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Relaxation time due to electron-longitudinal-acoustic (LA) phonon interaction is
calculated in a GaAs quantum dot (QD) with N electrons (from N to 4), where
electrons in a narrow quantum well are confined by a parabolic confining potential, by
using the exact eigen states of electrons. Although the energy levels become dense with
increasing the number of electrons, the modification of the relaxation time is found to be
not so strong, which attributes the fact that many electron eigen states consist of only a
few dominant single electron states which limit the electron relaxation. By comparing
relaxation process via intermediate states with the direct process, several fastest
processes are found to be realized by relaxation through intermediate states between the
initial state and the ground state. The effect of change in the quantum well width is also
discussed.
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1. INTRODUCTION

Low dimensional semiconductor structures such as
quantum dots (QDs) have attracted much atten-
tion because of their unique features in electronic
properties [1-3] and their applications to future
electron devices [4, 5]. Although their quantized
atomic like energy levels are expected to have
advantages for optical devices, energy relaxation
via electron-optical-phonon interaction is dimin-
ished in QDs for energy level separation of order
meV because the mismatch between the energy

level separation and the optical-phonon energy of,
for example, 36 meV in the bulk GaAs [6-10],
which is often referred as "phonon bottleneck".
Several theoretical and experimental approaches
have been devoted to the study of the phonon
bottleneck and pointed out a possibility to avoid it
by utilizing Auger processes [11], multiphonon
processes [12] or the role of excited energy levels of
the exciton [13].

In the process of light emission, electrons and
holes are first created in higher energy states and
relax down to the ground state in cascade via

* Correpsonding author.
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phonon emissions and finally recombine to emit
light. Energy relaxations from higher energy levels
to sublevels near the ground state are expected to
be fast because optical-phonon interaction plays a
dominant role in the electron relaxation. At the
final stage of electron relaxation toward the
ground state, electron-longitudinal-acoustic (LA)
phonon interaction is expect to be important
because of the small energy separation compared
to the optical-phonon energy. In a QD containing
a few electrons with dot size comparable to the
effective Bohr radius, many electron eigen states
are considerably modified by the Coulombic
interaction between the electrons. In order to
investigate electron-phonon interaction in such a
QD, we therefore take into account the exact N-
electron eigen states (for N up to 4) by numerically
diagonalizing the complete N particle Hamiltonian
[14-16] including the Coulombic interaction
between electrons and then calculate electron-LA
phonon relaxation rates toward the ground state
using the N particle eigen states. Since there are
many intermediate states between the initial state
and the ground state, we calculate relaxation time
via intermediate states in order to find the fastest
process.

2. EIGEN STATES OF A MODEL QD

h2
[0i

2m* v/2 + m*co(x2 V(zi)+Yi) + (2)

where m* is the effective mass of an electron.
Along the z direction, we assume an infinite square
well potential of the width W and consider only
the ground state associated with the quantized z

motion, because electrons are frozen out into the
lowest subband in experimentally realized dots.

In order to solve the N particle Hamiltonian, we
use N particle Slater determinants as the basis sets
which can be composed by the solutions of the
single particle Hamiltonian 7-/0i. The many particle
eigen functions are then obtained by diagonalizing
the many particle Hamiltonian. Figure shows the
lowest 40 eigen energies of a QD with single, two
and three electrons. For a single electron QD,
equally separated energy levels are seen, which
reflects the single-electron confining energy
h0 meV. When more electrons are added
into the QD, total ground state energy of the
system moves up and becomes greater than the
simple sum of the single-electron energy. More-
over the energy level structure becomes more dense
with increasing the number of electrons. From this
analysis the Coulomb interaction is expected to
play an very important role in determining the
energy spectra in a few electron system in a QD
[1,16].

We consider a QD fabricated on a A1GaAs/GaAs/
A1GaAs quantum well structure as a model
system. The confining potential of a circular QD
in x-y plane parallel to the hetero-interface is
modeled by an isotropic and parabolic potential
!m*o(x2 / y2) with hw0 being the single electron2

confining energy. Throughout this paper we
assume a typical value of h0 meV for the
parabolic potential. The Hamiltonian of N elec-
trons including the Coulomb interaction between
the electrons can be written as

N e 2

Zi=I 7-’/0i / ".47re [ri- rjl
(1)
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FIGURE Total eigen energies in a QD which contains
single, two and three electrons. In the model used in the present
study, energy level separation for single electron QD is
ha)0 meV. For a QD with two and three electrons, energy
level spectra become to form more complex and dense
structures due to the Coulombic interaction.
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3 ELECTRON-LA PHONON INTERACTION

Since we are interested in energy relaxation of
electrons in QDs at low temperatures, we take into
account only the phonon emission process and
thus assume the lattice temperature T-0K for
simplicity. Since the maximum energy separation
in our model system is the order of meV,
electron-optical-phonon relaxation can be ignored
and the electron-LA phonon interaction domi-
nates the relaxation processes. The electron-LA
phonon scattering rate Wii, derived from the first-
order perturbation theory using the Fermi’s gold-
en rule is described by the following relation

Wii, 2--E [(i’[ne-phlill2(nq + 1)(Ei,-Ei -k 03q)
q

(3)

where nq is the phonon occupation number which
is equal to 0 in the present calculation. The
electron-LA phonon interaction Hamiltonian

He-ph is given by the following equation

ne-ph EE Vii,(q)C,Ci(aq + a_q)
ii, q

(4)

h (i,lqeiqrli) (5)Vii, D
2dwq

where C(Ci) is an operator to create (annihilate)
an electron of state, and atq (aq) is an operator for
creation (annihilation) of a phonon with momen-
tum q. In the present calculation we assume that
the electrons interact with bulk LA phonons and
thus the deformation potential for electron-LA
phonon is given by the deformation potential of
the bulk GaAs, D 7 eV.

4. RESULTS AND DISCUSSION

Figure 2 shows the relaxation times for transition
from the excited states to the ground state in a QD
with hwo meV and W 50 . In the relaxation
processes we have to take into account scattering
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(0,0;0)
FIGURE 2 Relaxation time as a function of the energy
difference between the initial state and the ground state for a
two-electron QD (a). Large open circles and small solid circles
denote the direct relaxation and the fastest relaxation,
respectively. A schematic diagram for the direct and the fastest
relaxations from the initial state (2, 0; 4) is also plotted (b).

from the excited state to the ground state through
various intermediate states in addition to the direct
transition. In Figure 2(a) we show the calculated
relaxation time toward the ground state in a two-
electron QD where open circles denote direct
processes and the fastest relaxations are plotted
by the solid circles. The indices (A/l, S;Af) shown
in Figure 2 are quantum numbers of eigen states,
indicating A/’-th state of N-electrons system with a
total angular momentum had and a total spin
h ,9/2. The connected pairs of an open circle and a
solid circle indicate the relaxation from the same
initial states and mean the existence of faster
indirect process, whereas the open circles with the
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solid circles indicate that the fastest process is the
direct process and the indirect process is very slow
because of the symmetry of the wave functions.
For electrons with (A//, S; 32) (2, 0; 4), the
fastest indirect transition arises from the scattering
process via the state (2,0;0) as shown by the
arrow. A schematic diagram of the relaxations for
the (2, 0; 4) state is illustrated in Figure 2(b), where
the energy separations from the ground state
and the relaxation times are given for the corres-
ponding eigen states in Figure 2(a). The relaxation
time for the direct process is about 6.38 ns, whe-
reas the relaxation time for the indirect process is
given by 1.27 ns which is given by the sum of 0.71
ns for the scattering from (2, 0; 4) to (2, 0; 0) and
0.56 ns for the scattering from (2,0;0) to the
ground state (0, 0; 0). In Figure 3 we plotted relaxa-
tion times for N 3 and 4 electrons in a QD with

hw0 meV and W 50 *, where the electrons at
higher energy states have longer relaxation time due
to the difficulty in satisfying the energy and momen-
tum conservation. Although energy levels become
dense with increasing the number of electrons,
modification of relaxation times are not so strong
because many electron eigen states consist of only a
few dominant single electron states which limit the
electron relaxation for many electron states.

In Figure 4 we compare the fastest relaxation
times in two QDs with different well widths W 50

(solid circles) and 100 (open triangles), where
two cases are considered, one for 2 electrons (a)
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FIGURE 3 Relaxation time as a function of the energy
difference between the initial state and the ground state for
three (a) and four (b) electrons’ QDs. Large open circles and
small solid circles denote the direct relaxation and the fastest
relaxation, respectively.

and the other for 3 electrons (b) in the QDs. The
change in the well width W results in the change in
the confining energy in z direction and in no

change in the eigen energy in x-y direction. The
change in the confinement in the z direction
changes the maximum phonon wave vector qmax

27r/W which gives the maximum phonon energy
hCs qmax [8] where e is the sound velocity. Maxi-
mum phonon energy is 4.3 meV for W=50
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FIGURE 4 Electron relaxation rate in a QD containing the
number of electrons N 2(a) and 3(b) with different well widths
of W 50 (solid circles) and 100 A (open triangles).
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FIGURE 4 (Continued).

and is 2.2 meV for W 100 . It is seen in Figure 4
that the relaxation time for a QD with W= 100 ,
begins to increase at the energy separation of 2
meV. From the present analysis it may be
concluded that the change of the confining energy
in the z direction results in a change in the electron
relaxation process even in a QD with several
electrons.

5. CONCLUSION

Electron relaxations toward the ground state via
LA-phonon scatterings in a QD with interacting N
electrons (from N up to 4) are calculated using
N electrons’ eigen states obtained by the exact
diagonalization method. We find that energy levels
become dense with increasing the number of
electrons and that the modification of relaxation
times is not so strong because many electron eigen
states consist of only a few dominant single
electron states which limit the electron relaxation.
Several fastest processes are realized by relaxation
through intermediate states between the initial
state and the ground state.
We find that the confinement in the z direction

limits the maximum phonon energy and relaxation

time becomes longer when an energy separation
between the initial state and the final state exceeds
maximum phonon energy.
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