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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 quantunic@ntum wirg-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 dot20@3 American
Institute of Physics.[DOI: 10.1063/1.1625785

It has been long established that dimensionality of elec- 0 forwells
tronic systems plays an important role on the electronic and  Veonf(2)=—€Fz+
optical properties, due to its influence on the density of
states: Since the inception of the quantum cascade laserwith F being the electric field in the direction, andU, is
there have been persistent efforts to reduce the dimensiondhe conduction band discontinuftyThe confinement poten-
ity of the quantum wells in the active regidihe question tial in the xy plane is zero for the quantum well and for the
of how the emission spectra of various nanostructures arguantum dot is taken to be of two forms: a parabolic poten-
influenced by their dimensionality has come to the fore betial Vop pe(X,Y) = 3m* w?(x*+y?) wherew, is the confine-
cause of recent reports on the quantum @D)-quantum ment energies, corresponding to the oscillator lengtH of

@

U, for barriers

well (QW)* and quantum wirdQWR)-quantum wefl cas- = (A/m* w)~ Y% or the hard wall confinement
cade structures. The system of Ref. 4 consisted of the 0 for (x2+y?)Y2<D/2
coupled AllnAs self-assembled quantum dotnd GaAs Vopaw(X,Y) = 0 ouap )
quantum wells. Electrolumenscence spectra from such a cas- ' Uo for (x*+y*)"*>D/2

cade system showel@ a clear single peak at 158 meV and For the quantum wire, the in-plane confinement exist only in

(ii) a finite width of the peak around 15 meV. Our numericalpne dimension. The corresponding confinement potential is
simulations on QD cascade structures reported editidi- )50 taken to be parabolMowr pX,y) = sm* 02X,

cated that generally the emission spectra from such a struc- Eqr the N-electron systerﬁ, we also take into account

ture should have multiple peaks. Absence of these additionghe Coulomb interaction between the electrals,=e?/

peaks in Ref. 4 can be understood from the estimate og.zi<j|ri_rj|*l7 wheree is the background dielectric con-

the number of electrons per dot, which participate in formastant. We restrict the single electron basis by 10 lowest states

tion of the luminescence spectra. We estimate that there aghd numerically obtain the eigenstates of kelectron sys-
only one or at most two electrons per dot in the structure otem with N=2—4.

Ref. 4.
In order to understand more clearly the structure of —

emission spectra we performed numerical calculations for a 11

QD-QW cascade system with the parameters taken from 1 33

Ref. 4. We have considered only the active region of the 1.1

system, i.e., a quantum dot with base diam@erand two 1 54

guantum wells, as shown in Fig. 1. The base diameter of the 4.8 nm ,I‘H

dot is considered as a parameter of the system and is varied d

around the average valig=20 nm, as reported in Ref. 4.

To study the effect of dimensionality we have also done cal-

culations for a QWR—-QW cascade structure with the same Uy

parameter of the active region as for QD—Q¥¢e Fig. L AllnAs
The single-electron Hamiltonian for our system is / Dots

pi p§ p2 /\ GaAs

s T o+ Vaiand X Y) + 55+ Voon(2), Wells

H =

FIG. 1. Active region of a QD—QWQWR-QW) cascade system is shown
where the confinement potential in thealirection is schematically. Optical transition between the initial excited electronic state,
where all electrons are in the AllnAs quantum dquiantum wir¢, and the
final state, in which one electron is in the GaAs quantum well and all other
dElectronic mail: tapash@imsc.res.in electrons are in the ddtvire), is illustrated by an wavy arrow.
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. . FIG. 3. Position of the maximum of emission spectsee Fig. 2 as a
FIG. 2. Shape of the luminescence spectra for different number of electrong,, \tion of the diameter of the base of the dat and as a function of the
N=23, and_4 for QD—QWsolid line) and Q_WR—Q\N(dashgd lingstruc- height of the doib). The dashed and solid lines in figu@ correspond to
tures. The diameter of quantum dot bas®is 30 nm, and is the same as o hard wall CoNfinementpiane s and parabolic confinementyae pn

the width of the quantum wird:_SO nm. The in-plane co_nfinen_ﬁent‘ p(_)ten- respectively. The number of electrons per dot is te; 2.
tial for the dot has the parabolic form,,ane pkX,y). The intensityl is in
arbitrary units. Experimental results from Ref. 4 are presented as inset.
shown only for the parabolic confinement potential for the

During the optical transition in the active region of a quantum dots. For the hard wall confinement the trend is the
QD/QWR-QW system, in the initial statédefore optical same. We see that in all cases the emission spectra consist of
emission all N electrons are in the quantum dot/quantuma single line. In the experiments the number of electrons per
wire (for the in-plane motiohand in the second subbaffdr dot is not higher than two and as a result in the emission
electron motion in the direction. In the final state(after  spectra there is only a single line. The present calculations
optical emissionone electron is in the quantum wélbr the  demonstrate that even for a higher electron den&ity to
in-plane motiomand in the first subbandor electron motion  four electrons per dotthe emission spectra will not acquire
in the z direction, and all otherN—1 electrons are in the any additional structure, which might result from the discrete
quantum dot/quantum wire and in the second subband. Thetructure of the energy spectra of the quantum dots. Insensi-

intensity of optical transitions is calculated from tivity of the emission spectra on the discreteness of the en-
1 ergy spectra of the dot is due to a large size of the dot
Zii(w)= ZE S(w—E;+E;) (diameter of the bagei.e., small gaps in the energy spectra
i

of dot system. Another property of the luminescence spectra
(also observed in Ref.)8s the blueshift of the emission line
J Xl(Z)ZXz(Z)de DF (X1Y1, ", XnYN) as a function of number of electrons. This shift is partially
due to interactions between the electrons. Comparing the
QD-QW and QWR—-QW structures, we see that the blueshift
is larger for QD—QW system, which means that the interac-
X exgl — BE) tion effects in the quantum dots are stronger than in the
7 guantum wires. This is due to a larger spreading of electrons
whereZ=3; e i is the partition function ang=1/kT. In in the quantum wires than in the quantum dots.
all our computations, we také=50 K. The wave functions The second aspect of the emission spectra, which char-
x1(2) andy,(z) correspond to the first and second subbandsacterizes the lasing properties of quantum cascade system is
respectively, andb;, ®; are the initial and the final wave the width of the emission line. We assume that this width
faction for the in-plane motion. To take into account the ef-comes from the inhomogeneous dot distribution. The main
fect of disorder in the system we introduce the spreading oparameters that characterize the dot geometry are the diam-
each emission line in the Lorentz form so that the final in-eter,D, of the base of the dot and the heightpof the dot.
tensity is Fluctuations of the dot diameter comes from fluctuations of
A the in-plane disorder potential with characteristic size much
5 — 5. smaller than the siz&diametey of the dot. Conversely, fluc-
[A%+ (0= w1)7] tuations of the height of the dot is due to fluctuations of the
The parameted in our calculation is taken to be=5 meV’  disorder potentiual with the size much larger than the diam-
We have analyzed two aspects of the emission spectrater of the dot. In other words, the short-range and the long-
the shape and width of the emission line. In Fig. 2, werange in-plane fluctuations of the disorder potential are re-
present the emission spectra for different number of electronsponsible for the fluctuations of the dot diameter and the

in the initial state N=2-4). The data for QD—QW are height of the dot, respectively. To describe the effect of these
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A similar trend concerning the effect of the geometric
parameters of the quantum wire on the width of the emission
line is found for the QWR-QW cascade structures. To make
a more detailed comparison between the two different struc-
tures, i.e., QD—QW and QWR-QW, we present in the same
figure, Fig. 4, the dependence of the position of the emission
line on the width and the height of the quantum wifer
QWR-QW structureand on the diameter and the height of
the dot(for QD—QW structurg The data in Fig. @) dem-
onstrate that the width of the emission line is almost half as
sensitive to the fluctuations of the width of the wire in the
QWR-QW structures than to the fluctuations of the dot di-
ameter in the QD—QW structure. Such a relation can be un-
derstood from the single-particle picture, in which the energy
of in-plane motion ishw for the parabolic quantum dot and

26 28 30 32 34 (1/2)hw for the quantum wire. At the same time, it is clearly

h (om) seen in Fig. &) that the sensitivity to the height is almost

6. 4. The relati oo th ) omicsi ) the same in QWR-QW and QD-QW structures. Our de-
o oo ot e o sty @led study preseted here ndicate tht, the main contiu
the wire,d, (a); and as a function of the height of the dot and the wire tion to the width of the emission spectra in QD-Q@WR-
The solid and dashed lines in figur&s and (b) correspond to the quantum QW) structures comes from the fluctuations of the @ate)
dot and quantum wire, respectively. height, i.e., long-range in-plane fluctuations of the disorder
potential.

Aa)m (meV)

Amm (meV)

parameters on the' ;pectral V\.lidt.h, we h.ave studied their in-  The authors would like to thank N. Ulbrickwsl,
fluence on the position of emission line in the homogeneougyiinchen for sending them their experimental results re-
system, where all the dots have the same valués afidh.  ported in Ref. 4.
In Fig. 3 the position of the emission line is shown(asa
function of the diameter of the base afimj as a function of
the height of the dot. Evidently, there is only a weak sensi-
tivity of the emission spectra on the dot diameter. For ex-
ample, when the diameter increases from 10 to 40 nm theNano-Physics & Bio-Electronics: A New Odyssegdited by T.
position of the line is moved only by#5% (8 meV). This is 2Chak_raborty, F. Peeters, and U. Siv@isevier, New York, 2002
true both for the parabolic potentiéolid line) and for the éhFalét'- F. %%p4a22%(?§9|1§ 5('3ch C. hSI'flt:OF(':v A L. HUSChL'”Z‘?”' and dA~AY-
. . 0, Scienc@64, ; C. Gmachl, F. Capasso, D. L. Sivco, and A.

hard wall confmgmen(dotted ling. We therefore conclude Y. Cho, Rep. Prog. Phy$4, 1533(2001.
that the fluctuation of the diameter of the dots have small3T, chakraborty and V. Apalkov, Adv. Phy&2, 455 (2003.
contribution to the width of the luminescence line. It follows *N. Ulbrich, J. Bauer, G. Scarpa, R. Boy, D. Schuh, G. Abstreiter, D.
also from this conclusion that the fluctuation of the shape ofSISC}?g;‘;“'S ansdcx\r’ﬁme%acc\zgiz @?é’érph:ysé;ﬁ‘:} 1§§§(AZOgaMayer ohys
the dots does not s_trongly affect_ the width of thfa I|_ne. Onthe Ro. B67, 125312(2’003_ ’ ’ ’
other hand, from Fig. ®) we notice that the emission spec- 8v. Apalkov and T. Chakraborty, Appl. Phys. LeT8, 1820(2001); Physica
tra becomes very sensitive to the height of the dots. Clearly, E (Amsterdan 14, 294 (2002.
if the height is changed between 2.5 and 3.5 nm, the pOSitionThis value ofA comes from the following estimated:~2 w sh/h, where
of the line is moved by~60 meV. In other Word’s for the »~100 meV is the typical energy of emitted photain~0.2 nm is the

. . ’ . ’ . typical inhomogeneity within a single quantum dof the order of a width
quth of the line equal to 15 meV the inaccuracy in the o  single atomic layer—typical accuracy for the system grown by mo-
height of the dots should be less than 10%. lecular beam epitajy h~10 nm is the typical size of the dot.
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