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Electronic and optical properties of InAs/InP quantum dots on InP(100) and InP(311)B
substrates: Theory and experiment
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We study the electronic and optical properties of InAs/InP quantum dots (QDs) on (100) and (311)B
substrates. Atomic force microscopy (AFM) and cross-sectional scanning tunneling microscopy (X-STM) are
used to define the size and shape of the quantum dots for calculations. Eight-band k-p calculations including
strain and piezoelectric effects are then performed on such a structure for two different kinds of substrate
orientation (311)B and (100). Results for several QD heights found on (311)B substrate fit well the experi-
mental data obtained from photoluminescence measurements. On (311)B substrate, the shear and hydrostatic
deformations are found to be enhanced compared to those on (100) substrate thus affecting the electronic and
optical properties. The (311)B QDs are found to activate second-order (S-P channels) transitions resulting from
the complete loss of symmetry due to the presence of the piezoelectric field.
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I. INTRODUCTION

Recently there have been considerable research develop-
ments in the field of nanostructured semiconductor materials.
In particular, quantum dots (QDs) may improve the proper-
ties of high-performance optoelectronic devices as compared
to that achieved with semiconductor quantum wells.'* One
of the biggest challenges for QD laser devices, however, is to
reach the 1.55 um (0.8 eV) wavelength used for long-haul
telecommunications. In the past, large efforts to push the
InGaAs/GaAs system to this wavelength have been ham-
pered by the large strain that accumulates in- and outside the
QD structure during the Stranski-Krastanow growth leading
to large increase of the local InAs band gap. Therefore, most
recent developments aimed at the reduction of strain in the
system that can be achieved by introducing metamorphic
buffers® and thus replacing GaAs by InGaAs as matrix ma-
terial close to the QD or by turning to InP as a completely
different host material, which is employed our case. Both
approaches reduce the lattice mismatch and limit the strain in
the QD system.6 The smaller lattice mismatch, however, car-
ries the danger of creating too large QDs during the epitaxy,
resulting in a small QD density and insufficient gain. This
can be circumvented by wusing the (311)B substrate
orientation,”™ resulting in high QD densities and low size
dispersion, permitting the development of low-threshold QD
lasers.'” The height of our QDs (i.e., the wavelength emis-
sion) is well controlled using the “double-cap procedure.”®

While the experimental impact of the substrate orientation
on QD optical properties has been already studied by various
groups,''~1* still no complete theoretical study has been per-
formed on these QDs grown on (N11) surfaces, matching the
experimental datas.!>2! Otherwise, a lot of theoretical work
being in agreement with experimental data has been per-
formed on other III-V system based QDs grown on (100)
substrate orientation like InGaAs/GaAs or GaAs/AlGaAs,
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using either atomistic models, such as the empirical pseudo-
potential theory,?”~>* or continuum models, such as the eight-
band k-p theory.?>-3°

In this paper, we theoretically investigate the impact of
substrate orientation on the QDs optical properties, using the
eight-band k+p model including strain and piezoelectric ef-
fects, and demonstrate that the use of the (311)B substrate
breaks the initial symmetry of the (100) system, thus modi-
fying the optical properties of the QDs.

From atomic force microscopy (AFM) measurements and
cross-sectional scanning tunneling microscopy (X-STM), it
is shown that a truncated cone shape can be assumed for
capped QDs. Furthermore, as the “double cap” (DC) tech-
nique is used in our group to control the QD height and so
the wavelength emission,® the QD height is used as an ad-
justable parameter both in experiment and simulation. Cal-
culations based on the eight-band k-p model, including
strain and piezoelectricity, and the configuration interaction
model are thus performed for several QD heights.?” The elec-
tronic and optical properties are thus deduced for InAs/InP
QDs on (311)B and (100) substrate orientations. A compari-
son with experimental results confirms the accuracy of the
model. The impact of substrate orientation on optical and
electronic properties (ground and excited states transitions) is
thus demonstrated. It is then interpreted in terms of different
strain contributions to the transition energy for both sub-
strates. The whole calculated optical spectra are then com-
pared for (100) and (311)B substrate orientations, and the
impact of the system symmetry (crystal and QD shapes) on
the anisotropy of the wave function in such a substrate
(311)B is discussed.

II. QD GEOMETRY

Recent growth developments have allowed us to reach
high-quality InAs/InP QDs.”® As these QDs are flat, their
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FIG. 1. (Color online) Structural investigations on InAs/InP
QDs on (311)B-oriented substrate. From (a) atomic force micros-
copy (AFM), where the bright areas represent the top of the QD,
and from (b) cross-sectional scanning tunneling microscopy (X-
STM), where the bright areas represents the rich InAs area, a typi-
cal truncated cone-shaped QD geometry (c) can be assumed for
calculations, where the QD height is a tunable parameter.

emission wavelength (on the ground state transition) is
mainly related to their height, and can thus be controlled by
the “double-cap” (DC) procedure.® From this procedural
point of view, it becomes very important to understand the
influence of the QD height on optical transitions. However,
the electronic structure of QDs states depends also on the QD
shape and lateral extension. In this regard, detailed structural
investigations are necessary to describe, in a realistic way,
the QD electronic structure. Figure 1(a) represents an atomic
force microscopy (AFM) picture of a typical InAs/InP dot
on (311)B substrate. The average height for this kind of dot
with an average cylindrical symmetry is about 8 nm, while
the diameter is about 35 nm. From this figure, it appears that
the QD base resembles more a circle rather than a square.
This property is likely to be maintained during the capping
procedure. Therefore, we used a model QD having a circular
base rather than one with a square base. But from AFM
pictures, no precise idea about the three-dimensional (3D)
shape of the QD can be obtained, as we have to take into
account the tip effect, and most important the fact that in this
measurement, the QDs are uncapped. Thus, X-STM mea-
surements have also been performed in an ultrahigh vacuum
(UHV) chamber with base pressure <4.107!'! Torr on the

UHV-cleaved (011) cross-sectional surface. Tips were pre-
pared by electrochemical etching of polycrystalline tungsten
wires and treated in the vacuum with a self-sputtering
technique.®'~3 In Fig. 1(b), we show the X-STM picture of
one InAs QD grown on InP (311)B substrate. In this picture,
the QD, deposited on an InP surface, is simply capped with
quaternary alloy Iny gGag,ASg 435P 565, in order to avoid any
intermixing effects (due to As/P exchanges). This figure (in
a two-dimensional [2D] view) reveals a truncated, faceted
profile of the QD. This figure also shows that the wetting
layer (WL) has to be taken into account in the calculations,
as its height is not small compared to the one of the QD.
These two structural considerations (combination of the 2D
and 3D views) allow us to propose a typical geometry for
QDs in the calculations, given in Fig. 1(c). In the calcula-
tions, we assume the QDs to have a truncated faceted profile

PHYSICAL REVIEW B 74, 035312 (2006)

(from the 2D X-STM view) with a circular basis (from the
3D AFM view), where the total height of the QD is equal to
8.8 nm [30 monolayers (ML), where 1 ML~0.29 nm on
(100) substrate], and the base length is equal to 35 nm. We
also do not consider any intermixing effects (As/P ex-
changes) that could occur on capped InAs/InP QDs. How-
ever, as we don’t have any X-STM structural measurement
of the in-plane structure of the QD, we assume a cylindrical
symmetry (like the one observed by AFM for the uncapped
QD), although it is well known that some anisotropy may be
present on (311)B substrate and even more on (100)
substrate.>* This choice has been motivated by the sole com-
parison of the (100) and (311)B substrate effects. Indeed, if
we take the [100] direction as a reference, the chosen QD
geometry has the highest possible symmetry C.,, on (100)
substrate. This symmetry is reduced to C,, when a con-
tinuum model is used, without interfacial symmetry, atomis-
tic strain nor piezoelectricity.?* No splitting of excited P
states is predicted. When the atomistic symmetry is taken
into account (piezoelectricity in our case), the symmetry is
one more time reduced to C,, if we take into account the
zinc-blende crystal symmetry.?* In this case, a weak splitting
of excited p states is expected. Note that the values given in
Ref. 24 are proposed for InAs/GaAs QDs, where the lattice
mismatch is larger, so that the splitting in InAs/InP QDs
should be even weaker. On (311)B substrate orientation, the
initial symmetry of the considered QD is also C,,. When the
atomistic symmetry is taken into account, this symmetry is

drastically reduced to C,=(E, o), where o is the (011) plane
symmetry. In this case, no degeneracy of the excited states is
expected, whatever the QD shape is. The structure loses ev-
ery rotational C, symmetry, as the initial C., symmetry of
the QD structure is not compatible at all with the crystal
symmetry. This symmetry loss is expected to have drastic
consequences on electronic and optical properties of QDs on
(311)B substrate. In this context, calculations are performed
for truncated cone-shaped InAs/InP QDs of various heights
[8 ML (IML~0.29 nm), 10 ML, 12 ML 16ML and 30 ML],
and for two different wetting layer heights (2 ML and 4 ML).

II1. InAs/InP QDs ABSORPTION SPECTRA
A. About the InAs/InP confinement potential

Deeper insight into the electronic properties can be gained
by comparing the InAs/InP QDs considered here to the ar-
chetypal InAs/GaAs system. In Fig. 2, the confinement po-
tential of the two systems are compared for a truncated pyra-
mid grown on (100) substrate. In the central section [Fig.
2(b)], the positions of the unstrained band edges relative to
InAs are shown. Although the band-gap ratio of QDs and
matrix material is very similar in both systems, the band
offsets are different, reflecting the fact that InAs/GaAs share
a common anion whereas InAs/InP share a common cation.
In the presence of strain, the band-edge energies are altered
[see Fig. 2(a) for InAs/InP and Fig. 2(c) for InAs/GaAs] by
hydrostatic strain, mainly affecting the conduction band and
by biaxial strain, thus lifting the heavy (light) hole degen-
eracy at the I" point. The quantitative effect is much bigger
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FIG. 3. (a) Hydrostatic strain components H=gxy+&yy+&,, for

FIG. 2. Vertical scan through the confinement potential for an
InAs QD embedded in InP (a) and GaAs (c). In the center (b), the
energetic positions of the unstrained band edges for InP and GaAs
relative to InAs are given.

for InAs embedded in GaAs due to the larger lattice mis-
match (6.6% compared to only 3.1% for InP) and the accom-
panying increase of hydrostatic strain.

The most striking feature is the much smaller (strained)
band gap of InAs in InP than in GaAs, which opens the door
to reach the 1.55 um emission for confined carriers, which is
hard to achieve for InAs/GaAs QDs. Since the depth of the
electron confinement potential is similar in both systems, one
can expect a comparable spectrum for confined electron
states, provided the QDs share the same morphological prop-
erties. This does not hold for hole states, since the confine-
ment potential for InAs/InP QDs is much deeper and the
heavy (light) hole splitting is smaller.

The material parameters entering the k-p analysis are
taken from Ref. 27 for InAs and from Ref. 35 for InP.

B. Predicted absorption spectra of truncated cone-shaped
InAs/InP QDs

Excitonic properties are now calculated for self-organized
QDs based on a three-dimensional implementation of the
eight-band k+p model and a configuration interaction
scheme thus accounting for the inhomogeneous strain distri-
bution, the piezoelectric effect, inter- and intraband mixing,
and Coulomb interactions.?’® The modeling process starts
with an assumption on shape, size, and composition, guided
by structural investigations (see Sec. Il on AFM and X-STM
measurements). Next, the strain distribution and the piezo-
electric potential are calculated, using the strain-dependent
eight-band k-p Hamiltonian.

The strain distribution is calculated here using the con-
tinuum mechanical model, presented by Stier et al.,*” which
has demonstrated that this model is adapted to describe QD
nanostructures with good accuracy.?’ In this model, the total
strain energy is given by
1
o E Cijklsijskl'

Uenu= 5
injidol

(100) and (311)B substrates represented in the direction [010] for a
truncated cone QD with 3.5 nm height. The spatial variation (b) of
the deformation exy cannot be compared directly because of the
representation basis choice. However, the different hydrostatic
strain values in the center of the QD for (100) and (311)B substrates
should have a consequence on energy levels.

For a given structure, this energy is minimized, using fi-
nite differences for the strains &;;=du,/dx;, where u is the
displacement vector field. The compliances C;j, are repre-
sented by the parameters C,;, C|5, and Cy, for cubic crystals.
Other details of the calculations are presented in Ref. 27. The
hydrostatic strain component H=gxy+&yy+&y, is presented
in Fig. 3(a) for (100) and (311)B substrates, along the direc-
tion [010] for a QD with a height of 3.5 nm. Even if the
spatial variation of the hydrostatic strain cannot be compared
directly between (100) and (311)B substrates, values of the
hydrostatic strain in the center of the QD are —0.032 and
—0.036 respectively for (100) and (311)B substrates. This
implies that hydrostatic strain contributions to the energy
levels should be different for (100) and (311)B substrates.
Figure 3(b) shows the eyy component of the deformation
tensor, along the [010] direction. While the values of this
component in the center of the QD are the same for both
substrates orientations, it is clearly visible that a direct com-
parison of both strain components cannot be performed di-
rectly, as the (311)B structure is rotated in the calculation
box. Indeed, the deformation tensor represented here in the
X=[010] and Y=[001] basis should be represented into the

X'=[011] and Y’ =[233] in the case of the (311)B substrate.
As a consequence, positive values of eyy are calculated at the
edge of the QD for the (311)B substrate orientation (appari-
tion of shear components) on Fig. 3(b). Strain calculation
themselves not being the center of this article, the strain con-
tributions to the single-particle energies will be analyzed, as
they can be compared directly without any rotation of the
system.

By solving the Schrédinger equation, we obtain single-
particle wave functions. The parameters entering this Hamil-
tonian are based on experimental values for the required bulk
material ['-point band structure parameters.>> Free adjustable
parameters are not present in this model. Figure 4 displays
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FIG. 4. (Color online) Wave function representations for elec-
trons and holes for the first QDs states on (100) substrate orienta-
tion (a) and on (311)B substrate orientation (b), with a QD height of
2.93 nm. €0, el, and €2 stands for electronic states 1Se and 1Pe.
h0, hl, and h2 stands for hole states 1Sk and 1Ph. The (311)B
substrate induces an anisotropy of the wave function.

the first three electron and hole wave functions (70% isosur-
face) for both the (100) and the (311)B substrate, as a result
of step (c), for illustration. The symbols 0 and 40 stands for
1Se and 1Sh states (i.e., with an in-plane “S-like” symmetry
for electrons and holes). el, €2, hl, h2 stands for 1Pe and
L Ph states (i.e., with an in-plane “P-like” symmetry for elec-
trons and holes). The terms “S-like” and “P-like” are used
here, in order to make the parallel with the usual notation of
states in the cylindrical symmetry.?! The single-particle
states provide a basis for the configuration interaction model,
which is applied to calculate excitonic properties, including
correlation and exchange.?® Finally, the excitonic optical ab-
sorption spectra are computed.

By using this procedure, good agreement between experi-
ment and prediction still needs to be demonstrated. In order
to check the validity of the used model, the eight-band k-p
ground transitions are to be compared to those determined by
photoluminescence experiments performed on InAs/InP
(311)B QDs. Figure 5 represents the 1Se-1Sh ground transi-
tion energies measured (triangles), calculated by one-band
k-p approximation in Ref. 21 (dashed line), and calculated
by height-band k+p method in this work (straight line) as a
function of QD height. The photoluminescence experiments
were carried out at 4.2 K in a He bath cryostat. The photo-
luminescence is excited using a cw Krypton laser (647 nm
wavelength) at 1 mW, in order to avoid any state filling at
high energy. The samples are designed to have different first
capping layer heights, thus having different InAs/InP QDs
heights (2 nm, 3 nm, 4 nm, 5 nm), using the double-cap
procedure.® Hence, the comparison between experiment and
calculations can be performed using ground state transition
energy as criterion. While the experimental energies are de-
termined with high accuracy, the height of our QDs reported
on the horizontal scale of Fig. 5 is an approximation of the
real QD height. Indeed, in first approximation, the experi-
mental QD height proposed in Fig. 5 is set equal to the
deposited height of InP in the first step of the double-cap
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FIG. 5. (Color online) predicted (solid line for eight-band k-p,
dashed line for one-band k-p [Ref. 21]) and observed (solid sym-
bols) energies of the ground exciton transition in truncated cone-
shaped InAs/InP (311)B QDs as a function of QD height. The
eight-band k-p predicted transitions have a better agreement with
the experimental data than the one-band kp predicted transitions.

procedure. However, from the analysis of the growth mecha-
nisms when the DC procedure is used, it is commonly ac-
cepted that the deposited height of InP during the first cap is
a little bit larger (2 ML) than the effective height of the QD.®
So, the eight-band k-p calculations are in good agreement
with experimental data, provided a simple translation of QD
height along the horizontal scale can be performed (shown
by arrows in Fig. 5). Figure 5 also shows the limitation of a
simple model such as the one-band approximation, espe-
cially for higher QDs,?! and justifies the use of the eight-
band k+p model.

Figure 6 displays calculated exciton absorption spectra for
QDs of different height on (100) substrate, as an illustration
of the output of the calculations (the WL height in this case
is taken equal to 4 ML). Calculated exciton absorption spec-

tra are plotted with a polarization along the [011] axis, as
this axis is a QD in-plane axis for both substrates. In this
case, the exciton binding energy is on the average equal to
15.5 meV. The spectra show a blueshift of 135 meV for the
ground state transition energy upon reducing the QD height
from a pointed cone-shaped QD down to an 8 ML truncated

gLy i qloE ]
sfl i i
2 L ; .?:. HA HQD=2'3 nm |
0 | — Hop =3.5 nm ]
 full cone . )
700 750 800 850 900
Energy (meV)

FIG. 6. (Color online) Excitonic absorption spectra calculated in
an eight-band k-p model for InAs/InP (100) QDs, as a function of

the QD height for a polarization along the [011] direction. A trun-
cated cone-shaped QD with a base length of 35 nm was assumed.
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FIG. 7. (Color online) Comparison between calculated ground
state exciton transition energy in InAs/InP (311)B QDs (solid line)
and InAs/InP (100) QDs (dotted line), as a function of QD height.
The difference between both curves is mainly related to hydrostatic
strain. The inset shows the weak influence of the WL dimension
(1.2 nm, solid line; 0.6 nm, dashed line) on ground state exciton
transitions in InAs/InP (311)B QDs.

one. It is also seen on Fig. 6 that excited states are energeti-
cally closer for flat quantum dots compared to the full cone.
This is explained by the different aspect ratio of considered
QDs. Indeed, in the case of flat QDs, the weak lateral con-
finement has only few consequences on Px and Py states
energy shift, while the strong vertical confinement has a
large impact on the ground S state energy increasing. Ground
and excited transitions are thus energetically closer for flat
QDs than for the full-cone QD. The spectrum calculated
with height-band k-p calculations on Fig. 6 provides much
more richness compared to those found with previous
calculations.?! In this regard, a comparison between (311)B
QDs and (100) QDs absorption spectra is to be made.

IV. IMPACT OF SUBSTRATE ORIENTATION ON QD
OPTICAL PROPERTIES

A. Ground state transition on (100) and (311)B substrates

In Fig. 7, the exciton ground state (X)) transition energy is
plotted as a function of QD height for the two different sub-
strate orientations (100) and (311)B, whereof we can derive
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two main results: (1) The smaller the QD height is, the larger
becomes the X, transition energy, also known as the
quantum-size effect. (2) Whatever the QD height is, the X,
transition energy is always larger for (311)B grown QDs than
for the (100) grown QDs. To understand this last point, we
have to analyze (a) the electron and hole ground state ener-
gies and (b) the X, binding energy.

(a) The single particle energies: The electron ground state
energy can be separated into the components E=Eqy
+EQui+ Epyim+ Epieso+ Es, Where Egq, represents the kinetic
part of the Hamiltonian, Epyg,=(W|a (e, +e,,+e,)|¥) is
the energy shift induced by hydrostatic strain with a,. being
the conduction band deformation potential, Ep,o
=(V|V,iero| ¥) is the energy shift induced by the internal

piezoelectric field, and E°_ =(W|V_,¥) is the confinement

conf™
energy related to the unstrained position of the local conduc-
tion band. This energy becomes minimal if the wave function
is completely localized inside the QD and increases the more
it spreads into the barrier material. Hence, it is a measure for
the “spreading out” of the wave function in question. E}, not
being quantified here, contains the energy contributions in-
duced by the nondiagonal components of the Hamiltonian
related to the strain tensor (tetragonal and shear deformation)
and coupling to the valence band. For hole states, an addi-
tional term Eyia =(V|b(e, +£,,—2¢,)|¥) appears reflect-
ing the influence of the biaxial strain with b being the shear
deformation potential. The fact that for all investigated QDs
the transition energy is higher if the dots are placed on
(311)B substrate than on (100) substrate is not surprising
since the hydrostatic strain energy shift is larger for (311)B
grown QDS, [Ehydro(eo)](?’ll)>[Ehydro(60)](100)’ as it has
already been demonstrated in Miska et al.>! The difference of
this contribution in our calculations is found to be 10 meV
for tall (30 ML) and 15 meV for flat (8 ML) QDs [see Fig.
8(c)]. Resulting from the larger strain inside the (311)B QDs,
the conduction band offset becomes smaller and the wave
function “spread out” becomes larger. Therefore, the confine-
ment energy related to the unstrained local conduction band
E° (o) increases and the quantization energy E quani(€p) de-
creases for (311)B QDs compared to their (100) grown coun-
terparts, as can be seen in Figs. 8(a) and 8(b). For the
(311)B, there are some minor contributions from the piezo-

(©

FIG. 8. (Color online) The
electron ground state energy for
different QD heights decomposed
into the quantization energy
Egun(@), confinement energy
E. ,(b), and the energy shift in-

strain
Epyim(c) the two substrate orienta-
tions (100) and (311)B. Ejiey is
not shown since it is close to zero
for the electron ground state.

2345678 9
QD height (nm)
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electric potential even for the electron ground states, which
are not present in the (100) case. We find an energy drop of
3.2 meV for the tallest and 0.4 meV for the flattest (311)B
QD. This is due to the fact that in this case the piezoelectric
potential [see Fig. 10(b)] breaks any symmetry that might be
present from the QD shape, thus pulling the electron states to
one QD side and the hole states to the other. In the (100)
system, the carriers are instead getting distorted but their
(x,y) component of the wave function barycenter still coin-
cides with that of the QD structure.

(b) The X,-binding energy: The X, binding energy is fore-
most a function of the extent of the electron and hole wave
function and their mutual positions. Therefore, since the
electron ground states of the (311)B QDs exhibit a “spread
out,” visible in the smaller quantization energy Eqy.n(eo),
and as the barycenter of ¥,, and ¥, are slightly drawn apart
by the particular piezoelectric field, we find a smaller X,
binding energy for these (311)B QDs. The difference AEy,
=FEyx(100)-Ex(311) to the (100) QDs, however, is very
small—in the order of 2 meV, which is not enough to com-
pensate the blueshift caused by the larger hydrostatic strain
of the (311)B QD system.

The exciton energy difference between both substrates
given in Ref. 21 is, however, larger than those calculated in
this work. In this reference, however, the influence of Epiezo
and possible variations of E g, (due to effective mass varia-
tions) have not been taken into account.

In this regard, the part of the Hamiltonian related to the
strain tensor, including hydrostatic and shear deformations,
plays the main role in explaining the difference between
(311)B and (100) substrates for small QDs. As the difference
between shear/tetragonal and hydrostatic deformations on
(100) and (311)B has already been demonstrated,?® and as
the impact of these deformations on electronic properties has
been already observed,'®> we propose to interpret the differ-
ence between (311)B and (100) for several QDs heights as a
direct consequence of shear/tetragonal and hydrostatic defor-
mations difference on these substrates. As an illustration, the
energy shift induced by the piezoelectric field on (311)B has
also been demonstrated experimentally on (311)B QDs.!? In
summary, the difference observed for large QDs on (311)B
and (100) substrate is mainly due to the hydrostatic strain.

The influence of the WL thickness on QD ground state is
also studied in the Fig. 7 inset. In our previous work, we
showed that the WL is expected to play a role in the elec-
tronic structure of QDs.® The QD ground state transition is
plotted for two different structures with a WL thickness of
respectively 0.6 (2 ML) and 1.2 nm (4 ML). As expected, the
QD ground state transition energy for the largest WL thick-
ness is smaller than for the smallest WL thickness. This is
explained by the difference between ground state wave func-
tion penetration in the WL.® The next results presented in
this paper come from calculations made on structures with a
WL thickness of 1.2 nm. This choice is motivated by the
measured WL thickness by X-STM, which is around 1 nm.

B. QDs absorption spectra on (100) and (311)B substrates

The complete analysis for the whole absorption spectrum
can be performed on (100) and (311)B substrates. Figure 9
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FIG. 9. (Color online) Comparison between full-cone (30 ML)
QDs absorption spectra for the two substrates orientations (311)B
and (100).

represents the comparison of full-cone (30 ML) absorption
spectra for QDs grown on the two different substrates. Fig-
ures 10(a) and 10(b) represent excitonic transition energies
for both substrate orientations as a function of QD height.
These transitions are derived from absorption spectra polar-

ized along the [011] direction (as the one in Fig. 9), that is,
an in QD plane direction for both substrates. Despite the
different substrate orientations, the energy and the splitting
of the P-like state transitions foremost depend on the QD
size and hardly on the orientation of the substrate. The split-
ting of these transitions, AEp is related to the presence of the
piezoelectric field,?” which lifts the degeneracy of the elec-
tron and hole p states even in the presence of the structural
C.., symmetry. Despite the fact that the magnitude of AEp is
very similar for both substrate orientations, the piezoelectric
field itself is very different in its strength and symmetry, as

S 900} —e—1Se-1Sh
g —a——v—1Pe-1Ph
3, 850 - forbiden transitions
2 \ (1Pelh-1She)
2 -
S 800 :\\‘\ ]
B 750 g
*o— -
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QD height (nm)
900F

* —e—1Se-15h
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[ ] + optically active transitions
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Transition energy (meV)
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FIG. 10. (Color online) Comparison between calculated transi-
tions in InAs/InP (100) QDs (a) and InAs/InP (311)B QDs (b), as
a function of QD height. On (311)B substrate, second-order transi-
tions (+) become optically active.
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FIG. 11. (Color online) Orientation and appearance of the piezo-
electric potential (isosurface plot) for QDs grown on (100) and on
(311)B substrates.

can be seen in Fig. 11: for the (100) QD, the lobes of the
positive and negative isosurface are congruent and can be
transformed into each other just by a rotation of 77/2, which
is in striking contrast to the (311)B QD. This one exhibits no
apparent symmetry and, moreover, the maxima of the
positive and the negative part of the potential are not even
equal: for the QD shown in Fig. 11(b), the piezoelectric
potential ranges from min(Vyc,,)==25.2 mV to max(Vpi,,)
=12.8 mV, in contrast to £8.5 mV for the (100) QD in Fig.
11(a).

In both cases the p-channel splitting is also a function of
QD size, and is related to the size dependence of the piezo-
electric field in QDs. The latter effect is well known for
(100) QDs for a longer time,?” and holds also for (311)B QD
as can be seen from the values listed in Table I. The much
larger magnitude of the piezoelectric field in (311)B QDs,
however, is not reflected in the p-channel splitting, since the
former is not symmetry adapted to the p states as it is tilted
against the substrate orientation.

Another difference between the two substrates that is
linked to the orientation of the piezoelectric field appears in
Fig. 9. While on the (100) substrate [Fig. 10(a)] the absorp-
tion spectra are mainly constituted of first-order transitions
(1Se-1Sh, 1Pe-1Ph), the (311)B absorption spectra [Fig.
10(b)] also reveal second order-transitions (1Se-1Ph,
1 Pe-1Sh), as is illustrated in Fig. 9 for the QD with a 30 ML
height (full cone). The (311)B substrate is thus expected to
activate these second-order transitions, which are usually
considered as “forbidden” transitions without excitonic ef-
fects in C.,. For QDs having at least C,, symmetry, the
integral between the envelope functions of the electron
p-state W, and the hole s-state W,,o(V,,| ¥, (almost) dis-
appear since the envelopes belong to different irreducible

TABLE 1. The strength of the piezoelectric potential as a func-
tion of QD size and substrate orientation.

QD height Min (Vyiezo)  Max (Vpiezo)
(nm) Substrate orientation (mV) (mV)
2.3 (100) -2.5 2.5
2.5 (311)B -10.6 7.9
8.8 (100) -8.5 8.5
9.0 (311)B -25.2 12.8
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representations of the symmetry group. The term “almost” is
related to the fact that even the hole ground state carries
some light hole character, which can add new symmetry
properties to the envelope rendering the whole wave function
a reducible representation. For the (311)B QD the barycenter
of the hole ground state is pulled to one QD side and that of
the electron p state to the other side. Therefore, the integral
(V| W) cannot vanish anymore for symmetry reasons and
the transitions (1Se-1Ph, 1Pe-1Sh) are not forbidden any-
more and become activated. However, the smaller the QDs
and hence the piezoelectric field become, the weaker these
transitions are.

In conclusion, all the observed differences between the
two substrates can be linked to the lack of symmetry on the
(311)B substrate, which results in larger shear strain becom-
ing manifests through the piezoelectric field.

C. Discussion

Indeed, the optically activated “forbidden” transitions for
the (311)B QDs raise the problem of symmetry in this sys-
tem. The problem of the impact of symmetry on calculations
and predicted optical properties in QDs have been already
studied by Bester and Zunger.24 However, in this reference,
QDs are considered only on the (100) substrate orientation.
In our case, we have shown that taking into account the
crystal symmetry leads to consider a C,, symmetry for a QD
grown on (100) substrate while the (311)B substrate induces
a reduction of the symmetry down to C,=(E, o). The main
consequence of this loss of symmetry is the presence of a
high value for shear strain and tetragonal deformation.® The
wave function is then more sensible to the crystal orientation
on (311)B than on (100) substrate, and especially for small
QDs where the shear and tetragonal deformations play a very
important role (the strain relaxation is less efficient). In this
case, the wave function becomes clearly anisotropic, and de-
pends a lot of crystal orientation [whatever the QD shape is
in this (311) system]. This loss of symmetry thus have drastic
consequences on wave-function symmetries. In the C,, sym-
metry considered for the (100) substrate, eigenstates calcu-
lated from the eight-band k+p Hamiltonian have nearly the
1S and 1P symmetries. A very weak splitting of p states is
observed, as the Cy, to C,, reduction of symmetry is small,
and only has a few consequences on the calculation of en-
ergy levels. In this case, p-states are respectively elongated

along the [011] and [011] directions. In the C, symmetry
considered for the (311)B substrate, eigenstates do not have
such a symmetry any more. Thus, the ground state is not a
pure s state, and excited states are not pure p states. Excited

states are then aligned along [011] and [233] directions, with
a strong difference between both directions. The difference
between the two directions is large, as we are far from the
C,, symmetry, unlike to the (100) substrate. Then, if the
eigenstates found in our system cannot be written diagonally
on the {S;P} representation, nonzero cross terms appear in
this representation. The optical activation of cross transitions
is one of the main consequences. The complete analysis has
been already done by Stier et al?’ This phenomenon is
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greatly enhanced on the (311)B substrate. Thus, the wave
function in such a low-symmetrical configuration becomes
much more sensible to the crystal symmetry, and less sen-
sible to QD symmetry. In this paper, we have considered a
truncated conical-shaped QD; however, the conclusion pre-
sented here can be extended to all possible shapes assumed
for QDs on (311)B substrates. Moreover, in this paper, the
main emphasis has been given to the understanding of the
different contributions to the electronic levels in the conduc-
tion band. However, the same development could be per-
formed on valence band eigenstates. In this analysis, the im-
pact of the loss of symmetry on (311)B substrate becomes
harder to determine, as the calculations performed take into
account the band mixing effects LH-HH in the valence band.
This study of valence band would also lead to describe the
sensitivity to the polarization of optical transitions. In this
polarization study, the loss of symmetry should induce a
large difference between QDs grown on (311)B and (100)
substrates. Further theoretical investigations will be done in
order to understand this polarization dependence of optical
transitions on both (311)B and (100) substrates.

V. CONCLUSION

The impact of substrate orientation on the electronic and
optical properties of QDs has been studied theoretically in

PHYSICAL REVIEW B 74, 035312 (2006)

this work. Based on AFM and X-STM measurements, it has
been demonstrated that eight-band k-p calculations per-
formed on truncated conical-shaped QDs show a good agree-
ment with photoluminescence measurements performed on
(311)B substrate, for various QDs heights. Next, we found
that QDs grown on (311)B and (100) substrate exhibit dif-
ferent excitonic optical signatures mainly for two reasons:
First, the larger hydrostatic strain observed for the (311)B
QDs elevates the electron energies, thus causing an overall
increase of the excitonic transition energy. Second, the way
the piezoelectric field acts on both substrates is fundamen-
tally different in view of its strength and its orientation. This
alters the symmetry properties of the confinement potential
and induces the optical activation of second-order transitions
on the (311)B substrate. Therefore, for this substrate orien-
tation, the electronic and optical properties are considered to
be less sensible to the QD geometry, and more sensible to the
crystal orientation, than on (100) substrate orientation.
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