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Influence of dimensionality on the emission spectra of nanostructures
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We report on our results of the numerical simulations of a quantum dot~quantum wire!-quantum
well cascade structure. Experimental work on the quantum dot structure was recently reported in the
literature. For parameters of such a structure, the calculated emission spectra has a single peak for
up to four electrons in the dot. The width of the emission line is found to be due to long-range
in-plane disorder, resulting mainly due to fluctuations of the height of the dots. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1625785#
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It has been long established that dimensionality of el
tronic systems plays an important role on the electronic
optical properties, due to its influence on the density
states.1 Since the inception of the quantum cascade las2

there have been persistent efforts to reduce the dimensio
ity of the quantum wells in the active region.3 The question
of how the emission spectra of various nanostructures
influenced by their dimensionality has come to the fore
cause of recent reports on the quantum dot~QD!-quantum
well ~QW!4 and quantum wire~QWR!-quantum well5 cas-
cade structures. The system of Ref. 4 consisted of
coupled AlInAs self-assembled quantum dots1 and GaAs
quantum wells. Electrolumenscence spectra from such a
cade system showed~i! a clear single peak at 158 meV an
~ii ! a finite width of the peak around 15 meV. Our numeric
simulations on QD cascade structures reported earlier6 indi-
cated that generally the emission spectra from such a s
ture should have multiple peaks. Absence of these additio
peaks in Ref. 4 can be understood from the estimate
the number of electrons per dot, which participate in form
tion of the luminescence spectra. We estimate that there
only one or at most two electrons per dot in the structure
Ref. 4.

In order to understand more clearly the structure
emission spectra we performed numerical calculations fo
QD–QW cascade system with the parameters taken f
Ref. 4. We have considered only the active region of
system, i.e., a quantum dot with base diameterD, and two
quantum wells, as shown in Fig. 1. The base diameter of
dot is considered as a parameter of the system and is va
around the average valueD520 nm, as reported in Ref. 4
To study the effect of dimensionality we have also done c
culations for a QWR–QW cascade structure with the sa
parameter of the active region as for QD–QW~see Fig. 1!.

The single-electron Hamiltonian for our system is
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where the confinement potential in thez direction is

a!Electronic mail: tapash@imsc.res.in
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Vconf~z!52eFz1H 0 for wells

U0 for barriers
~1!

with F being the electric field in thez direction, andU0 is
the conduction band discontinuity.6 The confinement poten
tial in the xy plane is zero for the quantum well and for th
quantum dot is taken to be of two forms: a parabolic pot
tial VQD,PP(x,y)5 1

2m* v2(x21y2) wherevx is the confine-
ment energies, corresponding to the oscillator length ol
5(\/m* v)21/2; or the hard wall confinement

VQD,HW~x,y!5H 0 for ~x21y2!1/2,D/2

U0 for ~x21y2!1/2.D/2
.

For the quantum wire, the in-plane confinement exist only
one dimension. The corresponding confinement potentia
also taken to be parabolicVQWR,PP(x,y)5 1

2m* v2x2.
For the N-electron system, we also take into accou

the Coulomb interaction between the electronsHint5e2/
e•( i , j ur i2r j u21, wheree is the background dielectric con
stant. We restrict the single electron basis by 10 lowest st
and numerically obtain the eigenstates of theN-electron sys-
tem with N52 – 4.

FIG. 1. Active region of a QD–QW~QWR–QW! cascade system is show
schematically. Optical transition between the initial excited electronic st
where all electrons are in the AlInAs quantum dot~quantum wire!, and the
final state, in which one electron is in the GaAs quantum well and all ot
electrons are in the dot~wire!, is illustrated by an wavy arrow.
1 © 2003 American Institute of Physics
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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During the optical transition in the active region of
QD/QWR–QW system, in the initial state~before optical
emission! all N electrons are in the quantum dot/quantu
wire ~for the in-plane motion! and in the second subband~for
electron motion in thez direction!. In the final state~after
optical emission! one electron is in the quantum well~for the
in-plane motion! and in the first subband~for electron motion
in the z direction!, and all otherN21 electrons are in the
quantum dot/quantum wire and in the second subband.
intensity of optical transitions is calculated from

Ii f ~v!5
1

Z (
i f

d~v2Ei1Ef !

3U E x1~z!z x2~z!dzE F i* ~x1y1 ,¯ ,xNyN!

3F f~x1y1 ,¯ ,xNyN!dx1dy1¯dxNdyNU2

3exp~2bEi !,

whereZ5( i e2bEi is the partition function andb51/kT. In
all our computations, we takeT550 K. The wave functions
x1(z) andx2(z) correspond to the first and second subban
respectively, andF i , F f are the initial and the final wave
faction for the in-plane motion. To take into account the
fect of disorder in the system we introduce the spreading
each emission line in the Lorentz form so that the final
tensity is

I~v!5E dv1Ii f ~v1!
D

p@D21~v2v1!2#
.

The parameterD in our calculation is taken to beD55 meV.7

We have analyzed two aspects of the emission spe
the shape and width of the emission line. In Fig. 2,
present the emission spectra for different number of electr
in the initial state (N52 – 4). The data for QD–QW are

FIG. 2. Shape of the luminescence spectra for different number of elect
N52,3, and 4 for QD–QW~solid line! and QWR–QW~dashed line! struc-
tures. The diameter of quantum dot base isD530 nm, and is the same a
the width of the quantum wire,d530 nm. The in-plane confinement poten
tial for the dot has the parabolic form,Vplane,PP(x,y). The intensityI is in
arbitrary units. Experimental results from Ref. 4 are presented as inset
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shown only for the parabolic confinement potential for t
quantum dots. For the hard wall confinement the trend is
same. We see that in all cases the emission spectra cons
a single line. In the experiments the number of electrons
dot is not higher than two and as a result in the emiss
spectra there is only a single line. The present calculati
demonstrate that even for a higher electron density~up to
four electrons per dot! the emission spectra will not acquir
any additional structure, which might result from the discre
structure of the energy spectra of the quantum dots. Inse
tivity of the emission spectra on the discreteness of the
ergy spectra of the dot is due to a large size of the
~diameter of the base!, i.e., small gaps in the energy spect
of dot system. Another property of the luminescence spe
~also observed in Ref. 6! is the blueshift of the emission line
as a function of number of electrons. This shift is partia
due to interactions between the electrons. Comparing
QD–QW and QWR–QW structures, we see that the blues
is larger for QD–QW system, which means that the inter
tion effects in the quantum dots are stronger than in
quantum wires. This is due to a larger spreading of electr
in the quantum wires than in the quantum dots.

The second aspect of the emission spectra, which c
acterizes the lasing properties of quantum cascade syste
the width of the emission line. We assume that this wid
comes from the inhomogeneous dot distribution. The m
parameters that characterize the dot geometry are the d
eter,D, of the base of the dot and the height,h of the dot.
Fluctuations of the dot diameter comes from fluctuations
the in-plane disorder potential with characteristic size mu
smaller than the size~diameter! of the dot. Conversely, fluc-
tuations of the height of the dot is due to fluctuations of t
disorder potentiual with the size much larger than the dia
eter of the dot. In other words, the short-range and the lo
range in-plane fluctuations of the disorder potential are
sponsible for the fluctuations of the dot diameter and
height of the dot, respectively. To describe the effect of th

s,
FIG. 3. Position of the maximum of emission spectra~see Fig. 2! as a
function of the diameter of the base of the dot~a! and as a function of the
height of the dot~b!. The dashed and solid lines in figure~a! correspond to
the hard wall confinement,Vplane,HW, and parabolic confinement,Vplane,PP,
respectively. The number of electrons per dot is two,N52.
IP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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parameters on the spectral width, we have studied their
fluence on the position of emission line in the homogene
system, where all the dots have the same values ofD andh.
In Fig. 3 the position of the emission line is shown as~a! a
function of the diameter of the base and~b! as a function of
the height of the dot. Evidently, there is only a weak sen
tivity of the emission spectra on the dot diameter. For
ample, when the diameter increases from 10 to 40 nm
position of the line is moved only by'5% ~8 meV!. This is
true both for the parabolic potential~solid line! and for the
hard wall confinement~dotted line!. We therefore conclude
that the fluctuation of the diameter of the dots have sm
contribution to the width of the luminescence line. It follow
also from this conclusion that the fluctuation of the shape
the dots does not strongly affect the width of the line. On
other hand, from Fig. 3~b! we notice that the emission spe
tra becomes very sensitive to the height of the dots. Clea
if the height is changed between 2.5 and 3.5 nm, the posi
of the line is moved by;60 meV. In other words, for the
width of the line equal to 15 meV the inaccuracy in t
height of the dots should be less than 10%.

FIG. 4. The relative position of the maximum of emission spectra~see Fig.
2! is shown forN52 as a function of the dot diameter,D, and the width of
the wire,d, ~a!; and as a function of the height of the dot and the wire~b!.
The solid and dashed lines in figures~a! and~b! correspond to the quantum
dot and quantum wire, respectively.
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A similar trend concerning the effect of the geomet
parameters of the quantum wire on the width of the emiss
line is found for the QWR–QW cascade structures. To ma
a more detailed comparison between the two different str
tures, i.e., QD–QW and QWR–QW, we present in the sa
figure, Fig. 4, the dependence of the position of the emiss
line on the width and the height of the quantum wire~for
QWR–QW structure! and on the diameter and the height
the dot~for QD–QW structure!. The data in Fig. 4~a! dem-
onstrate that the width of the emission line is almost half
sensitive to the fluctuations of the width of the wire in th
QWR–QW structures than to the fluctuations of the dot
ameter in the QD–QW structure. Such a relation can be
derstood from the single-particle picture, in which the ene
of in-plane motion is\v for the parabolic quantum dot an
~1/2!\v for the quantum wire. At the same time, it is clear
seen in Fig. 4~b! that the sensitivity to the height is almo
the same in QWR–QW and QD–QW structures. Our d
tailed study presented here indicate that, the main contr
tion to the width of the emission spectra in QD–QW~QWR–
QW! structures comes from the fluctuations of the dot~wire!
height, i.e., long-range in-plane fluctuations of the disor
potential.

The authors would like to thank N. Ulbrich~WSI,
München! for sending them their experimental results r
ported in Ref. 4.
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