383 [BQT} + 81383 [BCT} :
©)

The position dependent lattice constant a(r) [c(r)] is the lattice
constant of the nanostructure material if r lies inside the
nanostructure, otherwise a(r) = ag [c¢(r) = cp].

C. Stiffness tensor and elastic energy in (111)-oriented
zinc-blende structures

The stiffness tensor for an arbitrary basis vector orientation
can be obtained using a rotation matrix of the form

cosfcos¢ cosfsing —sinf
U= —sin¢ cos ¢ 0 . (10)
sinfcos¢ sinfsing cosb

The rotation with the Euler angles, as shown in Fig. 2,
transforms vectors and tensors from (x,y,z) to (x',y’,z)
coordinates via the expressions®

P/ =" UyPa. (11
€, =Y UaUjpéap., (12)
a.B
= Z UiaUjgUpy UisCupys, (13)
o, B,7,0

where i, j,k,l,o,8,y,6 = 1,23 =x,y,2.
Here, to obtain the (111)-oriented ZB stiffness ten-
sor C(Zﬁl), we substitute cosf = 1/«/5, sinf = 4/2/3, and
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FIG. 2. (Color online) Configuration of the coordinate system
(x',y',2') in (hkl)-oriented crystals. The growth axis z’ is normal to
the substrate surface (kkl). The coordinate system (x,y,z) denotes
the primary crystallographic axes. The Euler angles 6 and ¢ are the
polar azimuthal angles of the direction 7z’ in terms of the (x,y,z)
coordinates.

cos¢ =sing = 1/«/5 into Eq. (10) and use Eq. (13) to rotate
C(%Bfn) to the (111)-oriented coordinate system. This yields

il {2 13 0 CiS 0
i2 il i3 0 _CiS 0
cm _|Cs i o000
i 0 0 0 C, 0 —Ci
Cis =Cis 0 0  Cy 0

0 0 0 —C 0 C
(14)
with
, 1
= E(C” + C12) + Cus,
7 3 /7 1 ! 7
C33=§ 11_5 12_C44,
Cl, = 1(C Cpp) + 1C
u=3(Cn 12) + 3 Ca
o 1
= E(CII +5C12) — §C44, (15)
’ l / 3 / /
B3T3 11+§C12+C44»
7 1 7 1 ! 7
15— ﬁ 1= ECIZ - «/§C44,

’ 1 ! !
Ceo = E(Cu —Ch).

Similarly to the (001)-ZB system we are left with three
independent elastic constants. These expressions are equiv-
alent to the results found by Martin*® and used in Ref. 47
to calculate elastic constants of cubic III-N semiconductors.
In order to study how the subtle differences, discussed in
Sec. II, of WZ and ZB structures affect the transferability
of parameters between those two systems, we focus in a first
step on the elastic constants. Here, we calculate the elastic
constants C! ; in the (111)-ZB system from the (001)-ZB ones,
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TABLE L. Elastic constants C;; for InN, GaN and AIN. The values for the elastic constants in (111)-oriented zinc-blende system [(111)-ZB]

are calculated according to Egs. (15).

InN GaN AIN

001)-ZB  (111)-ZB  (0001)-WZ  (001)-ZB  (111)-ZB  (0001)-WZ  (001)-ZB  (111>-ZB  (0001)-WZ
Cy, (GPa) 185 226 223, 227¢ 2972 367 390,> 347¢ 3142 393 396.° 390¢
C3; (GPa) 240 224, 245¢ 388 398.P 396° 419 373,> 375¢
Cy4 (GPa) 80 53 48,0 52¢ 154# 108 105.,> 99¢ 2002 105 116, 127¢
Ces (GPa) 67 54,p 55¢ 132 123.> 104¢ 131 130,° 129¢
C1, (GPa) 107* 93 115, 118¢ 126* 103 145,> 139¢ 157 131 137,> 133¢
C13 (GPa) 80 92.P 98¢ 80 106,> 105¢ 105 108.,° 103¢
Ci5 (GPa) 19 73 37

4Reference 42.
bReference 43.
‘Reference 44.

Cij, using Egs. (15). The values for the ZB elastic constants
Ci;j of cubic GaN, AIN, and InN are taken from Ref. 42.
The resulting elastic constants C;; are compared to literature
values of WZ GaN, AIN, and InN in Table I. We find that
the agreement between the calculated (111)-ZB values and
the values taken from the literature for the WZ system is
surprisingly good for the diagonal components C;; in InN and
GaN. The agreement is still acceptable for the off-diagonal
terms C|, and Cy3 in these systems. The agreement is also very
good for four of the elastic constants in AIN, and acceptable
for the remaining two constants, C33 and Ca4. Therefore since
the overall agreement is good, this further suggests that the
(111)-ZB approximation for the WZ parameters is a reasonable
assumption. The major difference between the two systems
in terms of elastic constants is the contribution C{5, which
is missing in a (0001)-oriented WZ structure. We show in the
Appendix that this additional elastic tensor component exhibits
a threefold (Cs,) symmetry. This C3, symmetry becomes
visible when calculating the strain tensor components ¢;; in
a (111)-oriented ZB QD structure. Using Eq. (1), the elastic

energy Fég“) in the (111)-oriented ZB system is given by

\% ) )
Fz(%gll) — 5 [ 11(6121 + 6%2) + C336§3 + 2C12611622
+2C 5€33(€11 + €2) +4Ch, (€13 + €3;)

+2(C}y — Cra)ed, +4C)sers(ers — €2)

—8C15612623] . (16)

The major difference in this expression compared to that
for the elastic energy of a WZ system, Eq. (8), arises from
the terms related to Cj5. By minimizing the elastic energy
with respect to the displacement vector field u(r) and using
Eq. (3), we obtain the corresponding strain tensor components
€;j. As a model system we have chosen here a lens-shaped
QD, which exhibits a Cy, symmetry. Hence the symmetry
of the strain field is determined by the symmetry properties
of the elastic tensor. In the case of a lens-shaped (001)-ZB
QD or (0001)-WZ QD the elastic constants C;; do not show
any angle dependence in the growth plane. Consequently, the
continuum-based strain field “sees” the QD shape only. If we
neglect the C/5 terms in the elastic energy Fg};”, Eq. (16),

of the (111)-oriented ZB system, we are left with the elastic
energy of a c-plane WZ system, Eq. (8). To study the influence
of the Ci 5 terms on the strain field, we have compared the
results of the WZ-like approximation with those obtained from
Eq. (16), taking C|, terms into account. As a model system
we have chosen a lens-shaped Ing 35Gag s As/GaAs QD with
a base length of 13 nm and a height of 3 nm. All calculations
were performed using the S/PHI/nX software library.**->° The
relevant material parameters are summarized in Table II. The
calculated hydrostatic strain, Tr(e), in the x—y plane, 0.5 nm
above the QD base, is shown in Fig. 3. The lower half of the
figure displays Tr(e) in the WZ-like approximation (C|5 = 0)
while the upper half shows the results from the full calculation
(Cis # 0). As expected from our discussion above, the WZ-
like approximation leads to a strain field that exhibits a Cu,
symmetry, since the chosen QD geometry has this symmetry.
This has to be contrasted with the calculated hydrostatic strain
obtained from the complete (111)-ZB expression for the elastic
energy, Eq. (16), shown in the upper half of Fig. 3. Since
the elastic tensor C(Zﬁl) has an in-plane angle dependence,
Tr(e) exhibits a Cz, symmetry, even though we are using
a classic harmonic continuum-elasticity approach. Note that
Tr(e) is shown in Fig. 3 for the same contour lines. It can

TABLE II. Material parameters for InAs and GaAs.

GaAs InAs
a(A) 5.6503* 6.0553*
Cy; (GPa) 118.8° 83.3%
Cy, (GPa) 53.8° 45.3°
Cy4 (GPa) 59.4° 39.6°
€, 13.18° 14.6°
e14 (C/m?) —0.230¢ —0.115¢
B4 (C/m?) —0.4394 —0.5314
Bios (C/m?) —3.765¢ —4.076¢
Bis6 (C/m?) —0.492¢ —0.120¢
A, (C/m?) —2.656 —2.894
A, (C/m?) +2.217 +2.363

4Reference 51.
bReference 52.
‘Reference 53.
dReference 54.
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FIG. 3. (Color online) Contour plots of the hydrostatic strain
[Tr(e)] in (111)-oriented lens-shaped Ing 35Gag 65 As/GaAs QDs. The
lens-shaped QD has a base length of b = 13 nm and height of 7 = 3
nm. The lower half shows Tr(e) in the WZ-like approximation,
neglecting C/5 contributions in the elastic energy FZ(%;”), Eq. (16),
while the upper half displays Tr(e) calculated from Eq. (16) including
C|5 contributions.

be seen that the WZ-like description gives almost the same
hydrostatic strain in and around the QD structure as the full
(Cis #0) (111)-ZB description. Only in regions of small
strain, Tr(e) < 1%, differences become more visible, but are
still relatively small. Hence for this archetypal dot shape we
find that there is little difference in the hydrostatic strain
behavior between the WZ-like and full ZB cases.

IV. POLARIZATION FIELDS IN SEMICONDUCTOR
NANOSTRUCTURES

Under applied stress, semiconductor materials with a lack of
inversion symmetry show an electric polarization dependent on
the applied stress.> This strain-induced polarization, referred
to as the piezoelectric polarization, is described in general
by the first-order piezoelectric tensor e;;; (linear regime)
plus possible higher-order terms, e.g., quadratic contributions
Bijtim, which are connected to the polarization vector P, via
the strain state of the system:>

1
Py = ZeijkEjk T3 Z Bijkiméjk€im +--- . (17)
Jjk jkim

Converting from tensor representation to matrix notation, the
linear contribution in Eq. (17) takes the form

€11

€22
Pz x el e ez €4 es e .

33
Py | =|en en ex eu exs ex 2e

3
Py ; e31 exn €33 ey €35 €3

2613

2612

(18)

In contrast to the ZB system, the total polarization vector
P, in semiconductors with a WZ crystal structure arises from
two contributions: the strain-related piezoelectric contribution
P, discussed above and the spontaneous polarization Pg,.%’
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The spontaneous polarization originates from the lack of
inversion symmetry along the ¢ axis ([0001] direction) in a
WZ lattice.”® Because of the crystal symmetry, Py, is a constant
vector oriented along the ¢ axis.

The charge density p, arising from the polarization Py is
given by

pp(r) = =V - P 19)

The corresponding electrostatic built-in potential ¢, is found,
in the absence of external charges, by solving the Maxwell
equation

V-D=0, (20)
where the displacement vector D is given by

D= —808s(l‘)v¢p + Pyt (21)

The material dependent dielectric constant is denoted by &,(r)
and Py is the total polarization vector of the system under
consideration.

Please note that, in the present work, we focus our
discussion on a non-self-consistent calculation of strain and
piezoelectric potentials, i.e., we neglect the electric-field in-
fluence on the elastic energy in Eq. (1). This coupling between
piezoelectric potentials and strain was previously found to have
a strong influence on the strength of the piezoelectric potential
in GaN/AIN-quantum wells (QWs),”® but did not induce
significant modifications in Ing,GaggN/GaN QWs® and, in
particular, this self-consistent approach induces only minor,
quantitative modifications in ZB In,Ga;_ As systems,’* which
are the main subject of the present work. Moreover, as both
the elastic tensor and the piezoelectric potential reflect a Cs,
symmetry, we do not expect the electromechanical coupling
to induce qualitative, i.e., symmetry-breaking modifications.
Furthermore, the aim of this work is to provide expres-
sions/equations that allow for an efficient calculation of strain
and built-in fields in (111)-oriented ZB heterostructures, rather
than describing these systems quantitatively in all details.
Therefore expanding our formulation of the elastic energy
and the piezoelectric potentials to a self-consistent model that
includes electromechanical coupling is beyond the scope of
the present work.

A. First- and second-order piezoelectric polarization in
(001)-zinc-blende structures

For (001)-oriented ZB crystals, the only nonvanishing
coefficients in the piezoelectric tensor e(zo%l), Eq. (18), are

€14 = e35 = ezq. Therefore e(zo%l) reads

0 0 O €14 0 0
oo =10 0 0 0 ey 0], (22)
0O 0 0 0 0 €14

and the first-order piezoelectric polarization vector (D0 is
given by

€23
POODFO =21 €1 | (23)
€12
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Measurements of piezoelectric fields in (111)-grown In-
GaAs/GaAs QWs®' -9 indicated a nonlinear behavior of the
piezoelectric polarization with increasing In concentration
and therefore higher strains. Bester et al.>* introduced and
calculated second-order piezoelectric coefficients Bj,g (Voigt
notation), Eq. (17), to explain these effects. Lepkowski®*
performed calculations (neglecting In segregation) on multiple
InGaAs QWs, and found when using the approach introduced
by Bester et al. a built-in field of 166 kV/cm. This value is
in good agreement with the measured value of 165 kV/cm,%
which, however, has been extracted from the measurements
using a linear theory. Therefore the drawn conclusion is
not necessarily conclusive. Migliorato et al.®® proposed a
different scheme to take nonlinearity effects into account. In
this scheme, the linear piezoelectric coefficient ey4 is strain
dependent, leading to a good agreement with the experimental
data provided.®® Furthermore, Migliorato et al.®® showed
also that the second-order contributions introduced by Bester
et al>* should give a piezoelectric field of 80 kV/cm and
not 166 kV/cm as obtained in Ref. 64. A similar discussion
of these issues is also given in the recent review article by
Lew Yan Voon and Willatzen.®” Given the disagreement on
the theoretical description of nonlinear effects in piezoelectric
fields, further theoretical and experimental work is required.
This issue is beyond the scope of the present work. Since
the approach of introducing second-order piezoelectric coeffi-
cients Bjqp has been widely used,'!364%8-72 the aim here is to
provide an expression for the second-order piezoelectric vector
in a (111)-oriented ZB system based on Eq. (17). Such an
expression facilitates then numerically efficient calculations.

In the case of a (001)-ZB system, the second-order
piezoelectric tensor Bj,g has 24 nonzero elements, which
can be reduced to three independent elements Bj4, B4, and
Bi56.°° In order to partially simplify the transformation to the
(111)-oriented ZB system, we write the second-order terms in
amodified form, involving hydrostatic and biaxial strain terms.
The modified polarization vector PCD-SO due to second-order
piezoelectricity is obtained from Eq. (17) as

Tr(e)exs €B.x €23
POYDSO =24, | Tr(e)ers | + 24| €,y €13
Tr(e)ern €z €12
€13€12
+4Bis6 | €x€12 |, (24)
€23€13

with A1 = %3114 + %3124 and A2 = §B114 — %3124. The
A; term is related to the hydrostatic strain, Tr(e) = €;; +
€2 + €33, while the A, contribution is linked to the biax-
ial strain components € = €11 — (1/2)(€x + €33), €5,y =
€0 — (1/2)(e11 + €33),and € ; = €33 — (1/2)(€2 + €11). The
contribution arising from Bjss is given by products of
shear strain components. Surprisingly, when looking at the
coefficients A; and A,, we find here that these coefficients are
almost identical in magnitude (cf. Table II) even though they
are related to very different strain states of the system. The
similar magnitude of the second-order piezoelectric response
to hydrostatic and biaxial strain is not obvious and merits
further investigation.

PHYSICAL REVIEW B 84, 125312 (2011)

We note also that the biaxial strain terms €p;, will, by
symmetry, be equal to zero along the central [111] axis,
while the hydrostatic strain, Tr(e) will be large inside the
dot, and relatively small outside the dot. We can therefore
expect, if A| and A, are of comparable magnitude, that the A,
terms will make the greatest contribution to the corresponding
second-order piezoelectric potential along the central axis
of a symmetric dot. We shall see below that this is indeed
the case.

B. Piezoelectric and spontaneous polarization in
(0001)-wurtzite structures

In a system with a WZ crystal structure there are three
independent piezoelectric coefficients e;s, €31, and e33 in the
first-order piezoelectric tensor e(v(\)fozo 1y» Eq. (18). To distinguish
the piezoelectric coefficients of the WZ system from the ZB
ones, we indicate the WZ system by a tilde, e.g., é;5, €31, and
é33. In the WZ system e(\g&l) is given by

0 0 0 0 &s 0
eoon=|0 0 0 &s 0 0f. (25)

€31 €31 €33 0 0 0

The first-order piezoelectric polarization vector PY*FO is
given by

2e;5€13

2515623 . (26)
&1(€11 + €22) + €33€33

WZ,FO _
P =

The spontaneous polarization vector Py, is a constant vector
along the ¢ axis (z direction), Py, = Pyye., where e; is the
unit vector along the z direction and Py, is a material specific
constant.

So far, second-order coefficients B;qg for the piezoelectric
polarization in WZ semiconductors have not been reported
in the literature. Therefore the present analysis is restricted
to the contributions of the first-order piezoelectricity and the
spontaneous polarization.

C. First-order piezoelectric polarization in
(111)-zinc-blende structures

To derive expressions for the first-order piezoelectric
polarization vector P{!"FO, we proceed in the following
way. Using the transformation matrix U from Eq. (10), the
components e, ;i of the first-order piezoelectric tensor e(zﬁl)
are obtained from the components e;;; of the piezoelectric
tensor efg,, via

el =Y UiaUjpUsyCupy -
By

In Voigt notation, this transformation gives

€p en 00 ¢5 0
efy=10 0 0 €5 0 €| @

125312-7
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FIG. 4. (Color online) Ratio of the GaN piezoelectric coefficients
(a) &33/€31 and (b) &3, /€,5. Our prediction, obtained from the (111)-ZB
system, is given by the (red) solid line.

— I
with 311 = —fel4, e, = f€14, 615 =e) = — 5614 and
ey = [614 Bernardini ef al.>’ derived the same expressions

for ¢}, and €}, . It was argued by the same authors that the direct
comparison of the (111)-ZB system and the (0001)-WZ system
is meaningful for two reasons: First, the possible deviations
from the ideal WZ structure do not influence significantly the
polarization derivatives (e.g., the piezoelectric coefficients),>’
and second, Dal Corso et al.”’ showed that in polytypical
systems the values of the piezoelectric constants in the two
competing structures agree within a few percent. Therefore
we use the results obtained from the (111)-ZB system to gain
insights into the piezoelectric coefficients of the WZ system.
Figure 4 shows the ratios é33/é3; and é3; /&5 for different sets
of literature values for GaN, while Figs. 5 and 6 display these
ratios for parameters sets for InN and AIN, respectively.®?
When looking at the ratio &33/&3; we find that the agreement
between the (111)-ZB approximation and the ratio calculated
from the WZ literature values is very good for GaN and InN
[cf. Figs. 4(a) and 5(a)]. This holds also for the ratio &3, /&5, as
long as the literature value for é;5 is negative [cf. Figs. 4(b) and
5(b)]. The agreement for the AIN system is less good, but still
admissible for é33/é3; [cf. Fig. 6(a)]. The same is true for the
ratio &3 /€5 if €15 < 0, as shown in Fig. 6(b). The difference
between AIN and the other two systems is that AIN exhibits a
considerably larger crystal-field splitting than GaN and InN.*3
Furthermore, the crystal-field splitting is negative in the AIN
system. To describe the crystal-field splittings accurately in
the WZ system, interactions up to third nearest neighbors have
to be taken into account, as discussed in detail in Ref. 83. The
approach chosen here for the comparison between (111)-ZB
and (0001)-WZ, however, assumes that these contributions are

O Ref 57 “
1 X Ref 78 1 A4
— + Ref 74| 1o O et o1
o0 —~ of 24
© 0 * Ref 58] 10 O ¢
\’0 8 Ret 77 \,—< V Ref 43
. of 7
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x
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- < Ref 44] -
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FIG. 5. (Color online) Ratio of the InN piezoelectric coefficients
(a) &33/€31 and (b) €3, /€,5. Our prediction, obtained from the (111)-ZB
system, is given by the (red) solid line.

FIG. 6. (Color online) Ratio of the AIN piezoelectric coefficients
(a) é33/&3; and (b) &3;/&;5. Our prediction, obtained from the (111)-
ZB system, is given by the (red) solid line. In Ref. 81 only the
piezoelectric strain/modulus component d5; was reported. We have
used d33 = —2d5; to determine d3; as suggested by the same authors.

negligible. Therefore this might explain why we find a better
agreement between the (111)-ZB predictions and the ratios
calculated from literature WZ values for GaN and InN than
for AIN.

After this discussion on the general structure of the piezo-
electric tensor we focus now on the related first-order built-in
potential, investigating the effects of the differences in the
strain and polarization vector components in a (111)-oriented
7B structure compared to an equivalent wurtzite system.

Comparing e(zﬁ 1y» Eq. (27), with the piezoelectric tensor
elo1) Eq. (25), we observe that the lower symmetry of the
(111)-ZB system (C3, symmetry), with respect to the WZ
crystal structure (Cq, symmetry), leads to additional terms
in e(Zﬁl). Consequently, these contributions will also modify
the first-order polarization vector P{,'"""C. When calculating

szl D-FO from

(111),FO
P! Z €€y (28)
we obtain
/ / / ’ ’
2¢|5€)5 epi(€qy — €3)
(111),FO __ o ro
P, = 2¢|5€p3 + 2e),5€1, ,
/ ! ! / 7
e31(€]) + €x) + e33€3; 0
(29)

where €/ ; denote the strain tensor components in the (111)-ZB
system.

We turn now to investigate the influence of the additional
terms in the elastic energy, Eq. (16), and the piezoelectric
tensor, Eq. (27), respectively, on the first-order built-in poten-
tial qbgo in a (111)-oriented InGaAs/GaAs QD as compared
to an equivalent WZ-like structure. As model system we
choose again a lens-shaped Ing35GaggsAs QD with a base
length of 13 nm and a height of 3 nm. To systematically
study the different contributions to ¢f°, we start in a first
step with a WZ-like approximation. To this end, we neglect
the additional terms e}, and e, in the piezoelectric tensor
e(m), Eq. (27), and the off-diagonal term C|; in the stiffness
tensor C(m), Eq. (14). In other words, we are left with a
polarization vector equivalent to the WZ polarization vector
P20 given in Eq. (26) and the strain field arising from
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Strain
WZ (111)-ZB

Polarization vector

FIG. 7. (Color online) Comparison of the piezoelectric built-
in potentials (first order) ¢ in a (111)-oriented lens-shaped
InGaAs/GaAs for different levels of approximation. (a) WZ-like
approximation (C|5 =0, e}, = e}, =0), (b) shows the result for
C)s #0but e}, = e}, =0, (c) displays ¢ for Cjs =0 but e}, # 0
and e}, # 0, and (d) is the full calculation (C}5 # 0, €}, # 0,e}, # 0).
The red (dark gray) and yellow (light gray) isosurfaces correspond to
+4 mV and —4 mV, respectively.

the elastic energy equivalent to F\&‘}g‘)” in Eq. (8). Note that
even though we use here the WZ-like approximation, the
required elastic constants and piezoelectric coefficients are
calculated from the cubic InAs and GaAs ones via Egs. (15)
and the expressions below Eq. (27). The built-in potential in

this WZ-like approximation is denoted by ¢5" *"*, and is

shown in Fig. 7(a). As expected, ¢ P~ is equivalent to

the piezoelectric built-in potential in WZ nitride-based QDs
grown along the polar ¢ axis.?*®* The major difference between
the built-in potential in the WZ-like approximation for the
(111)-ZB InGaAs/GaAs system and a real III-N WZ system
is that the potential drop along the growth direction is much
larger in a realistic nitride system. This is linked to the fact
that first the piezoelectric coefficients in the nitride system
are several times larger compared to the “conventional” II-V
systems and second that the total polarization also includes the
spontaneous polarization contribution in the WZ system.
In a second step we study the impact of the strain field on the
first-order built-in potential. Figure 7(b) shows the potential
;ZBPWZ, taking the full stiffness tensor C(le?l), Eq. (14), and
therefore the strain field originating from the elastic energy
Fg;l), Eq. (16), into account. For the polarization vector we
still apply the WZ-like approximation, Eq. (26). The calculated
#BPWZ exhibits a Cs, symmetry instead of the Co, symmetry
as observed in the WZ-approximation [cf. Fig. 7(a)]. However,
the potential drop along the growth direction is unchanged by
the change in the strain-field symmetry, as can be inferred
from Fig. 8. Furthermore, one finds that even though the

PHYSICAL REVIEW B 84, 125312 (2011)
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FIG. 8. (Color online) Electrostatic built-in potential quO for
a line scan through the center of a (111)-oriented lens-shaped
InGaAs/GaAs QD along the [111] direction for different levels of
approximation. The WZ-like approximation (C|5; = 0, e}, = e}, = 0)
is denoted by ¢¢VPV%, while ¢”*P"* shows the result for C{5 # 0
but e}, = e}, = 0. The resulting built-in potential for C|5; = 0 but
e}, #0 and e}, # 0 is given by ¢°V?P?B and the full calculation
(Cis # 0, €}; # 0,e, # 0) by @758,

strain field is obtained from the elastic energy Fz(}gn) given

by Eq. (16), which leads to a Cs, symmetry in ¢ " ~, inside
the QD 5"V is still very similar to ¢ >~ in the WZ-like
approximation. This is shown in Fig. 9(a) for a contour

plot of the built-in potential at the base of the lens-shaped

Ing35Gag e5As QD. The lower half shows q);WZpWZ while the

upper half depicts ¢35 """~ based on the correct (111)-ZB
strain field. The main differences between the two results starts
to appear at the boundaries of the nanostructure. All in all, these
results indicate that the actual symmetry of the strain field, for
example C,, instead of Cs,, is only of secondary importance
for the shape and the magnitude of the built-in potential inside
the QD. Strain calculations for WZ nanostructures, based on
harmonic continuum elasticity, should therefore be sufficient to
gain insights in the behavior and the shape of the corresponding
built-in potentials, even though the correct C3, symmetry is
not taken into account. Furthermore, when calculating the
electronic structure of WZ nitride QDs, the single-particle

r

-10 -5 0 5 10 15
x (nm)

(a)

FIG. 9. (Color online) Contour plot of the first-order built-in
potential ¢7° in the x-y plane, (111)-plane, at the base of lens-
shaped (111)-oriented InGaAs/GaAs QD for different levels of
approximation. The lower half in (a) shows ¢<V?*"Z while the upper
half displays ¢$”*""*. In (b) the lower half depicts ¢5"**”® and the
upper half shows ¢¢*%P“8. More details on ¢% are given in the caption
of Fig. 8.

y (nm)

(Am) 99
(At) %9
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ground-state wave functions for electrons and holes are well
localized inside the nanostructure due to the large band offsets
in the nitride systems.** Therefore the built-in field calculated
from a continuum-elasticity strain field, which neglects the
C3, symmetry of the underlying lattice, should have almost
the same impact on these states and therefore on the emission
wavelength as a built-in field based on a strain field showing the
correct C3, symmetry. We have recently used this assumption
(including isotropic elastic constants) to derive a surface-
integral approach to calculate the polarization potential.®>
In a third step of investigating the potential, we analyze the
influence of the additional terms ¢, and ¢/, in ¢4}, Eq. (27),
on the first-order built-in potential compared to a WZ-like
system, Eq. (25). Figure 7(c) shows the built-in potential
;WZPZB under the assumption of a WZ-like strain field, Eq. (8),

but this time applying the full (111)-ZB first-order polarization

vector P(!VF0, Eq. (29). Comparing ¢V with ¢/ PPV

[cf. Fig. 7(b)], the C3, symmetry in ¢;WZPZB is far more

pronounced; however, the potential profile along the central
axis through the center of the QD is unaffected by the change
in the polarization vector, as shown in Fig. 8.

In the final step of our analysis of the first-order built-in
potential, we employ the full first-order piezoelectric vector
P{MDFO and the full elastic energy FA to caleulate ¢,

PUIDSO — 24, Ti(e) | V2K, | +24,

with
1 ’ / 1 ’
Ky = 5(622 —€) — EGIS’
K 1 ! 1 I
= ——€y — ——€ha,
y ﬁ 12 «/6 23
’ 1 / /
K., =¢€3;— 5(622 + €1,
! / 1 ’
C1 = 1(622 — 611) + EEB,
3, V3,
G =\5en+ S €n
1 ’ ’ 1 i
G = 3(633 —€) - 3_ﬁ613’
and
1, 1 V2
Cy = 8611 — 5 + §6§3 + 7613.

Figure 10(a) shows the corresponding second-order piezo-
electric built-in potential ¢§,1“)’SO in the (111)-oriented lens-

JAHCUK. — K + Ok,
V2[C2C3 + Ci K, ]

e JiReik, +20:K,)
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The calculated built-in potential ¢">"*

Again, when comparing ¢5" **® to , the correct

description of the C3, symmetry of the strain field changes the
potential slightly near the interfaces of the nanostructure. The
line scan of the built-in potential along the growth direction
and through the QD center is now slightly modified by the
change in strain and piezoelectric constants, as shown in
Fig. 8: small changes in the potential can be seen above and

below the nanostructure. Similar changes are also visible when

plotting the behavior of ¢;ZBPZB in the (111) plane (x-y plane)

compared to ¢ %, as depicted in Fig. 9(b).

is shown in Fig. 7(d).
eZBpZB
é»

D. Second-order piezoelectric polarization in
(111)-zinc-blende structures

To obtain the second-order piezoelectric polarization vector

111),80 : : :
P(ID-SO in the (111)-oriented system, we apply, according to
Eq. (11), the transformation

P(lll),SO — Z UmP(OOl)'SO, (30)

pz,i pz.o

where P{P-59 is the second-order piezoelectric polarization
vector in the (001) system defined in Eq. (24). Equation (30)
yields

VALK - csk]
V2[-K,C4) . (D

JACsk. — k) — K2

+ 4B;56

shaped Ing35Gag s As/GaAs QD, which we have used as a
model system so far. The total built-in potential qb;m)’“"al

(qb(pl“)’so + qﬁ(pl“)’Fo) is displayed in Fig. 10(b). As expected
from our analysis of the first-order contribution qﬁ(p“”*FO,

Second-Order

Total
(b)

FIG. 10. (Color online) Comparison of the second-order ¢§O
(a) and total built-in potential qb;f’m] (b) (111)-oriented lens-shaped
InGaAs/GaAs QD. In (a) the red (dark) and yellow (light) isosurfaces
correspond to 2 mV and —2 mV, respectively, while in (b) red (dark
gray) and yellow (light gray) isosurfaces correspond to 4 mV and
—4 mV, respectively.
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FIG. 11. (Color online) Built-in potential of a lens-shaped (111)-
oriented ZB InGaAs/GaAs QD for a line scan through the center of the
QD along the [111] direction (z axis). (a) The different contributions
to the second-order built-in potential. ¢(111),so (dashed dotted line)

P.A1
denotes the contribution arising from the A; related terms, ¢;1_1AIZ)'SO

(dotted line) originates from the A, terms while stems ¢§}_§;I)5'j°
(dashed) from Bis¢ in Eq. (31). (b) The different contributions to
the total piezoelectric potential ¢{!'D*@! (dotted line). The first-order
contribution is denoted by ¢{!'""F* (dashed line) while ¢!''"-5° (solid

line) is the second-order term.

@159 exhibits also a Cs, symmetry. However, and in

contrast to ¢§,1”)*FO, the second-order contribution does not

change sign outside the QD and is largest in magnitude at
the top and the bottom of the nanostructure. Furthermore, the
potential ¢{!'!"59 shows a different orientation and a different
sign at the interfaces between QD and surrounding material
compared to ¢>(p' ID.FO [cf, Fig. 7(d)].

To analyze the second-order built-in potential ¢{!'"-S° in
more detail, we now consider separately the three different

terms in Eq. (31) related to A; (¢ 1"%%), A, (¢/1%%), and

Bise (¢(p{gll’ﬁso), respectively. Figure 11(a) shows a line scan
through the center of the QD along the [111] direction of the
potential due to each of the three terms. Based on the currently
available second-order piezoelectric constants Aj, A, and
Bjs6, the Aj-related contribution clearly dominates the second-
order built-in potential. The contribution arising from A, is
only of secondary importance, while the B;s¢ term is negligible
along the central QD axis. The full second-order piezoelectric
built-in potential ¢{''"5° is shown in Fig. 11(b) together with

the first-order potential ¢;,1 ID.FO and the total built-in potential

PHYSICAL REVIEW B 84, 125312 (2011)

o\ Dol ‘for the same line scan as in Fig. 11(a). The difference
in sign between the first- and second-order built-in potential
contributions is clearly seen in Fig. 11(b). Similar to the (001)
system, as discussed, for example, in Ref. 69, the second-order
contribution ¢!'"5 is mainly localized inside the QD, while

¢§,111)’F O spreads considerably into the surrounding barrier
material. This is related to the strain-field dependence of the
two contributions. The first-order polarization vector Pfjlzl D.FO
Eqg. (29), is a function of shear strain components and sums
and differences of diagonal terms ¢€; of the strain tensor.
In contrast, the second-order polarization vector P;'Z”)*SO,
Eq. (31), is mainly determined by products of diagonal and
shear strain components. Since the diagonal components ¢;;
are largest inside the nanostructure and near the boundaries,
P(!D-S9 has a significant contribution in this region only.

Therefore the total built-in potential ¢(pl“)"°‘al outside the QD

is mainly determined by the first-order contribution ¢!,
as shown in Fig. 11. Inside the nanostructure, due to opposite
signs, first- and second-order terms tend to cancel each other.
This could then lead to a field-free QD, as, for example,
discussed in Refs. 56 and 69 for (001)-oriented lens-shaped
InGaAs/GaAs QDs. However, as shown by Schliwa et al.
for (001)-oriented ZB systems69 and recently also for (111)-
oriented structures,!? the balance between first- and second-
order contributions is very sensitive to the QD shape, size, and
composition.

Therefore the analysis of the experimental data on high-
quality site-controlled QDs in combination with theoretical
studies should be very promising to shed light on the descrip-
tion of nonlinear piezoelectric effects in ZB semiconductor
nanostructures.

V. CONCLUSION

In summary, we have derived expressions for the stiffness
tensor and the elastic energy in (111)-ZB systems along
with equations for first- and second-order piezoelectric po-
larization vectors in these structures. These equations allow
for an efficient calculation of strain and piezoelectric fields
in (111)-oriented ZB nanostructures, such as site-controlled
(111)-oriented InGaAs/GaAs QDs, which are most promising
candidates for entangled photon sources.

Moreover, the chosen approach offers the possibility to gain
access to the key parameters, which modify, for example, strain
and piezoelectric fields in (111)-oriented ZB heterostructures
compared to conventional (001) systems. Additionally, since
the two structures are very similar, the comparison of (111)-ZB
and (0001)-WZ structures is beneficial for both systems. On the
one hand, this comparison allows us to split the expressions
derived in the (111)-ZB system into a WZ-like component
and contributions which are related to the differences between
the two systems. These differences lead to extra terms in
different quantities of the (111)-oriented ZB system, which
are not present in a WZ system. More specifically, we find
here that the (111)-ZB elastic tensor contains an additional
off-diagonal elastic constant C|5, which has no analog in
the WZ tensor. This extra off-diagonal term shows an angle
dependence in the (111) plane and modifies therefore the
elastic energy in a (111)-ZB system compared to a WZ-like
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system. We have shown here that this in-plane angle de-
pendence of C|s leads to modifications in the calculated
strain field when using a continuum-based approach, with
these changes being relatively small but relevant to symmetry
considerations in our prototypical (111)-oriented ZB dot.
In particular, our analysis of the strain field in a (111)-
oriented lens-shaped InGaAs/GaAs QD shows the correct Cs,
symmetry when taking the C|s-related terms in the elastic
energy into account. In the WZ-like approximation (C|5 = 0),
the symmetry is C,, introduced by the lens-shaped QD
geometry.

Additionally, we have shown that the first-order piezo-
electric tensor in (111)-ZB systems contains contributions
that are not present in a c-plane WZ system. Similar to
the discussion of the strain field, these terms lead to a
C3, symmetry in the resultant first-order built-in potential,
instead of a Coo, symmetry in WZ approximation, with these
terms having a strong effect on the in-plane variation in
potential.

In addition to providing insight into the key factors
that modify strain and built-in fields in (111)-oriented ZB
heterostructures, our approach offers, furthermore, the op-
portunity to gain insights into material parameters for the
WZ AIN, InN, and GaN systems. For example, the sign
of the shear strain related piezoelectric constant ejs is
still under debate in WZ nitrides. From our analysis of
the first-order piezoelectric tensor in the (111)-ZB system
we obtain that the piezoelectric coefficients e;; and e;s
should be equal and negative, and that the ratio e33/e3; =
—2. When comparing these ratios with ratios derived from
literature piezoelectric coefficients, we find a very good
agreement for GaN and InN and a good agreement for
AIN, as long as the literature value of e;s is negative.
From this we conclude that e;s should be negative in WZ
nitrides.
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APPENDIX

As detailed by Fedorov®® the minimum number of in-
variants that are required to describe the elastic tensor is
not necessarily achieved using the crystallographic axes as
a reference frame. For tetragonal and rhombohedral crystals
Blanchfield and Saunders®’ discussed that when the reference
frame is appropriately chosen, the number of required elastic
constants can be reduced. Blanchfield and Saunders®’ derived,
after a rotation by an angle ¢ around the z axis, the follow-
ing expressions for the components of the elastic stiffness
tensor:

Ci1 = Cx» = Cy1 + C cos (4¢) + Cigsin (4¢),
Ces = Co6 — C cos (4¢) — Ci6sin (4¢),
Ci2 = C1p — C cos (4¢) — Cig sin (4¢),

PHYSICAL REVIEW B 84, 125312 (2011)

Clé = —CQ() = —C sin (4¢) + Cig cos (4¢),
Cia = —Cas = Ci4c0s (3¢) + Cas sin (3¢),

Css = C14c08 (3¢) + Cos sin (3¢)), (AD)
Cys = —Ci5 = —Ci48in (3p) + Cas cos (3¢9),
Ci6 = —Ciasin (3¢) + Cas cos (3¢),
Csy = Cx,
Cs4 = Css = Cua,
Ci3=Cy =Cu3,
C34 = C35 = Cy5 = C36 =0,
with
C = 3(Ci1 — Ci2 — 2Cep), (A2)
Cn=Cn—C, (A3)
Ces = Ces + C, (A4
and
Ch=Cpn+C. (A5)

To obtain the elastic stiffness tensor of the (111)-oriented
7B system given in Eq. (14), we have used a specific set of basis
vectors defining the rotation matrix U in Eq. (10). Following
our discussions above, we study now the angle dependence
of the elastic constants Cijkl using Eqgs. (Al). When using
the elastic constants from Eq. (14), the coefficients given in
Egs. (A2)—(AS5) reduce to

C =0,
Ci=Cj,
Co6 = Cg,
Cn=C},.

Therefore, with Egs. (A1), the elastic constants C_’ijkl take the
form

Ci = Cyp=Cyy,
Ces = Cgg,
Cin=Cyy,

Ci6 =—Ca =0,

Ciy = —Coy = Csq = —C}5sin (3¢)),
Cys = —Ci5 = C46 = —C}5 cos (3¢),
Cs3 = Cis,

Cay = Cs5 = Cly,

Ciz = Cy = (5,

C3s = C35 = Cy5 = C36 = 0.
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This yields
Cii OF Cis
2 I 13
A o
—Clssin(3¢)  Clssin(3¢) 0
Clscos(3p) —Ciscos(3¢) 0
0 0 0

with Cfg = 1(C}, — C},). From this we conclude the fol-
lowing: First, the specific form for the elastic stiffness
tensor C(le?l) in a (111)-oriented ZB system depends on
the chosen set of basis vectors and therefore on the trans-
formation matrix U. Second, the additional terms in the

PHYSICAL REVIEW B 84, 125312 (2011)

—Cl5sin(3¢)  Ci5cos(3¢) 0
Clssin(3¢)  —Cj5cos(3¢) 0
0 0 0
/ / , (A6)
Cu 0 —C5cos(3¢)
0 Clu —C5sin(3¢)
—Clscos(3¢) —Ci5sin(3¢) Cés

elastic tensor C(Zl?l) compared to the WZ system Eq. (7),
show a threefold symmetry according to the discussion
above [cf. Eq. (A6)]. Consequently, the calculated strain
field shown in the upper half of Fig. 3 exhibits a Cj3,
symmetry.
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