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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. 2@02 American Institute of Physics.
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An important characteristic of self-assembled quantumbative approach for calculating carrier capture rates into QDs
dot (QD) materials is the timescale on which carriers arevia LO phonon emission is valid, when taking into account
captured into the dots and relax to their ground state. Thesse QD quasibound states. In this letter, we investigate the
processes are mediated by carrier—phonon and carriercarrier—LO phonon coupling for carriers in quasibound QD
carrier interaction(Auger processes? In calculations of states and we shall demonstrate that they couple strongly
carrier capture rates in QDs by longitudinal opti¢al0O)  with LO phonons. Quasibound states have been investigated
phonon emissiohand Auger scattering® the continuum  in quantum well$*® and were shown to induce strong oscil-
wave functions have been considered to be plane waves affions in the carrier capture rate versus well thickriess.
hence, the influence of waves scattered by the QD, i.e., qua- We use the model of a spherical QD of radmswith
sibound states, has been neglected. At certain QD sizes afiflite confinement potential,, in the effective-mass ap-
wavelengths of an incident carrier, the QD acts as a Fabrproximation where the states are characterized by the angular
Perot mirror, in which the carrier “bounces” back and forth, momentum quantum numberg,(m). We assume for sim-
giving rise to a long lived state of finite linewidth that re- Plicity that one discrete state is bound to the defth ¢
sembles the discrete QD states. In systems of higher dimer=0), hereafter labele¢lS), and the continuous part of the
sionality, carrier relaxation via emission of LO phonons is€Nergy spectrum is characterized by the wave nuniber,
efficient. In the zero-dimensional QD systems, LO phonor@Nd the angular momentum quantum numbéts,ifr,). In
relaxation between the discrete QD states is often considerdhiS Simple model for QDs, we have the advantage of know-
impossible unless the energy level separation equals the L#9 the electronic wave functions for all energies. For the
phonon energy, leading to a so-called phonon bottlefieck Complex shapg and potential of actual self-assembled QDs,
Recently, it has however been shown both theoretically an{® Wave functions for bound states are not very well deter-
experimentall§® that due to the discretization of the elec- mined and little or nothing is known about wave functions of

tronic spectrum, carriers in bound QD states couple stronglflu@sibound states. _ .
to LO phonons, and form polarons. This implies that the We only include one quasibound state of definite angular

coupling of bound electrons to LO phonons cannot be treateffoMentum [,=1), labeled|v). This state will become

in the frame of Fermi’s golden rule and that the energy re.pound as the dot becomes larger. The electronic continuum is

laxation in QDs does not correspond to irreversible 0ne_d|scret|zed by enclosing the QD in a large sphere of radius

phonon processes. Instead, the finite phonon lifetime, meff‘-)b' The posmon_ N energy of a qua5|_t?ound state can b_e
sured in bulk semiconductors to be about 10 ps at lo raced by a local increase in the probability that the carrier is

temperature$2 ps at room temperaturé leads to a relax- plrester n; Vv\\lllimlln thle EQDO YOIuTe’t fﬁovgntt'nm':'%(:ﬁ‘ forDalm
ation of the polaron. An analogue of such a couplede ectro v S set at the bottom of the QI
. . and a are chosen such that a narrow resonance appears at
electron—-LO phonon system is a coupled exciton—photo
. . e . ) o 1=76.58 meV, one LO phonon enerdyw, o(=35 meV),
system in a microcavity in which energy is periodically ex-

changed between exciton and photon mdtiekis is known above the discrete QD state. . .
. _— We now turn to the carrier—LO phonon interaction. The
as Rabi oscillation.

The question arises to which extent the standard perturHam'Itoman for the electron—phonon system is
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FIG. 1. (8) The probability that an electron state with=1 in the continu-  FIG. 2. Same as in as Fig. 1 except for holes. The quasibound state seen in
ous part of the energy spectrum is present within the volume of the QD,(a) when carrier—LO phor_mon_lnteracnon is neglected_ls broad compared to
neglecting the carrier—LO phonon interaction. A quasibound state is situateH® case for electrons. It is situatedt="78.34 meV with2[',=2.1 meV.
atE;=76.58 meV with a FWHMiI',=0.025 meV. The discreté=0 state 1€ discrete(=0 state(not shown is situated atE,=43.5 meV,fiw o

(not shown is situated aE=41.59 meViiw o below the quasibound state. b_eIO\_N the quz_alsmound state. The.polarc‘m states appearing when the interac-
(b) Taking carrier—LO phonon interaction into account, two polaron statesion is taken into accourtb) contain a discrete levell), atE=74.6 meV.

(1), |2)) appear. Onel1), is discrete and a,=73.9 meV.|2) is a broader The statg2) is centered aE=82.3 meV, so the Rabi splitting Bga,=7.7

level centered aE=79.1 meV and the Rabi splitting Bga,=5.2 meV. We ~ MeV. The QD radius isa=3.662 nm, the carrier massi*=0.34m,,

use a=8.55 nm, the carrier massi* =0.067n,, V,=76.49 meV, and Vo=76.0 meV, andR,=400 nm.

R,=1500 nm.

is not larger than about 0.3 meVtaking the room-

whereH, is the electronic anéfl,, the phonon Hamiltonian. —temperature phonon dephasing rate, 1g,=0.5 ps '), so
The electron—phonon interaction is described by thékab the condition is fulfilled here. As an important result, we find

Hamiltonian that |1) corresponds to a discrete state confined to the QD
with a probability close to 50%, while the probability for the
H. .= *(q)e 19 Tat 4+ g3 ), 2 electronic statéS) is about 80%.
&P Eq: (e (@ ot al) o @ A reminescence of the quasibound state is seen between

|1) and|2), labeled S1), recognized by a finite linewidth and
tical phonon mode of wave vectorand the same shape as the electronic qu_asibound stgte. The
ground statdS,Q,,) has not been taken into account in the
) \/ﬁwLoez 1 1 calculation, since the Fhiich interaction merely results in a
a(q)=—i 2eVq | er _)' (3 small shift of the S level? The results in Fig. 1 can be
) ] o ) shown to be independent of the azimuthal quantum number,
where e..(¢;) is the high-frequency(statig dielectric con- 1y 5o the polaron states are triply degenerate due to the
stant,eg is the permittivity constant and is the quantization $2€”+ 1)-degeneracy of the carrier quasibound state.
volume. The phonon continuum is discretized and we restric Figure 2a) shows the probability for a hole quasibound
ourselves to polaron states with the zero-phonon mode Qftate that is about a 100 times broader than the electron reso-
modes for which the number of phonons is at most one. Thggnce. Figure () shows the probability when the Hriich

Whereéq(é:;) is a destructior(creation operator for an op-

€r €

polaron wave function can be expressed as interaction has been taken into account. Here, polarons are
also formed. We obtain a Rabi splittinBr.,=7.7 meV
[W)=2 a,|v.0+ > 7ilS1g)- (4)  which fulfills againEga,>#T",, #iT 4. It should be empha-
14 |

sized here that within the strong coupling regime, it is no
The diagonalization of the total Hamiltonian couples a fewlonger possible to use the notion of phonon absorption/
of the phonon modes to the electron states leaving a largemission. The relaxation of a polaron as a whole can never-
amount of the phonon bath “intact”. The coupled electron—theless take place, due to an anharmonic decay of its phonon
phonon states form the polaron states. Figut® ¢hows the part. It is known in bulk structures that LO phonons disinte-
probability of presence within the QD volume for the po- grate into two less energetic phondrishe decay frequency
larons. Pure phonon modes have been excluded and onhas been measured in bulk structures td'e=0.1 ps ! at
modes with nonzero projection onto the statesd,,) are low temperatures and 0.5 PS at room temperature The
taken into account. We find that two polaron states arg@honon decay has not been measured in QDs but the lifetime
formed, labeledl) and|2) as in Ref. 12. The Rabi splitting of confined LO phonons in QDs has been calculated to be of
between|1) and |2) is given by Eg.,=5.2 meV, giving a the same ordér’ In a relaxation process froff) to |S0), we
measure of the Fhdich coupling strength. The lifetime of have Ej1y—Ejsoy=ELo+ Eqa if the relaxation arises from
both the constituents of the polaron, i.e., electrons andlisintegration into an LO and a transverse acoustic phonon.
phonons, must be much larger than half the Rabi oscillatiofDther relaxation paths are also possible, see Ref. 7. This
period. Otherwise, the Rabi oscillation is destroyed, andelaxation procesdoes notrequire the electronic levels to be
there is no chance for the polaron to be formed. Equivalentlyseparated by one LO phonon, since it concerns relaxation of
we require thaEg,,>7%l 5, il'e, whereril'y, andAil’e are  the polaron as a whole, due to phonon—phonon interaction
the phonon and electron linewidths, respectively. The elecen polaron states. For instance, the relaxation rate |d) a

tron linewidth is#I"c=0.025 meV, and the phonon linewidth state can be calculated by weighifig,, by the phonon part
Downloaded 12 Mar 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp



4320 Appl. Phys. Lett., Vol. 81, No. 23, 2 December 2002 Magnusdottir et al.

90 Ejp, —o— 10 T —— In the preceding calculations, we have neglected the in-
88 & 2> o fluence of carrier—carrier interaction on linewidths of quasi-
|PO> 8 bound states. For instance, under optical excitation, a large
86 amount of carriers exist in the vicinity of the dots and charge
844~ _ fluctuations might increase the linewidth. Furthermore, ef-
S g0 I G E 6 fects of thermal broadening have not been taken into ac-
g = count. Dephasing times of excited states have been measured
w 801 : Q in self-assembled QDs in a four-wave mixing experiment to
78 = i be around 60 ps at 5 K, compared to a ground-state dephas-
ing time of 372 ps To our knowledge, nothing has been
& 2 ‘ reported so far on dephasing times of quasibound states.
74 "n‘\ In summary we have demonstrated that carriergua-
- 0 ceeeese sibound QD states couple strongly with LO phonons. We
78 8 82 84 78 8 82 84 have shown that the finite LO—phonon lifetime leads to a
alnm] alnml relaxation of the polaron to the discrete QD ground state. In

FIG. 3. The left-hand side panel shows the energy position of the polaror'ghe weak-coupling regime, i.e., when the energy level sepa-

states|1) and |2) as a function of QD radius along with the zero-phonon Fation differs significantly fromiw o, carrier capture rate

quasibound level peakP0)) and the one-phonon sideband of the S level can be calculated with the conventional perturbative ap-

(IS1)). The horizontal line shows the onset of the continu(ira., the proach.

barrier positiof. The parameters are the same as in Fig. 1. The polaron

levels|1) and\z} are obser_vable down m:7_.75 nm. The quasibound state The work of one of the author@.V.U.) was supported

broadens as its energy increadéise dot size decreaseand hence, the . . .

polaron levels also broaden. The linewidBWWHM) of levels|1) and|2) is by the Russian Fe_deral ngram Integratl(cﬁTOject _NO.

shown in the right-hand side panel for the same radius interval. A0155, RFBR (PFOJECt No. 01-02-17330INTAS (PTOJeCt
No. 2001-057}, the Danish Research Council within the

. o ) ) framework of program SCOOP, and the Otto Moensted
of the total probability(W|¥). This yields relaxation times Foundation.
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