
Physica B 314 (2002) 145–149

Nonequilibrium band structure of nano-devices
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Abstract

A method is developed for calculating, in a consistent manner, the realistic electronic structure of three-dimensional

(3-D) heterostructure quantum devices under bias and its current density close to equilibrium. The nonequilibrium

electronic structure is characterized by local Fermi levels that are calculated self-consistently. We have applied this

scheme to predict asymmetric Stark shifts and tunneling of confined electrons and holes in single-dot GaAs/InGaAs

photodiodes. r 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

A realistic simulator of three-dimensional (3-D)
semiconductor nano-structures and optoelectronic
nano-devices should meet two requirements.
Firstly, it should model the electronic structure
of any combination of quantum wells, wires, and
dots accurately on a length scale from nm to mm.
Secondly, a device simulator should self-consis-
tently account for the charge redistribution under
applied voltage and for the resulting current (see,
e.g., [1]). Recently, several methods have been
published that can realistically predict the equili-
brium electronic structure of 3-D nano-structures.
They are based on one-band [2], or several-band

k.p models [3–5], tight binding methods [6] or
pseudopotential techniques [7,8]. Some of them
include free and bound charge distributions self-
consistently [2,3]. Most quantum transport meth-
ods that include the electronic structure beyond a
one-band description are still limited to one spatial
dimension [9–11]. Thus, a simultaneous realistic
treatment of the electronic structure and the
quantum transport problem for 3-D structures
still poses a challenging task.

In this paper, we present first results on a
simulator that we have developed for a wide class
of 3-D Si and III–V nano-structures that meets
both requirements mentioned above, albeit via a
WKB-type approach for the current only valid
close to equilibrium, where the concept of local
quasi-Fermi levels is still justifiable. We have
applied this approach to study self-assembled
GaAs/InAs single-quantum-dot photodiodes [12]
and predict a hole tunneling rate that greatly
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exceeds the electrons’ one in lens-shaped quantum
dots.

2. Three-dimensional nano-device simulator

The simulator solves the 8-band-k.p-Schr .o-
dinger–Poisson equation for arbitrarily shaped 3-
D heterostructure device geometries, and for any
(III–V and Si/Ge) combination of materials and
alloys. It includes band offsets of the minimal and
higher band edges, absolute deformation poten-
tials [13], local density exchange and correlations
(i.e. the Kohn–Sham equations), total elastic strain
energy [14,15], long-range Hartree potential in-
duced by charged impurity distributions, voltage
induced charge redistributions, piezo- and pyro-
electric charges, as well as surface charges, in a
fully self-consistent manner. The charge density is
calculated for a given applied voltage by assuming
the carriers to be in a local equilibrium character-
ized by energy-band dependent local quasi-Fermi
levels EFcðxÞ for charge carriers of type c (i.e. in the
simplest case, one for holes and one for electrons),

ncðxÞ ¼
X

i

jCicðxÞj2 f
EFcðxÞ � Eic

kBT

� �
: ð1Þ

These local quasi-Fermi levels are determined by
global current conservation rdjc ¼ 0; where the
current is assumed to be proportional to the
density and to the gradient of the quasi-Fermi level
(associated with each band) exactly as in the
semiclassical limit (see, e.g. [16]). The carrier wave
functions Cic and energies Eic are calculated by
solving the multi-band Schr .odinger–Poisson equa-
tion. The open system is mimicked by using mixed
Dirichlet and von Neumann boundary conditions
[10,17,18] at Ohmic contacts. The charge density at
these contacts is assumed to be equal to the bulk
equilibrium density. Thus, the quasi-Fermi levels
and the potential in the contact region are fixed
according to the applied voltage. Our method
leads to globally orthogonal eigenstates including
valence (split-off, light and heavy hole) and
conduction band states. Further, it automatically
includes tunneling, and yields optical transition
energies and as well as optical matrix elements.

According to Eq. (1), one and the same bound
state CicðxÞ may get occupied differently at
different positions according to the spatial depen-
dence of EFcðxÞ: This is a consequence of invoking
the well-defined but semiclassical concept of local
Fermi levels together with nonlocal quantum
mechanics. Fortunately, no conflict arises for
situations close to equilibrium since the spatial
variation of the occupancy of any given eigenstate
turns out to be negligible for 3 reasons: (i) Deeply
bound states do not contribute to the current and
thus do not lead to a gradient of the Fermi level;
(ii) the Fermi level has the largest variation in
regions where the density is very low (within
barriers, for example); (iii) very extended states
that are treated formally as bound states in our
method are either not occupied because of their
high energy, or occur in regions of high density
(near contacts, for example) where the quasi-
Fermi level is nearly constant.

The computational methods, that will be de-
scribed elsewhere, solve the Kohn–Sham–Schr .o-
dinger, Poisson and current continuity equations
iteratively using conjugate gradient, inverse-itera-
tion, Jacobi–Davidson [19] and predictor–correc-
tor methods [20] in an inhomogeneous finite
difference framework.

3. Application: single dot spectroscopy

We have applied our simulator to study
theoretically single-quantum-dot photodiodes
[12,21–23]. We consider self-assembled InGaAs
quantum dots with a diameter of 30–40 nm and
heights of 4–8 nm that are embedded in the
intrinsic region of an n-i-Schottky diode (see inset
of Fig. 2 for a schematic cross section). Such dots
with a nominal In concentration of only 50% and
correspondingly high exciton energies close to
1.3 eV have been fabricated recently [12]. Both
experiments of [12] as well as earlier ones by the
Skolnick group [21] have shown asymmetric Stark
shifts and associated dipoles that indicate inverted
electron–hole alignments with the electron at the
base and the hole at the top of the dot, in contrast
to what earlier theoretical calculations [4,5,15] had
predicted.
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We have examined several dot sizes, shapes, and
alloy profiles as a function of applied bias in the
strain-relaxed structures in a sufficiently large
region surrounding the dot, including the wetting
layer. We find, in agreement with [3], dots of
pyramidal shape to possess large piezoelectric
polarization charges in the corners that lead to a
strong hole confinement near the dot edges
(Fig. 1a). By contrast, lens-shaped dots of similar

size are found to lead to electron and hole states
near the center of the lens which significantly
improves the exciton absorption (Fig. 1b). In the
following discussion, we focus on lens-shaped dots
with a height and average alloy composition that
leads to a zero bias exciton energy of B1.3 eV as in
the experiments of [12]. Fig. 2 shows the conduc-
tion and valence band edge profile in the intrinsic
region cutting through the center of a dot with an
alloy concentration of 16% at the base and 44% at
the top and a Gaussian profile (see Fig. 3). The
electron ground state is seen to be significantly less
localized than the hole state. Most importantly, we
find the hole to be localized at the apex (top) and
the electron at the base exactly as has been
suggested by [21]. These results are a consequence
of the pronounced band bending (that may be
considered as an effective built-in field as can be
deduced from Fig. 2) that is caused by the large
composition variation within the dot. This result
remains valid also for higher in concentrations. We

Fig. 1. Top view of some theoretically analyzed InGaAs dot

shapes. The height in the center is 8 nm for both dot shapes (a)

and (b). The black dots indicate the calculated density of the

hole ground state and the dark gray areas the electron ground

state, respectively. The isosurfaces represent 50% of the

maximum charge density.
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Fig. 2. Band edge profile through the center of lens-shaped

InGaAs quantum dot of height 6 nm, diameter 40 nm, and alloy

profile as shown in the inset of Fig. 3. The thin lines indicate the

electron and hole ground state energy, respectively. The inset

shows a schematic diagram of the single-dot photodiode under

negative bias with the calculated electron quasi-Fermi level EFn:
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emphasize that the strain-induced piezoelectric
charges are small in the presently studied dots
and do not contribute to this unusual inversion of
electron and hole localization. Since the hole state
is pinned to the band edge near the top of the
dot, its energy follows the same linear trend
as a function of applied bias as the band edge.
This leads to an almost linear Stark shift of the
ground state exciton as a function of the electric
field, as shown in Fig. 3 for different alloy profiles
and dot heights. The gradient of these curves is
seen to decrease for dots with smaller height and
flatter alloy profiles. The comparison with experi-
ment [12] in Fig. 3 shows that the measured data
can only be explained by assuming a very steep
alloy profile. Steep alloy profiles in GaAs/InAs
dots have recently been observed experimentally
[24].

The inverted localization of the electrons at the
base and holes at the top of the dot has interesting
consequences for the tunneling of the carriers and
the onset of the photocurrent. By calculating the
complex band structure [18] and modeling the dot
by a quantum well of equal strain, alloy profile and
height, we have calculated the resonance energy
width (see [25] for a discussion) for a dot structure
of 6 nm height and alloy concentration between
16% and 44%. We predict the hole tunneling rate

to be 2–4 orders of magnitudes higher than the
electron one, in the range of electric fields between
60 and 90 kV/cm. This effect is caused by the fact
that the barrier width for the holes is smaller than
for the electrons (cf. Fig. 2). We note that the
situation is reversed if we assume a hypothetic
pseudomorphic rather than a fully relaxed strain.
In conclusion, we have shown that the presently
developed 3-D device simulator can successfully
explain recently found anomalies in asymmetric
Stark shifts of InAs/GaAs quantum dots in terms
of steep alloy profiles.
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Fig. 3. Calculated shift of the exciton ground state as a

function of the electric field for 3 different lens-shaped dots

with alloy profiles near the dot center as indicated in the inset.

The dots are experimental results from [12].
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