APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 13 26 MARCH 2001

Luminescence spectra of a quantum-dot cascade laser
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A quantum cascade laser in which the quantum wells in the active regions are replaced by quantum
dots with their atom-like discrete energy levels is an interesting system with which to study novel
features in optical spectroscopy. We study structures suitable for diagonal lasing transitions in
coupled dots, and vertical transitions in a single dot. The luminescence spectra as a function of
electron number and dot size show that for diagonal transitions a significant amount of blueshift in
the emission spectra can be achieved by increasing the electron population in the quantum dots as
well as by decreasing the size of the dots. 2601 American Institute of Physics.
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Ever since the original work on quantum cascade lasedot cascade laser structure. In this work, we have explored
(QCL) by Faistet al! in 1994, the unipolar semiconductor the luminescnece spectra of quantum cascade structures, both
laser based on intersubband transitions in coupled quantufor vertical as well as diagonal lasing transitions, for various
wells has undergone rapid development. QCLs created iMalues of the dot size and the number of electrons in the
InGaAs/AlinAs systems have achieved record high poweguantum dots. One advantage of the quantum-dot cascade
outputs in the midinfrared range that has the potential fotaser structure for theoretical studies over the quantum-well
wide-ranging applications®> QCLs in other material cascade laser is that, for few electrons in the QD, most of the
system& have also shown promise of improved performancephysical properties can be calculated exactly, albeit

In this letter, we report on our study of the optical prop- Numerically?
erties of quantum cascade structures in which the quantum The single-electron Hamiltonian for our system is
wells in the active regions are replaced by quantum dots p)2( p§ pi
(QDs). The latter, popularly known as artificial atorhs, H' = S +W+Vplane(X,Y)+W+Vcom(Z),
where electron motion is quantized in all three spatial direc-
tions, have been receiving wide attention. These zerowhere the confinement potential in thalirection(Fig. 1) is
dimensional quantum confined systems are useful for inves-
tigating the fundamental concepts of nanostrucfiftess Veon(2) = —eFz+
well as for its application potentials. In recent years, there
has been considerable progress in quantum-dot lasevith F being the electric field in the direction. The con-
researcH. Because of their discrete atom-like states,finement potential in they plane is
guantum-dot lasers are expected to have better perf.or.mance 0 |x<L/2 and |y|<L/2,
than quantum-well lasefsDevelopment of self-organizing v Iane(xvy):[ _
growth techniques that allows formation of high-density of P Uo otherwise.
quantum dots with nanometer dimensions rapidly enhancegh our calculations that follow, we have used the separation
the development of QD-laser research, where the perforof V,.{x,y) for x andy motion which is not correct in the
mance is now comparable to that of quantum-well Ia%ers.regions |X|>L/2|y|>L/2. However, in these regions the
Researchers have also found important applications of quafvave function is exponentially small. In fact, our estimates
tum dots in storage devicsand fluorescence markers. indicate that this approximation will modify the results only

Here we combine the properties of these two very interslightly (e.g., corrections to all energies are less than.1%
esting nanostructures, the QCLs and the QDs, to explore th@/e consider only two subbands in thedirection k=1,2)
luminescnece spectra of a quantum-dot cascade structurand for a given subband indéx all possible states in they
There have already been some suggestions in the literatupgane with the conditiong,,<U,, where E,n is the
that quantum-dot cascade lasers will significantly reduce theingle-electron energy. The integearsand m correspond to
threshold current density by eliminating single phononthe level indices in the andy directions, respectively. So-
decay'? This prediction was based on the fact that quantizalutions of the Schrdinger equation in the direction are
tion of electron motion in the plane would greatly inhibit obtained numerically for the two lowest statésibbands
single phonon decay, provided the dots are sufficiently smallshown in Fig. 1. Due to th&«—y symmetry, some of the
There is however no report in the literatufeoretical or levels are twofold degeneratdor example, E;y=Ej1)).
experimentglas yet on the physical properties of a quantum-From the single-electron basis functions, we construct the

N-electron basis, and the Hamiltonian matrix with Coulomb
dPresent address: Institute of Mathematical Sciences, Chennai 60011%:'te,racu0n among the electroqs IS ther,] calculated on that
India; electronic mail: tapash@mpipks-dresden.mpg.de asis. The eigenvalues and eigenfunctions were calculated
by exact(numerical diagonalization of the Hamiltonian ma-

0 for wells,

Uy for barriers,
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FIG. 1. Energy band diagrafschematig of the active region of a quantum
cascade structure arid) vertical lasing transition under an average applied
electric field of 85 kV/cm andb) diagonal transition under a field of 55
kV/cm. The relevant wave functiorisnoduli squareflas well as the transi-
tion corresponding to the laser action are also shown schematically. Th
numbers(in nm) are the well (GgsAngssAs) and barrier (A 4dng 5,AS)
widths. The material parameters considered in this work are electron effec- . .

five massm? (Gay 4Ny ssAS)=0.043m,, M? (Alg4dnosAS)=0.078m,,  1ONS in the second subband and those in the second and the
the conduction band discontinuityl,=520 meV, and the nonparabolicity first subbands is almost the sarfedectrons are localized in

coefficients, y,,=1.3x 10" **n” for the well andy,=0.39x10"**m’ for  the same quantum well in the direction. The Coulomb

FIG. 2. Luminescence spectra of a quantum-dot cascade structureand
tical optical transitions for various values of the dot sitein nm) and
number of electronsN) in the dot. The dashed lines correspond to the
IéJminescence of noninteracting electron systems.

the barrier. interaction between electrons is about half the energy sepa-
ration between the one-electron states inxlyeplane forL

trix. As the manybody Hamiltonian also has tke-y sym- ~ =20nm and is of the same order as the energy separation

metry some of the states are twofold degenerate. betweenxy levels inL=40nm. That is why the interaction

In the initial state(before optical emissigrall electrons  is more important fot. =40 nm. For the two-electron system
are in the second subbarid 2. In the final statéafter op-  there is a small blueshift of the emission line due to the
tical emission one electron is in the first subbarid=1, and  interaction which increases with an increase of the size of the
all other electrons are in the second subbdnd?. The in-  quantum well. In addition, there is also a small red satellite at

tensity of optical transitions is calculated from L=40nm. For the six-electron system, the interaction results
1 in redistribution of the intensities between peaks: the higher
Tif(w)= ZE §(w—Ei+Ef)|f x1(2)zx2(2)dz energy peak becomes more intense than that for the lower

if

energy. For three, four and five electrons in a noninteracting
system, we have a degenerate initial state. The degeneracy is

X f DF (X1Y1,"** ,XNYN) lifted by the interaction and for the four-electon system the
initial ground state is partially polarized as expected from
XD ¢(X1Y1, " XnYn) AXdyq- - -dxpdyy|? Hund’s rules. The interaction also results in the appearance

X expl — BE) of s_atellites and at the same time the _separaﬁon between the
1 main peaks becomes smaller for the interacting system than
whereZ=3; e #i is the partition function angg=1/kT. In  for the noninteracting case.
all our computations, we také=20K. In Fig. 3 the optical spectra are presented for diagonal
In Fig. 2, the optical spectra are shown for vertical tran-transitions[Fig. 1(b)] and for L=10 and 20 nm, and for
sitions[Fig. 1(a)] for two sizes of quantum dot&:=20 and  different numbers of electrons. Interestingly, we notice the
40 nm, and for different numbers of electrons in the quantunbehavior characteristics of fully filled shells for two and six
dot. In all these cases the first moment of the emission spe@lectrons. For the two-electron system, we have a single line
tra for the interacting system is almost the same as that fdior both noninteracting and interacting systems. For the six-
the noninteracting system. This is bacause in the case @flectron system and=10nm, the emission spectra have the

vertical transitions Coulomb interaction between the elecsame two-peak structure as that of the noninteraction system.
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FIG. 3. Luminescence spectra of a quantum-dot cascade structudiagnd
onal optical transitions for various values of the dot sitein nm) and
number of electronsN) in the dot. The dashed lines correspond to the
luminescence of noninteracting electron systems.

For L=10nm there is a small redistribution of intensities
between the peaks while there is an additional line lfor

V. M. Apalkov and T. Chakraborty

result there is théarge blueshiftin all cases, compared to in
the noninteracting system. This blueshift decreases with in-
creasing size of the quantum dots. The blueshift however
increases with an increasing number of electrons. Eor
=10nm, there is a blueshift of the emission line of about 55
meV when the electron number is increased from 1 to 6.
These results open up the possibility of tuning the laser emis-
sion frequency for diagonal transitions by changing the num-
ber of electrons in quantum dots and/or decreasing the size
of the dots.

The authors thank P. Fulde for his support and kind hos-
pitality in Dresden.
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