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The interaction of carriers in quantum-dot quasibound states with longitudinal optical phonons is
investigated. For a level separation between the quasibound state and a discrete quantum-dot state
in the vicinity of the phonon energy, a strong electron–phonon coupling occurs. A mixed electron–
phonon mode—polaron—is formed. The finite lifetime of the phonons is shown to give rise to
another type of carrier capture into quantum dots. ©2002 American Institute of Physics.
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An important characteristic of self-assembled quantu
dot ~QD! materials is the timescale on which carriers a
captured into the dots and relax to their ground state. Th
processes are mediated by carrier–phonon and carr
carrier interaction~Auger processes!.1,2 In calculations of
carrier capture rates in QDs by longitudinal optical~LO!
phonon emission1 and Auger scattering,2,3 the continuum
wave functions have been considered to be plane waves
hence, the influence of waves scattered by the QD, i.e., q
sibound states, has been neglected. At certain QD sizes
wavelengths of an incident carrier, the QD acts as a Fa
Perot mirror, in which the carrier ‘‘bounces’’ back and fort
giving rise to a long lived state of finite linewidth that re
sembles the discrete QD states. In systems of higher dim
sionality, carrier relaxation via emission of LO phonons
efficient. In the zero-dimensional QD systems, LO phon
relaxation between the discrete QD states is often consid
impossible unless the energy level separation equals the
phonon energy, leading to a so-called phonon bottlene4

Recently, it has however been shown both theoretically
experimentally5,6 that due to the discretization of the ele
tronic spectrum, carriers in bound QD states couple stron
to LO phonons, and form polarons. This implies that t
coupling of bound electrons to LO phonons cannot be trea
in the frame of Fermi’s golden rule and that the energy
laxation in QDs does not correspond to irreversible o
phonon processes. Instead, the finite phonon lifetime, m
sured in bulk semiconductors to be about 10 ps at
temperatures~2 ps at room temperature!,7 leads to a relax-
ation of the polaron. An analogue of such a coup
electron–LO phonon system is a coupled exciton–pho
system in a microcavity in which energy is periodically e
changed between exciton and photon modes.8 This is known
as Rabi oscillation.

The question arises to which extent the standard per
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bative approach for calculating carrier capture rates into Q
via LO phonon emission is valid, when taking into accou
the QD quasibound states. In this letter, we investigate
carrier–LO phonon coupling for carriers in quasibound Q
states and we shall demonstrate that they couple stro
with LO phonons. Quasibound states have been investig
in quantum wells9,10 and were shown to induce strong osc
lations in the carrier capture rate versus well thickness.11

We use the model of a spherical QD of radiusa with
finite confinement potential,V0 , in the effective-mass ap
proximation where the states are characterized by the ang
momentum quantum numbers (,,m). We assume for sim-
plicity that one discrete state is bound to the dot~with ,
50), hereafter labeleduS&, and the continuous part of th
energy spectrum is characterized by the wave number,kn ,
and the angular momentum quantum numbers (,n ,mn). In
this simple model for QDs, we have the advantage of kno
ing the electronic wave functions for all energies. For t
complex shape and potential of actual self-assembled Q
the wave functions for bound states are not very well de
mined and little or nothing is known about wave functions
quasibound states.

We only include one quasibound state of definite angu
momentum (l n51), labeled un&. This state will become
bound as the dot becomes larger. The electronic continuu
discretized by enclosing the QD in a large sphere of rad
Rb . The position in energy of a quasibound state can
traced by a local increase in the probability that the carrie
present within the QD volume, shown in Fig. 1~a! for an
electron withl n51. E50 is set at the bottom of the QD.V0

and a are chosen such that a narrow resonance appea
E1576.58 meV, one LO phonon energy,\vLO~535 meV!,
above the discrete QD state.

We now turn to the carrier–LO phonon interaction. T
Hamiltonian for the electron–phonon system is

H5He1Hph1He-ph, ~1!
8 © 2002 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp



.

tri

Th

ew
r
–

o-
o

ar

f
an
tio
n
tl

le
h

d
QD
e

een

The
e

ber,
the

d
eso-

are

no
on/
ver-
non

te-

time
e of

on.
his

e
n of
tion

QD
at

.
te

en in
d to

terac-

4319Appl. Phys. Lett., Vol. 81, No. 23, 2 December 2002 Magnusdottir et al.
whereHe is the electronic andHph the phonon Hamiltonian
The electron–phonon interaction is described by the Fro¨hlich
Hamiltonian

He-ph5(
q

~a* ~q!e2 iq•râq
†1a~q!eiq•râq!, ~2!

whereâq(âq
†) is a destruction~creation! operator for an op-

tical phonon mode of wave vectorq and

a~q!52 iA\vLOe2

2e0Vq S 1

e`
2

1

e r
D , ~3!

where e`(e r) is the high-frequency~static! dielectric con-
stant,e0 is the permittivity constant andV is the quantization
volume. The phonon continuum is discretized and we res
ourselves to polaron states with the zero-phonon mode
modes for which the number of phonons is at most one.
polaron wave function can be expressed as

uC&5(
n

anun,0ph&1(
i

g i uS,1qi&. ~4!

The diagonalization of the total Hamiltonian couples a f
of the phonon modes to the electron states leaving a la
amount of the phonon bath ‘‘intact’’. The coupled electron
phonon states form the polaron states. Figure 1~b! shows the
probability of presence within the QD volume for the p
larons. Pure phonon modes have been excluded and
modes with nonzero projection onto the statesun,0ph& are
taken into account. We find that two polaron states
formed, labeledu1& and u2& as in Ref. 12. The Rabi splitting
betweenu1& and u2& is given by ERabi55.2 meV, giving a
measure of the Fro¨hlich coupling strength. The lifetime o
both the constituents of the polaron, i.e., electrons
phonons, must be much larger than half the Rabi oscilla
period. Otherwise, the Rabi oscillation is destroyed, a
there is no chance for the polaron to be formed. Equivalen
we require thatERabi@\Gph, \Ge , where\Gph and\Ge are
the phonon and electron linewidths, respectively. The e
tron linewidth is\Ge50.025 meV, and the phonon linewidt

FIG. 1. ~a! The probability that an electron state with,n51 in the continu-
ous part of the energy spectrum is present within the volume of the
neglecting the carrier–LO phonon interaction. A quasibound state is situ
at E1576.58 meV with a FWHM\Ge50.025 meV. The discrete,50 state
~not shown! is situated atE541.59 meV,\vLO below the quasibound state
~b! Taking carrier–LO phonon interaction into account, two polaron sta
~u1&, u2&! appear. One,u1&, is discrete and atE0573.9 meV.u2& is a broader
level centered atE579.1 meV and the Rabi splitting isERabi55.2 meV. We
use a58.55 nm, the carrier massm* 50.067m0 , V0576.49 meV, and
Rb51500 nm.
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is not larger than about 0.3 meV~taking the room-
temperature phonon dephasing rate, i.e.,Gph50.5 ps21), so
the condition is fulfilled here. As an important result, we fin
that u1& corresponds to a discrete state confined to the
with a probability close to 50%, while the probability for th
electronic stateuS& is about 80%.

A reminescence of the quasibound state is seen betw
u1& andu2&, labeleduS̃1&, recognized by a finite linewidth and
the same shape as the electronic quasibound state.
ground stateuS,0ph& has not been taken into account in th
calculation, since the Fro¨hlich interaction merely results in a
small shift of the S level.12 The results in Fig. 1 can be
shown to be independent of the azimuthal quantum num
mn , so the polaron states are triply degenerate due to
(2,n11)-degeneracy of the carrier quasibound state.

Figure 2~a! shows the probability for a hole quasiboun
state that is about a 100 times broader than the electron r
nance. Figure 2~b! shows the probability when the Fro¨hlich
interaction has been taken into account. Here, polarons
also formed. We obtain a Rabi splittingERabi57.7 meV
which fulfills againERabi@\Gh , \Gph. It should be empha-
sized here that within the strong coupling regime, it is
longer possible to use the notion of phonon absorpti
emission. The relaxation of a polaron as a whole can ne
theless take place, due to an anharmonic decay of its pho
part. It is known in bulk structures that LO phonons disin
grate into two less energetic phonons.7 The decay frequency
has been measured in bulk structures to beGph50.1 ps21 at
low temperatures and 0.5 ps21 at room temperature.7 The
phonon decay has not been measured in QDs but the life
of confined LO phonons in QDs has been calculated to b
the same order.13 In a relaxation process fromu1& to uS0&, we
have Eu1&2EuS0&5ELO1ETA if the relaxation arises from
disintegration into an LO and a transverse acoustic phon
Other relaxation paths are also possible, see Ref. 7. T
relaxation processdoes notrequire the electronic levels to b
separated by one LO phonon, since it concerns relaxatio
the polaron as a whole, due to phonon–phonon interac
on polaron states. For instance, the relaxation rate of au1&
state can be calculated by weighingGph by the phonon part

,
ed

s

FIG. 2. Same as in as Fig. 1 except for holes. The quasibound state se
~a! when carrier–LO phonon interaction is neglected is broad compare
the case for electrons. It is situated atE1578.34 meV with\Gh52.1 meV.
The discrete,50 state~not shown! is situated atE0543.5 meV,\vLO

below the quasibound state. The polaron states appearing when the in
tion is taken into account~b! contain a discrete level,u1&, at E574.6 meV.
The stateu2& is centered atE582.3 meV, so the Rabi splitting isERabi57.7
meV. The QD radius isa53.662 nm, the carrier massm* 50.34m0 ,
V0576.0 meV, andRb5400 nm.
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of the total probability^CuC&. This yields relaxation times
for both electron and hole polarons of about 4 ps atT5300
K ~20 ps at low temperatures!. We note here that in quantum
wells, the average capture time~without the polaron effect!
has been calculated to be around 100 ps.11 Figure 3 shows
the radius dependence of the polaron levels for the s
parameters as in Fig. 1. The polaron levelsu1& andu2& can be
seen down toa57.75 nm. The quasibound state broadens
its energy increases~the dot size decreases!, since at higher
energies, the incident carrier ‘‘feels’’ the presence of the c
finement potential less. Hence, the polaron levels broade
well. For smaller radii than the minimal radius shown he
the width of the levels becomes too large. This is seen in
right-hand side panel of Fig. 3, where the linewidth@full
width at half maximum~FWHM!# is given for the same ra
dius interval. Ata58.6 nm, the quasibound level becom
bound. Ata58.2 nm, the polaron levelu1& becomes bound
as depicted by the zero linewidth in the right-hand side pa
beyond 8.2 nm.

FIG. 3. The left-hand side panel shows the energy position of the pol
statesu1& and u2& as a function of QD radius along with the zero-phon
quasibound level peak (uP0&) and the one-phonon sideband of the S lev
(uS1&). The horizontal line shows the onset of the continuum~i.e., the
barrier position!. The parameters are the same as in Fig. 1. The pola
levels u1& and u2& are observable down toa57.75 nm. The quasibound stat
broadens as its energy increases~the dot size decreases! and hence, the
polaron levels also broaden. The linewidth~FWHM! of levels u1& and u2& is
shown in the right-hand side panel for the same radius interval.
Downloaded 12 Mar 2010 to 192.38.67.112. Redistribution subject to AIP
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In the preceding calculations, we have neglected the
fluence of carrier–carrier interaction on linewidths of qua
bound states. For instance, under optical excitation, a la
amount of carriers exist in the vicinity of the dots and char
fluctuations might increase the linewidth. Furthermore,
fects of thermal broadening have not been taken into
count. Dephasing times of excited states have been meas
in self-assembled QDs in a four-wave mixing experiment
be around 60 ps at 5 K, compared to a ground-state dep
ing time of 372 ps.14 To our knowledge, nothing has bee
reported so far on dephasing times of quasibound states

In summary we have demonstrated that carriers inqua-
siboundQD states couple strongly with LO phonons. W
have shown that the finite LO–phonon lifetime leads to
relaxation of the polaron to the discrete QD ground state
the weak-coupling regime, i.e., when the energy level se
ration differs significantly from\vLO , carrier capture rate
can be calculated with the conventional perturbative
proach.
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