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Absence of correlation between built-in electric dipole moment and quantum Stark effect
in single InAsÕGaAs self-assembled quantum dots

Weidong Sheng and Jean-Pierre Leburton
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~Received 13 December 2002; published 19 March 2003!

We report significant deviations from the usual quadratic dependence of the ground-state interband transition
energy on applied electric fields in single InAs/GaAs self-assembled quantum dots. While earlier works have
used conventional second-order perturbation theory to claim a negative dipole moment in the presence of
external electric field, we show that this theory fails to correctly describe the Stark shift for electric field below
F510 kV/cm in high dots. Eight-bandk•p calculations demonstrate that this effect is predominantly due to
the three-dimensional strain field distribution which for various dot shapes and stoichiometric compositions
drastically affect the hole ground state.
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I. INTRODUCTION

Self-assembled InAs/GaAs quantum dots~SAD’s! are
three-dimensional~3D! semiconductor nanostructures
which electrons and holes are completely confined along
three dimensions of space by the band gap difference
tween InAs and GaAs materials.1 In these nanoscale system
the determination of the electronic spectra of both partic
represents a major challenge because of the low symmet
the 3D confined nanostructures that take~truncated! pyrami-
dal or lens shapes and are affected by the strong influenc
strain due to the lattice mismatch between the InAs a
GaAs crystals.2 Experimentally, the difficulty of ascertainin
the exact dot shape and the nonuniformity in size distribut
resulting from the growth process are also a handicap.3 In
this context, knowledge of the respective positions of el
trons and holes can provide information on the confin
potential experienced by both particles, which is of prima
importance for fundamental4 as well as practical reasons.5

It has been recently argued that because of the nonhom
enous stoichiometric composition of SAD’s, resulting fro
atomic InAs-GaAs interdiffusion, the centers of mass of
ground-state electrons and holes are displaced from one
other with the hole sitting above the electron, thereby ind
ing a built-in electric dipole oriented from the top to the ba
of the dot. This inverted electron-hole alignment6 has been
obtained experimentally by assuming the usual linear r
tion between the electric dipole moment and the Stark s
in Stark effect spectroscopy on SAD’s inp-i -n structures,
i.e.,

E~F !5E01pF1bF2, ~1!

whereE is the electron-hole ground-state transition energp
is the built-in dipole moment, andb measures the polariza
tion of the electron and hole states.

By estimating the electric field at which the maximu
transition energy occurs, one can determine whether
structure has a positive~if that happens at positive fields! or
negative ~if otherwise! built-in dipole moment. This qua
dratic dependence is well known for quantum-well syste
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and has been confirmed in nanocrystallite quantum do7

Recent theoretical works have made use of this linear r
tion to support the universality of the inverted alignment
SAD’s.8

In this paper, we demonstrate that the linear relation
tween electric dipole moment and Stark shift as expresse
Eq. ~1! is usually violated in SAD’s because of the uniqu
strain field distribution in the dot that strongly influences t
rapidly varying confining potential for the holes. We sho
that this peculiar effect invalidates the conventional pert
bation approach to establish the electric field dependenc
the optical transitions in SAD’s and leads to a reassessm
of the direction and magnitude of the built-in electric dipo
in the dots.

II. MODEL AND RESULTS

The system of SAD structures, containing both electro
and holes, can be well described by an eight-band str
dependentk•p Hamiltonian,9 which reads

~Hk•p
0 1Hk•p

s 1ueuFz!c5Ec. ~2!

HereHk•p
0 andHk•p

s is the kinetic and strain-dependent pa
of the eight-band Hamiltonian,10 respectively, and c
5(c1 ,c2 , . . . ,c8) is the envelop eigenvector. By usin
continuum elasticity theory, the strain tensor is calculated
a large grid of 15031503150 sites. The Hamiltonian is the
solved by Lanczos algorithm. The same technique has b
successfully applied to study few-particle effect11 and optical
transitions12 in quantum dots and very good agreement w
experiments has been achieved.

Figure 1 shows the calculated dependence of interb
transition energies on electric fields for two SAD structur
Figure 1~a! illustrates the data for a In0.8Ga0.2As dot with a
constant composition throughout the structure. The pyra
dal dot is 18 nm wide and 7.8 nm high, which is of simil
size as that in the experiment of Fryet al.6 The electric field
is applied vertically to the structure, pointing from the ba
to the top. For comparison, the corresponding experime
data are shown in the top-right inset.
©2003 The American Physical Society08-1
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An clear deviation from the quadratic dependence of
transition energy on the electric field is obtained from o
numerical simulations that show two distinct branches, o
for roughly each field direction, merging at around zero fie
It is interesting to notice that, if the data at negative elec
fields are shifted upwards by 11 meV and if one ignore
few data points around zero field, one can easily fit the
maining data with a single parabola characterized by a m
mum at aroundF5240 kV/cm. In this case, according t
Eq. ~1!, the displaced curve yields a negative built-in dipo
(214 Å) in spite of the fact that the center of mass of t
electron state is above that of the hole state by 7 Å asshown
in the lower inset, thereby achieving normal alignment.

This fitting procedure was adopted by Fryet al.6 to show
the overall quadratic field dependence of the experime
transition energies~see upper right inset!. The points marked
with solid dots are the data measured from experiments.
authors shifted their data at negative fields to the posi
marked with open dots to match the curve fitting from th
data at positive electric fields. With this procedure, th
claimed a negative built-in dipole in the quantum dot stru
ture. This experimental procedure was motivated by the
that for p-i -n structures, the Stark shift in the transition
energies can only be measured under reverse biases. C
quently, given the asymmetric SAD shape and the fact
the Stark effect was measured for both field directions, t
sets of samples, i.e.,p-i -n andn-i -p structures, were neede
in the experiment. Therefore, as far as a pyramidal sha

FIG. 1. Ground-state interband transition energies as a func
of electric fields for two truncated pyramidal self-assembled qu
tum dots. Probability density isosurfaces of the ground state
electron~dark gray! and hole~light gray! are shown on a schemati
view of the structure. The calculated points are shown in do
lines. ~a! The solid line is a fit to Eq.~1! using only the data a
positive electric fields. The data at negative fields are shifted to
open dots by 11 meV to match the fitted curve. The top-right in
shows the corresponding experimental data taken from Ref. 6~b!
The solid line is a parabolic fit to all the data.
12530
e
r
e
.
c
a
-
i-

al

he
n
r
y
-
ct

se-
at
o

e,

i.e., a SAD with a large height-base aspect ratio, is assum
this fitting procedure may not have been suited for determ
ing the exact direction of the electron-hole alignment in t
SAD at equilibrium.

While the conventional perturbation theory fails for th
pyramidal quantum dot, it makes a successful prediction
Stark shifts for another InAs SAD shape which is a large
truncated pyramid shown in Fig. 1~b!, with the same base
size, but is only 5.4 nm high. This SAD has smaller tran
tion energies than the pyramidal structure because of its
form InAs composition. Unlike the dot shown in Fig. 1~a!, it
has nearly perfect quadratic dependence of the transition
ergies on electric fields as strong asF56100 kV/cm. The
parameter extracted from the fitting curve gives a posit
built-in dipole of 4.57 Å which agrees well with the actu
value 4.8 Å.

In Fig. 2, we show the electron and hole ground-st
energies for the two structures as a function of electric fie
Electron energies for both structures are seen to have a li
profile with a slight bowing that can be well described by t
usual quadratic dependence on the electric field, i.e.,

Ee~F !5Ee~0!1peF1beF
2, ~3!

in second-order perturbation theory. The hole state in
truncated structure exhibits a similar feature, and its ener
can be well fitted with a parabola, i.e.,

Eh~F !5Eh~0!1phF1bhF2. ~4!
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FIG. 2. Ground-state energies of electrons and holes as a f
tion of electric fields for the two quantum dots shown in Fig. 1. T
band diagrams are shown in the insets.
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Here pe(h) /ueu5^ce(h)uzuce(h)& is the center of mass of th
electron~hole! statece (ch) and be(h) measures the polar
ization of the electron~hole! states. The correlation betwee
the built-in dipole momentp5pe2ph and the quantum
Stark effect is then obtained by taking the difference betw
the electron and hole energies to reflect Eq.~1!. In the pyra-
midal dot, however, a quadratic fitting for the whole fie
range is not possible, although the left and right branche
the spectrum could be fitted piecewise by two parabo
respectively.

The different behavior of electron and hole energies
attributed to their respective band edge profiles shown in
insets of Fig. 2. In both SAD’s, the conduction band edge
almost flat inside the dot with hard walls on the sides, wh
provides electrons a constant, strong confinement. Co
quently, under the influence of external electric fields, el
trons experience a smoothly varying confining potential
side the dot, which can be treated as a small perturba
with electron energies following the quadratic depende
given by Eq.~3!. This type of behavior is also observed f
holes in the truncated SAD structure@Eq. ~4!#.

In the pyramidal dot, the valence band edge exhibit
more complicated, double-triangular profile with the low
part extending from the SAD base to about two-thirds of
structure height, which effectively confines the ground h
state close to the bottom of the dot~see the inset in Fig. 1!.
Therefore, the holes are localized in a rapidly varying pot
tial while the valence band edge changes abruptly clos
the top of the structure. Hence, as vertical electric fields fo
the holes to move along the structure, they experience
nificantly different local confinement at different field
which invalidates the perturbation approach as describe
Eq. ~1!. This behavior is seen to occur at electric fields
low asF5610 kV/cm.

The rapidly varying confining potential which is respo
sible for the breakdown of the perturbation theory in t
pyramidal structure is induced by the unique 3D strain fi
distribution within the SAD. Because the effect of oth
strain components on the valence bands is weaker, we
centrate on the biaxial component of the strain that affe
mostly the valence bands.13 Figure 3 shows a 3D plot of the
magnitude of biaxial strain along a@100# plane across the
center of the quantum dots. It is pointed out that the biax

FIG. 3. Three-dimensional plots of strain distribution in a@100#
plane across the center of quantum dots. Below the plots are
schematic views of cross sections of the structures.
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component of strain takes negative value inside the dot
is under biaxial compression and positive value in the bar
that is under biaxial tension.

Despite the fact that the structural difference between
two dots results only from the truncation, both structur
exhibit substantially different strain distribution. The biaxi
strain distribution in the pyramidal dot shows rapid variati
along the growth direction inside the structure, while t
truncated dot exhibits a smoother profile. The strain field
so coherent that the tip of the pyramidal dot has a signific
effect on the whole strain distribution.

In Fig. 4, we show the ground hole states at both nega
and positive electric fields for the two structures. For t
pyramidal structure of Fig. 1~a!, the wave function at nega
tive field F5220 kV/cm looks similar to that at zero field
except that it is localized closer to the dot bottom. At a po
tive field F510 kV/cm, the hole wave function develops
pair of small ‘‘wings’’ around the facet edges.14 Because of a
strong local confinement imposed by the sharp triangular
tential ~see the band diagram inset in Fig. 2!, the hole state
could not extend into the upper half part of the structure
electron states do. At a stronger positive fieldF
520 kV/cm, these wings even dominate over the other p
tions of the wave function.

III. DISCUSSION

The obvious asymmetric behavior of the ground ho
states implies that the corresponding wave functions can
be expanded to the first order in the electric field as

ch~F !5ch~0!1fhF, ~5!

which would result in symmetric wave functions with re
spect to positive and negative electric fields for the wh
range of electric fields. Instead, if we chose different valu
of the perturbation,fh , for negative and positive fields, re
spectively, it is possible to fit the hole energies with tw
parabolas~see Fig. 2!.

In the truncated structure, the hole states are seen to
a different probability density distribution. The wave fun
tions change very smoothly with the electric fields, beca
of a relatively flat valence band edge~see Fig. 2 inset!. In
addition, the lateral confinement close to the SAD top is a
weaker compared with that in the pyramidal SAD as sho
Fig. 1. Therefore, hole states behave coherently through

he

FIG. 4. Probability density isosurfaces of ground hole states
different electric fields, from left to right,220 kV/cm, 10 kV/cm,
and 20 kV/cm. Top panel: pyramidal dot@Fig. 1~a!#. Bottom panel:
truncated dot@Fig. 1~b!#.
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the whole range of electric fields, exhibiting nearly perfe
quadratic dependence of their eigen energies on ele
fields.

Table I lists the actual and fitted values of dipole mome
for several SAD’s. All structures have the same base dim
sions, but different heights or composition profiles. It sho
be stressed that the fitted values are obtained from the m
data only for positive electric fields, i.e., the right branch
the spectrum. Except for the last structure, all values exh
large discrepancy between the fitted curve and the mo
~calculated! data at negative fields. The first structure ha
negative built-in dipole induced by the inhomogeneo
diffusion,15 responsible for two bumps in the transition e
ergy for positive and negative fields, which makes the fitt
over a broad field range meaningless. This structure is s
lar to the SAD’s investigated recently by Chenet al.16 where
a negative dipole moment was extracted~the orientation of
their field was opposite to ours! from a quadratic fitting over
a smaller range of field (27.5 kV/cm<F<10 kV/cm), in
good agreement with our data. The next three structures h
homogeneous composition, and all exhibit positive dipo
However, the fitted values for these structures are all ne

TABLE I. Calculated built-in dipole moments and their fitte
values from the assumed quadratic dependence on the field for
ous quantum dot structures. All the lengths are expressed in nm
not specified, all structures are homogeneous InAs/GaAs dots.

Size Actual value Fitted value

1837.8a 20.31 N/A
1837.8b 0.70 21.40
1837.8 0.33 21.23
1839.0 0.36 21.33
1836.6 0.54 0.39
1835.4 0.46 0.48

aInhomogeneous InAs dot with two interdiffused monolaye
In0.6Ga0.4As and In0.8Ga0.2As, in the bottom.

bThe In0.8Ga0.2As dot shown in Fig. 1~a!.
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tive. Therefore, it is a general feature of high pyramid
quantum dots with less than 25% truncation to exhibit er
neously a ‘‘negative’’ built-in dipole when fitted to the Star
shifts. The fourth structure has about 27% truncation wit
dipole larger than those in the two previous dots. The co
sponding fitted value is positive but is 30% smaller than
actual value. In the last structure, which is strongly tru
cated, the difference between the actual value and the fi
one becomes negligible.

Finally, we have calculated the excitonic correction to t
interband transition energy by using the self-consistent H
tree method to take into account the electron-hole inter
tion. Although the shape of the electron wave functi
changes with the electric fields, the exciton energy is re
tively insensitive to field variations since it only increas
from 14.5 meV to 15.0 meV as the electric field varies fro
250 kV/cm to 50 kV/cm. This variation is imperceptible o
the plots in Fig. 1 and, consequently, does not change
conclusions.

IV. CONCLUSIONS

We have shown that the unique 3D strain field distributi
is responsible for the breakdown of the linear dependenc
the built-in electric dipole moment in the Stark shift in sing
SAD’s. This effect is mostly noticeable in high SAD’s whe
holes are mostly affected by rapidly varying components
the strain induced confining potential, which invalidates t
second-order perturbation theory and results in an errone
assessment of the respective positions of electrons and h
in the dots. While perturbation theory is expected to fail
strong electric fields, we point out that significant deviatio
from the usual Stark effect already occur at fields lower th
F510 kV/cm. For largely truncated or flat SAD’s, the Sta
shift retains its usual quadratic dependence on external fie
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