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Shallow impurities in V-groove quantum wires

Gerald Weber
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Laboratório de Nano-Espectroscopia O´ ptica, Centro de Cieˆncias Biológicas e da Sau´de, Universidade Sa˜o Francisco,

Avenida Sa˜o Francisco de Assis 218, 12900-000 Braganca-Paulista-SP, Brazil
~Received 5 May 2000; revised manuscript received 19 October 2000; published 1 March 2001!

We calculate the binding energies for shallow impurities in V-groove GaAs/AlxGa12xAs quantum wires
using a variational technique. The carrier ground states are calculated by an effective potential method together
with a suitable coordinate transformation that allows the decoupling of the two-dimensional wave function.
This method enables a detailed calculation of binding energies, providing an efficient tool for the study of
impurity-related properties in V-groove wires. We show that the lateral confinement of the V-groove potential
localizes the impurity wave function very effectively in the central region of the quantum wire.
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The electronic and optical properties of quantu
wires have attracted increasing attention recently. Sev
growth techniques have been successful in obtaining a
of heterostructure known as V-groove or ridge quant
wires. These V-groove quantum wires have been obtai
for a variety of materials such as InyGa12yAs/GaAs,1

InyGa12yAs/AlxGa12xAs,2 InyGa12yAs/InP,3

InyAl12yAs/InP,4 GaAs/AlxGa12xAs,5–7 and Si/SiO2.8 Cer-
tainly, to fully understand the optical and electronic prop
ties of V-groove quantum wires, a description of the imp
rity properties would be important.

The calculation of shallow impurities in square and circ
lar quantum wires is currently well established.9–12However,
the variational technique employed for the calculation is
merically intensive if the wire is not of circular shape. Due
the complicated form of the potential profile in V-groov
quantum wires the calculation of shallow impurity stat
may become impractical if the method of calculation of t
carrier ground states is also numerically intensive. Sev
theoretical approaches have been put forth for the calcula
of the energy levels and wave functions: Sa’aret al.13 pro-
posed a local-envelope states expansion, Pescetelliet al.14

used a tight-binding approach for T- and V-shaped quan
wires, and Ammannet al.15 used a quasifactorizatio
scheme. However, in general the two-dimensional effec
mass Schro¨dinger equation has been calculated numerica
using either plane-wave expansion16–20 or by adapting finite
element methods.21

A detailed calculation of shallow impurity states
V-groove quantum wires, to the best of our knowledge,
still not available. For experimental studies of V-groo
quantum wires it is important to have a theoretical desc
tion of the impurity levels in addition to other physical pro
erties. For instance, for the study of photoluminescence s
tra it is important to be able to identify the observed peaks
impurity related or rule them out as such. The presence
additional structures, such as vertical quantum wells
pinch-off regions, adds new energy states to an already c
plicated spectrum, emphasizing the necessity of a comp
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level structure calculation. For calculations of impurit
related optical properties, such as impurity absorption co
ficients and photoluminescence spectra, a detailed kno
edge of the impurity binding energy is needed over all spa
regions of the quantum wire. A partial knowledge, e.g., o
few symmetry points, is not sufficient for this purpose. Th
calls for a theoretical model that should be numerically ve
efficient.

In this work we use an effective potential method, pr
posed in Ref. 22, that allows the decoupling of the tw
dimensional wave function of the V-groove quantu
wire.13–21 The purpose of this paper is to obtain the shallo
impurity binding energies and to establish how effective
the shallow impurity responds to the lateral confinement o
V-groove quantum wire. This method provides energy lev
and wave functions that are in agreement with more com
cated calculations. Also, it is numerically efficient and th
provides an important tool for the study of impurity-relate
phenomena in V-groove quantum wires. Furthermore, it i
direct application of the effective potential method22 allow-
ing us to further assess the validity of this method of cal
lation.

We first write the Hamiltonian for a Coulombic shallo
impurity,

H5H02
e2

e@~x2xi !
21~y2yi !

21z2#1/2
, ~1!

where

H052
\2

2m*
¹21V~x,y! ~2!

is the Hamiltonian without the impurity potential.
To calculate the carrier ground state we assume the

lowing potential profile to describe the interface potentials
the V-groove quantum wire:21,22
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y1~x!52b tanu ln@cosh~x/b!#1
L

2
, ~3!

y2~x!5y1~x!2L, ~4!

where L is the channel width along they direction andb
represents the bend width at the top of the ridge~see, for
example, Fig. 1!. Here we have defined the angleu such that
180°22u is the angle between the facets of the ridge,
angle normally referred to in most articles. We then ap
the coordinate transformation21,22

X5x, ~5!

Y52y2b tanu ln@cosh~x/b!#, ~6!

Z5z ~7!

to the HamiltonianH0. In the transformed coordinates th
potential barrier becomes linear and resembles that o
simple quantum well, i.e., it becomes a function ofY only.
The transformed HamiltonianH0 becomes considerabl
more complicated as it now contains all the informati
about the lateral confinement.22 Our approximation consist
of replacing all mixed terms of the transformed Hamiltoni
by an effective lateral potential22

Veff~X!5VXtanu tanh2~X/b!, ~8!

whereVX is an angle-independent barrier factor. This pote
tial allows the decoupling of the two-dimensional Ham
tonian into two readily solved one-dimensional Hamilt
nians.

FIG. 1. Calculated donor binding energies as a function of
impurity positionxi andyi . The contour plots show curves with th
same binding energy listed in meV~number displayed at eac
curve!. The V-groove quantum wire dimensions areb54 nm, L
58 nm, and angleu554.75°.
11330
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The impurity binding energy is calculated using a sta
dard variational technique; for details see Refs. 9, 23, and
The trial wave function is chosen as

c~X,Y,Z!5Nf~X,Y!exp$2@~X2Xi !
21~Y2Yi !

2

1Z2#1/2/l%, ~9!

whereXi ,Yi is the impurity position in transformed coord
nates, andl is the variational parameter.f(X,Y) is the
ground state wave function without the impurity, i.e., t
eigenfunction ofH0 obtained in transformed coordinates. A
calculations are carried out in transformed coordinates.
binding energyEB5E02E is obtained by numerically mini-
mizing the energyE with respect to the variational paramet
l, whereE0 is the ground energy level without the impurity

We present results for GaAs/Al0.3Ga0.7As V-groove quan-
tum wires and we discuss the binding energies for do
impurities as a function of impurity position in the wire. W
used an effective mass for GaAs of 0.067m0 and a dielectric
constant of 13.18e0.25 The barrier height is 264 meV for th
conduction band.21 Also, we use a barrier factorVX of 42.4
meV for the conduction band.22 The angle isu554.75° such
that 180°22u corresponds to the measured angle betw
the two facets of the ridge.21,22 For comparison we also con
sider a smaller angle~larger angle between the facets! of u
530°, since we notice that for multiple V-groove quantu
wires the angle between the facets (180°22u) becomes in-
creasingly larger~e.g., Ref. 7!.

The donor binding energies as a function of the impur
position xi and yi are presented in Fig. 1 for a V-groov
quantum wire with channel width of 8 nm and bend width
4 nm. The binding energies are clearly consistent with
two-dimensional confinement in the central region of t
quantum wire. Note that the binding energy is maximum
a donor located at the center of the V-groove quantum w
and decreases continuously as the donor position is mo
away from the center. A larger decrease is observed for
nors located in the barrier region. This behavior can be
derstood by analyzing the impurity wave function. Figure
shows the wave function for several impurity position in t
quantum wire. For an impurity located at the center of t
wire @Fig. 2~a!# the wave function is clearlys-like and as
such has the largest possible binding energy. For impuri
located at the interface@Figs. 2~b! and 2~c!#, but still within
the central region, the wave function becomes strongly
formed, thus giving smaller binding energies. As we mo
the impurity along one of the wings of the V-groove wi
@Fig. 2~d!# away from the central region the wave functio
becomes even more deformed, thus accounting for sma
binding energies.

We discuss now the dependence of the donor binding
ergy on the V-groove quantum wire dimensions. We co
sider two situations as compared to the quantum wire sho
in Fig. 1: a smaller angle to consider a smaller lateral c
finement and a smaller channel width to consider a lar
confinement. For a smaller angleu530° as shown in Fig.
3~a! we observe smaller binding energies in agreement w
a smaller lateral confinement. The limit situation ofu50,
i.e., a simple quantum well of the same width~8 nm!, has a

e
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donor binding energy at its center of 12.8 meV.26 Figure 3~b!
shows a wire with smaller channel width, where we fi
binding energies up to 23 meV. Note that this binding ene
is larger than for the wire in Fig. 1. This is explained
follows. Both wires have the same structural parameters,
only difference being a narrower channel width in Fig. 3~b!.
Thus with a larger confinement of the wave function w
obtain also a larger binding energy. These two situati
shown in Fig. 3 demonstrate that the effective potential u
for calculating the binding energies provides consistent
reliable results. Also, the overall behavior of the impur
binding energy calculated with the effective potential is
agreement with several results for quantum wires of differ
shapes.9–12

A recent paper by Denget al.27 also presents calculate
donor binding energies in V-groove quantum wires at so
specific impurity positions. These authors present bind
energies for three impurity positions, which are compara
to our results for the same wire positions.

In conclusion, we calculated shallow impurity binding e
ergies in V-groove quantum wires using an effective pot

FIG. 2. Contour plots of the impurity wave functionc(x,y,z
50) in arbitrary units. The V-groove quantum wire has dimensio
b54 nm, L58 nm, and angleu554.75°. Four different impurity
positions, each marked with a full circle, are shown in parts~a! to
~d!.
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tial method for the calculation of the electron and ho
ground states. Our results show that the lateral confinem
is very effective and that the impurity wave functions b
come strongly localized in the central region of the V-groo
quantum wire. The calculated binding energies are com
rable to those obtained for circular or rectangular quant
wires.
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FIG. 3. Contour plots of the donor binding energy in V-groo
quantum wires with dimensions~a! b54 nm, L58 nm, and angle
u530° and~b! b54 nm, L54 nm, andu554.75°.
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