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Energy relaxation in quantum dots
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We present the results of energy relaxation calculations for electron-hole pairs confined in a quantum dot and
in strong coupling with LO phonon@xcitonic polarons We show that despite the robustness of the polaron
entity, its disintegration induced by the anharmonic decay of its LO phonon component can lead to an efficient
energy relaxation. We compute the time-dependent photoluminescence signals associated with the ground-state
excitonic polaron as well as the photoluminescence excitation signal and the energy loss rate of an excitonic
polaron in a quantum dot. Our calculations clearly evidence the existence of dot parameters where the energy
relaxation is inhibited.
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Despite intense researches since many years, the elee-30°. The energy spacings=G0 meV for the electrons,
tronic properties of self-assembled quantum dots are still un~20 meV for the holesare comparable to the LO phonon
der debate. In particular, there is no consensus on how agnergy(36 meV for GaAs LO phononsUsing a one-band
electron-hole pair injected in the continuum of a dot relaxesnvelope function approach and assuming a cylindrical sym-
its energy to reach its ground state before recombining radianetry for the confining potential, one finds the Coulomb-
tively. The use of models that are well established in bulkcorrelated electron-hole states to be labeled by the sum of the
and quantum well structures, that is to say, the energy relaxerojections of the hole and electron angular momenta along
ation associated with the irreversible emission of LOthe cone axigfor details see Ref. J0While it is customary
phonons, has led to the concept of phonon bottled@dkhe  in bulk and quantum wells to consider the excitons to be
latter arises from the impossibility for an electron-hole pairweakly coupled to the optical phonons, the exciton-phonon
to emit optical phonons due to the discretization of its lower-interaction(Frohlich term in dots is diagonalized to give rise
lying states and of the very small dispersion of the LOt theXpo, . Thus, there is no room left fokpo, desexcita-
phonons. Once the most efficient relaxation channel blockedion which are stationary eigenstates of the complete exciton-
one is left with the emission of acoustical phonons which,phonon Hamiltonian. Actually, what triggers the relaxation is
however, becomes inefficient when the energy spacings béhe genuine instability of the LO phondri$~*associated
tween levels exceeds a few meV's. The phonon bottleneckith the anharmonicity of the lattice vibrations. We have
was never shown to be as prevalent as was once predictedlready showtf that this mechanism induces a quick deco-
although some dots with large electron and hole confinemeriterence(@ few ps at room temperatyref the fundamental
did show inefficient energy relaxatigsee, e.g., Refs. 3 and recombination line of the quantum dots. We shall now show
4). It was recently realizéd®that the very notion of irrevers-  that the same LO instability leads often to an efficient energy
ible phonon emission is not applicable to quantum dots, betelaxation.
cause the size of the one-phonon continuum attached to, say, In the calculations we have neglected the interaction of
the ground electron state and into which the discrete excitethe Xpo_ With the acoustical phonons as well as possible
state with zero phonon should irreversibly dissolve is muctintradot Auger effectS that could arise, depending on the
too small(and the Fralich interaction much too strongo ~ magnitude of the band offset, because a discrete exxitgd
allow the Fermi golden rule to be applicable. In fact, thestate is superimposed on a continugnthat corresponds to
correct elementary excitations in quantum dots are théhe ejection of one particle to the benefit of the relaxation of
polarons~*° When the dot contains electroris.g., from  the second. The energy and wave-function calculations have
doping, one deals with electronic polaron€ When the dot been performed within a basis spanned by the Coulomb-
contains one Coulomb-correlated electron-hole fimishort, ~ correlated pair statd$.S,), |Pe+Pn-), [Pe—Phs), ... and
an exciton, it was show'° that the polaron concept fully their one-phonon and two-phonon replicas. Within these rep-
applies. In the present paper we wish to show that the exciicas (which are three-dimensional flat continuumee keep
tonic polaron Kpp,) formalism is able to describe the en- only those particular linear combinations that diagonalize the
ergy relaxation of a photoexcited dot. We shall show that thé-rohlich interaction. This procedure considerably reduces the
calculated energy loss rate of ¥po, can often be compa- dimension of the Hamiltonian matrix to be diagonalized.
rable to the single-particle one in quantum well structuresHence, after diagonalization, generic excited ¢nergye.)
However, we shall also demonstrate that one may fardi ~ and less excitefor ground (g, energye4) excitonic polaron
even designsituations where the energy relaxation is ham-wave functions are in the simpler case
pered, a situation reminiscent of, but radically different from,
the phonon botdeneck. 0= ane 0 + 3 Bu(a)medy

We consider strongly confining dots, such as the InAs/ q
GaAs self-organized dots. These dots are modeled by trun-
catgd cones flqating on a 1-ML-thick wetting Iaygr. The dot > > Ye(0,0")|Perde Ly ) (1)
typical dimensions areR~10 nm, h~3 nm, basis angle a q

0163-1829/2002/68)/0813084)/$20.00 66 081308-1 ©2002 The American Physical Society



RAPID COMMUNICATIONS

O. VERZELEN, G. BASTARD, AND R. FERREIRA PHYSICAL REVIEW B6, 081308R) (2002

will') happen that a relaxatiog— g is energetically possible
|thg) = atgIng.0) + 2 By(a)|mg,1g) for an interactinge-h pair while it would be forbidden if the
g Coulomb shifts were neglected or, symmetrically, a process
seemingly allowed when neglecting Coulomb effect could
+> Z Y9(a,9')Pg 1g 1), (20 turn out to be forbidden when these effects are accounted for.
4 qa Along the same line, note that the magnitude of the, 4
where then’s, m's, and p's label Coulomb-correlated depends on the,S,v's. The latter result from the diagonal-
electron-hole pair states. ization of the Hamiltonian matrix and are thus influenced by
The anharmonic decay of the LO phonons is governed byhe energies of the correlated paiis particular, in the vi-
a Hamiltonian that does not involve the electron and holecinity of a crossing between two Hitich uncouplece-h pair
degrees of freedom. Hence, using E@s,(2), the relaxation  state$. Thus, while a naive expectaction would lead to infer
ratel’_ 4 from | o) tO |¢//g> due to this mechanism is that one of the particleésay the holgis a spectator of the
relaxation of the othefthe electron in an elemental relax-
ation process, it is in fact an active spectator: the relaxation
of the electron takes place in the Coulomb field of the hole
(direct interaction and is influenced by the Hntich-
mediated electron-hole interaction. It is therefore qualita-
2} (3)  tively and quantitatively inaccurate to depict the energy re-
laxation of a pair in a dot by neglecting the Coulomb effects.

In the spirit of a semiclassical approach;rj\, is taken Before going to the details, Iet_ us pqint out the general
equal to the decay rate of LO phonons in bulk materials. On rendsf on (;Ntr;g;er or .?r?t poL W'IH eﬁ:o:je_ntli/hrelax_. }:Ve ‘
further assumption is that the route of the anharmonic deca ave foun poL WIth energies focated In the vicinity of
is the same in the dots as in bulk materiaé., LO—LO hw o from the ground state relax very efficiently. This is

+TA). This restriction on the possible decay of the LO pho_:)eeszagigitS;I;t\;\{{z\éevjﬁirlﬁl?f?efnosn;f\illgs g:g mogorgsrgﬁg%? 0:;_
non part of theXpg, imposes a restriction on the possible P

£ g, NaMely thateo— ¢, should falf in the energy win- laron interaction with the one-phonon replica of the ground

dow (=27 meV,~45 meV). Oncd’._ is calculated the state. To give an example, Xpo state containing
transition rate for the reverse transitidl_, follows from {[Pe+Ph-.0)+|Pe_Ph. 0} is Frehlich admixed to another

the thermal equilibrium of the thermostat, Xpo State that coptalnﬁsePht,%) O |Pe- Sy, 1). A first
polaron disintegration brings the system toXay, that con-

_ _ _ tains|S,Py,+,0) or | P+ S;,,0), which themselves are strongly
Tgoe=Teg®xil = Aleemey)] @ admixed with|>SeSh,lqy A s>econd polaron disintegration re-
With the knowledge of all transition rates, the set of coupledaxes the system to th¥po, ground state that is mostly
population equations can be solved if completed by initial| S;S,,0). This efficient relaxation scheme recalls the two-
conditions(which depend on the particular experiment onephonon replicas of the exciton ground state often seen in
wants to model Ultimately, the luminescence signal of the bulk materials. It is important to stress that the physical re-
groundXpq, is proportional to the populatiom, of this state.  laxation mechanism is very different since in this case the
Before describing the results of these simulations for aelaxation process involves the emission of four phonons
low temperature T=10 K), let us first discuss the part (two LO and two TA and the energy of the intermediate
played by the coulombic interaction in the simulations. Onestate is very different frong o+ 7% w o Whereg is the energy
could in fact wonder whether it would not be possible toof the groundXpg, . Another general trend of the relaxation
understand the energy relaxation of electron-held) pairs  in quantum dots is that the relaxation gets more and more
in dots by means of single-particle polaronic madelvhere  difficult when going to less excited states. This is hardly
the relaxation takes place via one particle polaron while thesurprising in view of the discrete nature of tho, dot
other particle is merely a spectat@e., its quantum number states. The latter is less important at high energy because the
does not change during one elemental relaxation ev€his  number of levels increases and, to some extent, it is always
is impossible for several reasons. First, even in the absengmssible to find a level to which the system can relax. The
of Coulomb couplinge-h pairs become indirectly coupled possible cause of inefficient relaxation has to be traced back
via the Franlich interaction, in spite of the fact that the lBro  to the energy location of the first feXp, excited levels. It
lich interaction of a pair with the phonons is the sum of theturns out that most of these levels are optically inactive
electron interaction and of the hole interaction: these are thalmos}, making it difficult to detect them. Finally, it should
same phonons that interact with the electron and with thée stressed that the relaxation efficiency increases with tem-
hole. Second, the coulombic effects are quantitatively faperature. An energy relaxation bottleneck at low temperature
from being negligible. In fact, even if Coulomb effects areis circumvented at elevated temperature because the blocked
very well taken into account perturbatively in quantum dots,Xpo, has a possibility to explore higher-energy states and to
they nevertheless produce sizable shi#8—30 meV of the  find an efficient path for cooling down.
e-h pairs (which have Coulomb unperturbed energies of The first kind of experiments we model is the time-
~20-70 meV above the ground stat€herefore, due to the resolved photoluminescence from the grouKdg, state
existence of an energy window for the relaxation, it éand |5 (t) at T=10 K. The signal is proportional to the popula-
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tion of the ground state but only the zero-phonon part con-
tributes to this signal. The initial conditioisource termis a

S pulse that populates some particular exciXgg, . One has

to include in the rate equations the radiative damping of each
of the excited states. Since the excitonic polaron wave func-
tion contains parts with zero, one, and two phonons, they can
give rise to luminescence with zero phonon or to replicas red
shifted byfw g or 24w, o, Wheretiw g is the optical pho-
non energy. The radiative rate of a leVet,) with n=0
emission of optical phonons is written as

Tpr,(t)
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where we tookry=1ns for theS,— S, transition. The same 3k
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or 2hw o from |¢,). The associated radiative frequencies
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€ @9 (h/R=0.1). The uppeflower) panel corresponds to dot parameters

Note that the luminescence other than the ground stat%UCh that the energies of the phOtoe).(Ci%L are on the upper
one can be viewed as an effective “nonradiative” decay ower) branch of the two phonon anticrossifidpick lines on the

. . . . . T= . i i been
channel. Hence, besides the luminescence rise time, the ma'nseb T=10 K. Note that the vertical scale ifb) has

nitude of the luminescence signal witnesses whether relaxsflIrongly dilated.
ation is or is not efficient in a particular dot. when continuously exciting the dot at an increasing energy

Figure 1 shows the calculatd@ (t) curves for several (e.g., by a dye lasgrHence, the PLE signal is a complicated
dot parametersh/R is kept equal to 0.1 an® is varied. convolution between the system’s ability to absorb light and
Figure 1 clearly shows the increasing difficulty of an excitedits relaxation capability to make an excit¥gy, reaching the
XpoL to relax towards the ground state when its wave funcground state. In quantum well structures, PLE very often
tion contains less and less phonon comporieae insert of mimics absorption while, in bulk materials, the presence of
Fig. 1), i.e., when the dot parameters are changed in such @onradiative decay channels reveals relaxation resonances,
way as moving away from an anticrossing. In fact, the lumi-often associated with the irreversible emission of LO
nescence rise time is smaller when the dot parameters aphonons, when a particular relaxation mechanism is able to
such that the two-phonon replica of the ground state is théring an excited carrier to the band bottom, bypassing the
nearer from the level that is excitedtat 0. Note the overall other decay channels. Note that in bulk and quantum wells
good relaxation on the upper branch of the two-phonon anthere is no possible radiative decay but at the band edges.
ticrossing, as witnessed from the magnitude of the maximum To calculate the PLE spectrum we compute the ground
reached by p (t). For these dot parameters, the relaxation isexcitonic polaron population when varying the energy of the
at least as efficient as the recombination from the intermediew excitation. The creation rate of a given excited sjtg
ate levels. Increasing the dot radius and following the lowelis proportional to the radiative rate7Lj. The radiative rate
branch of the two-phonon anticrossifig. 1(b)], one finds  for each level is written as in the calculationlgf(t). Figure
a different physical situation. While the luminescence rise2 shows a comparison between absorption and PLE spectra
time does not become very long, (t) remains very small at when varying the dot parameters. One sees a clear evidence
all times. This behavior reflects a situation where the excite@f an energy relaxation bottleneck in large dots. While for
state, populated @t=0 empties more efficiently to an inter- R<11nm, PLE spectra resemble absorption spe6irith
mediate level which is ndpor faintly) coupled to the ground more lines than predicted in the bare exciton model due to
state. Hence, a tiny fraction of the population reaches théhe presence of excitonic polaronshere exists a pro-
ground state, but most of it contributes to the luminescenceounced difference at larg&t. An inefficient energy relax-
of this excited state. It is therefore lost for the ground-stateation takes place in bigger dots because the lower-lying ex-
luminescence. This situation corresponds to an energy relaxited Xpo, become too close in energy from the groufieh,
ation bottleneck. state(decreased size quantizatjoithey consequently move

A cw photoluminescence excitation spectr@fLE) con-  out from the energy window where polarons can relax and
sists of detecting the ground-state photoluminescence signaéry little of the excitation reaches the ground state.
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T T=10 K.
branch of the two-phonon anticrossing. Again, one sees a
B larger E r at early time close from the anti-crossing while
§ E r decreases when there is less and less admixture in the
XpoL Wave function with the one-phonon replicas (@ire-
dominantly dark less excited states. At long time d&f g
OF 7 reache the radiative value corresponding to the ground-state
: 1 . L . 1 optical recombination. The magnitude Bf is interesting.
80 100 R(A)”O 140 Namely, it is of the same order of magnitude as found for

holes atT.¢~100 K in modulation-doped quantum wells
FIG. 2. Calculated absorptiofupper panel and PLE (lower  (see, e.g., Ref. 6 Therefore, it appears that, while of radi-

pane) peaks versus dot parametel8R=0.1), the area of the dots cally different nature than that which prevails in bulk mate-

is proportional to the magnitude of the absorption or PLE signalrials and heterostructures, the energy relaxation can be quite

T=10K. efficient in quantum dots. This is due to the small decay time

of the optical phonong36 meV/10 p$ which, in turn, in-

Another indicator of the relaxation efficiency is the en- duces an efficient relaxation channel for mBOL' On the

ergy loss rate ) of an excitonic polaron. To compute its other hand, there exist situations where the relaxation, while

time evolution we take initial conditions identical to the fast at ear|y Stage, slows down when the System reaches the

IpL(t) spectra and at each time we compute lower-lying excited polaron states. Such situations are found
— &(E) in the bigger dots where the polaron disintegration becomes
<E>=2 eini(t), Er(t)= T 7) energetically impossible.
i
where n; is the population of thath Xpg, level. E g(t) We acknowledge fruitful discussions with Professor H.

includes two contributions, the radiative one £4,,/79) and ~ Sakaki. The LPMC-ENS is “UniteAssoci@ au CNRS
the one related to th&po, relaxation. The latter varies (UMR 8551 et aux Universite Paris 6 et Paris 7.” This
widely, depending on whether the relaxation is fast or inef-work has been partly supported by a New Energy and Indus-
ficient. Figure 3 shows th&, z(t) curves when the dot pa- trial Technology Development OrganizatigNEDO) grant
rameters are changed, as in Fig. 1, to move on the uppemnd by a E.E.C. projedtST-1999-11311(SQID)].
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