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Phonon bottleneck in quantum dots: Role of lifetime of the confined optical phonons

Xin-Qi Li, Hajime Nakayama, and Yasuhiko Arakawa
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The phonon bottleneck in quantum dots is reexamined theoretically within the intrinsic phonon scattering
mechanism. In the coupled-mode-equation formalism, an analytical solution is derived for the carrier relax-
ation. The result shows that, due to the anharmonic coupling of the confined LO phonon to the bulk acoustic
phonons, the carrier relaxation rate is higher than 1010 s21 in a wide detuning range of tens of meV around the
LO phonon energy, which differs remarkably from the original phonon bottleneck prediction.
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Due to the sound potential for device applications,
semiconductor quantum dots~QD’s! have been receiving in
creasing attention in recent years. Among the most impor
advantages compared to the conventional semiconducto
sers, there are such properties as less temperature sen
threshold current,1 lower threshold current density,2 en-
hanced modulation dynamics, and improved no
properties3 for laser actions, due to the three-dimension
confinement, which gives rise to a sharply discrete elect
energy spectrum. However, the realization of these de
advantages relies in large extent on the efficient carrier
laxation to the ground state. Thus, the study of energy re
ation mechanism in quantum dots is of central importance
quantum dots, due to the discrete nature of the energy le
together with the very weak energy dispersion of the
phonons, a simple consideration on the basis of energy
servation predicted that a strongly reduced energy relaxa
rate could not be avoided within the intrinsic phonon scat
ing mechanism,4–7 unless the electron level spacing equ
the LO-phonon energy, or smaller than a few meV in fav
of the LA-phonon scattering. This largely reduced relaxat
rate from the inefficient phonon scattering in quantum dot
referred to as phonon bottleneck in literatures.

We noticed that this bottleneck, until now, is still di
cussed controversially. On the one hand, some experim
showed the poor luminescence from the ground state
quantum dot,8–11 which implied the existence of phono
bottleneck. On the other hand, recently there have bee
large number of publications where the bottleneck eff
does not exist.12–19At the same time, in view of the tendenc
that the intrinsic phonon scattering cannot remove the pr
lem of phonon bottleneck, some theoretical efforts have b
proposed in specific situations, in an attempt to predic
rapid energy relaxation in quantum dots, such as the c
bined LO6LA two-phonon mechanism,20 the defect-assisted
multiphonon emission mechanism,21,22 and the Auger-like
scattering mechanism.23,24The LO6LA mechanism is an in-
trinsic phonon scattering mechanism, but it predicted onl
quite narrow relaxation window of several meV around t
LO-phonon energy; the other mechanisms21–24 predicted a
much wider relaxation window, but they are extrinsic or no
phonon scattering mechanisms, which do not work in so
situations, e.g., in the absence of defects in the nearby b
ers, or in the absence of dense electron-hole plasma as s
in some experiments.14,19
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In this paper, restricted in the intrinsic phonon scatter
mechanism, we reexamine the phonon bottleneck by inc
ing the anharmonic decay of LO phonons into bulk acous
phonons, which is well known to be of crucial importance
large number of physical properties in semiconductors, s
as the carrier relaxation dynamics and the carrier-lattice th
malization. Very recently, we performed a theoretical calc
lation for the anharmonic decay lifetime of the confined L
phonons in quantum dot,25 which has value of 2.5–7 ps for
GaAs dot with size larger than 15 nm, depending on
temperature from zero to 300 K. Considering the confin
ment and decay feature of the LO phonons in quantum
the present coupled electron-LO-phonon system is q
similar to the coupled atom-photon system in an optical m
crocavity, where the enhanced spontaneous emission
been discussed, due to the confinement and dissipation o
photons. Accordingly, we are ready to develop a Wign
Weisskopf description for the carrier relaxation in quantu
dot through LO-phonon scattering: the electron couples
rectly to the confined LO-phonon modes, quantum transit
would result in a repeated energy exchange between the
tron and phonon modes, which is known as Rabi oscillati
however, due to the decay of the confined LO phonons,
oscillation will decay rapidly, thus the electron’s energy
dissipated away through the LO phonons.

More specifically, our calculated result illustrates an e
cient relaxation rate higher than 1010s21 in a wide detuning
energy range of tens of meV around the LO-phonon ene
which may lead to the following implications:~i! It extends
the efficient relaxation range to tens of meV from the ele
tron level spacing smaller than a few meV~;3 meV! pre-
dicted originally by the LA phonon scattering,4–7 or several
meV ~;6 meV at 300 K! detuning around the LO-phono
energy predicted from the LO6LA second-order scattering
calculation.20 ~ii ! Note that the LA-phonon scatterin
calculations4–7 predicted an intrinsic limitation to the devic
application associated with the interband optical transitio
since the QD-based device applications require an effic
relaxation of the carriers to the ground state where the le
spacing should be larger than 25 meV in order to realize
advantages of the discrete levels. Favorably, our presen
sult indicates that the carrier relaxation will be efficient f
level spacing approximately from 15 to 65 meV at roo
temperature, which improves the possibility of device app
5069 ©1999 The American Physical Society
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cations.~iii ! The present study might be helpful to clari
some confusions in literatures.

Below, considering the discrete nature of the present s
tem ~both the electron and the confined LO-phonon state
quantum dots!, instead of the Fermi golden rule, we emplo
the Wigner-Weisskopf coupled-mode-equation approach
calculate the electron relaxation rate. In this formalism,
are able to derive an analytical solution for the tim
dependent transition probability, from which the relaxati
rate can be readily deduced. Specifically, consider the e
tron relaxation from the first excited stateuCe ;$nk%& to the
lowest ground stateuCg ;$(n11)k%&, where (n11)k indi-
cates the emission of ak-mode LO phonon. Evaluating from
the initial stateuCe ;$nk%&, the time-dependent state can
expressed as

C~ t !5a~ t !e2 iEetuCe ;$nk%&

1(
k

bk~ t !e2 iEgtuCg ;$~n11!k%&, ~1!

wherea(t) andbk(t) are the corresponding amplitudes, ha
ing initial conditionsa(0)51 andbk(0)50, respectively. In
Eq. ~1!, Ee and Eg are, respectively, the~total! energies of
the first excited state and the ground state. We define
energy detuningD5Ee2Eg5DE2\v0 , whereDE is the
electron energy level spacing, and\v0 is the LO-phonon
energy, which is assumed to be constant for each LO-pho
mode. Substituting Eq.~1! into the time-dependent Schro¨-
dinger equation, the following coupled mode equations
obtained:

da~ t !

dt
52 i(

k
gke

iDtbk~ t !, ~2!

dbk~ t !

dt
52 igk* e2 iDta~ t !2Gkbk~ t !, ~3!

whereGk describes the anharmonic decay of thek-mode LO
phonon into bulk acoustic phonons, andgk is the coupling
strength between the electron and thek-mode LO phonon.
Below we present more detailed discussions for them.

Note that at thermal equilibrium the detailed balance pr
ciple requires an equal rate of the decay of LO phonons
acoustic phonons and the inverse process. Thus, Eq.~2! has
no dissipation term corresponding to the functiona(t). On
the contrary, Eq.~3! consists of a decay term correspondi
to the functionbk(t), which is resulted from the destructio
of the thermal equilibrium condition of the LO phonons, a
ter a new LO phonon is generated accompanying the elec
transition. Recently, in Ref. 25, the lifetime of confined o
tical phonons in semiconductor quantum dots has been
culated by considering the typical channel of the anharmo
decaying into two bulk acoustic phonons. The calculated
sults show that the lifetime of the confined LO phonons
weakly size dependent, which decreases with increasing
dot size, and each mode approaches a constant value~for
GaAs dot,;7 ps at zero temperature, and;2.5 ps at tem-
perature 300 K! after the dot radius is larger than 8 nm
These results are in good agreement with the experime
data in bulk GaAs.26 On the basis of Ref. 25, in this work w
assume a constant lifetimetph (5Gk

21) for each confined
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LO mode, i.e., 2.5 ps at room temperature and 7 ps at z
temperature, since the concerned quantum dot has
around 20 nm.

To estimate the coupling strengthgk in Eqs.~2! and ~3!,
the knowledge of the confined LO modes is necessary
Ref. 27, a continuum hydrodynamic theory was employed
study the confinement of optical phonons in a spheri
quantum dot, where the material-related realistic bound
conditions were treated in a rather serious sense. To sa
both the hydrodynamic mechanical and the electromagn
boundary conditions, say, the continuities of the norm
component of vibrating velocity, the hydrodynamic pressu
the electric potential, and the normal component of elec
displacement vector, we included an interface polariton co
ponent in addition to the LO vibration. Although it wa
found that the interface polariton component has effect
the phonon associated electrical potential, for our pres
phonon bottleneck problem a simplified model descript
for the confined optical phonons will be precise enoug
since the final result of the relaxation time does not so s
sitively depend on the coupling strengthgk .

For mathematical simplicity but not losing any physic
generality, we assume a pressure-free boundary condit
for the LO-phonon confinement in a cubic quantum box w
size a. Accordingly, the LO vibration eigenmode has th
displacement function u(x,y,z)5¹F(x,y,z), and
F(x,y,z);sin(k1x)sin(k2y)sin(k3z), where kj5njp/a, nj
51,2,3,... . It is easy to check that this solution satisfies
mechanical pressure-free and the associated electrical p
tial continuity boundary conditions. Consequently, the Fro¨h-
lich electron LO-phonon interaction is given by

H85(
k
A \

2v0
Vk sin~k1x!sin~k2y!sin~k3z!~ âk1âk

†!,

~4!

whereâk (âk
†) is the annihilation~creation! operator of the

k-mode LO phonon, the Fro¨hlich coupling strengthVk
2

54paA\/2mv0(16\v0
3/a3k2) with k25k1

21k2
21k3

2 and
the dimensionless polaron parameter a
5(e2/2\v0)A2mv0 /\(1/e`21/e0), where e` and e0 are
the high frequency and static dielectric constants. Now,
are ready to express the coupling strength in Eqs.~2! and~3!
as gk5^Cg ;$(n11)k%uH8uCe ;$nk%&. Considering a GaAs
quantum box, and assuming an infinite deep confining po
tial for the conduction-band electrons, we estimate the to
coupling strength of the electron to all the LO modes as

g5
0.35\v0

Aa
ANB11, ~5!

from g2[(kugku2, where the dot sizea is in unit of nm, and
NB is the LO-phonon number at the concerned temperat
The numerical factor 0.35 is obtained by a convergent su
mation over more than 103 confined LO-phonon modes.

To obtain an explicit solution ofa(t), substituting the
formal solution ofbk(t) from Eq. ~3! into Eq. ~2!, we get

da~ t !

dt
52(

k
ugku2E

0

t

dt8eiD~ t2t8!e2G~ t2t8!a~ t8!, ~6!
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where we have neglected the dispersion of the LO phon
(D5Dk), and assumed an identical lifetime for each L
phonon mode (G5Gk). In terms of Laplace transform, th
solution of Eq.~6! can be derived as

A~s![L@a~ t !#5
s2g

s22gs1g2 , ~7!

whereg52G1 iD. Straightforwardly, the inverse Laplac
transform yields

a~ t !5L21@A~s!#5egt/2Fcosbt2
g

2b
sinbt G , ~8!

whereb is defined fromb25g22g2/4. The validity of Eq.
~8! can be examined in two limiting cases:~i! If g50 ~there
is no coupling between the electron and LO phonons!, solu-
tion ~8! reduces toa(t)51, which means that the electro
remains constantly in the initial state.~ii ! If G50 ~the LO
phonon has infinite lifetime!, ua(t)u25cos2(bt)
1D2/4b2 sin2(bt). This solution can be alternatively derive
from ua(t)u25 z^ i uU(t,0)u i & z2, whereU(t,0) is the quantum
evolution operator, andui& is the initial state att50. Gener-
ally, for gÞ0 andGÞ0, we express explicitly the probabilit
of the initial state as

P~ t ![ua~ t !u25
e2Gt

16ubu2 @ u2b2 igu2e2b2t1u2b1 igu2e22b2t

12~4ubu22ugu2!cos~2b1t !

18~Gb12Db2!sin~2b1t !#, ~9!

whereb1 and b2 are, respectively, the real and imagina
part of b.

In Fig. 1, the solid curves plotted from Eq.~9! show the
time-dependent behavior of the relaxation of the initial sta
Here we consider a GaAs dot at temperature 300 K,
corresponding LO-phonon lifetime is 2.5 ps. In Fig. 1~a!, the

FIG. 1. Probability of the initial electron state, where the so
curves plot the exact solution Eq.~9!, the dashed curves represe
the 1/e fitting to determine the carrier relaxation time. The sm
circles are plotted usinge2(G22b2)t to underestimate the entire en
velope function ofP(t), which would set a lower bound to th
relaxation rate. The LO-phonon lifetime is 2.5 ps at temperat
300 K.
ns
-

.
e

electron relaxation from the first excited state to the grou
state is shown for energy detuningD50, while in Fig. 1~b!
we show the relaxation for the nonzero energy detuningD
Þ0. Due to the finite lifetime of the LO phonons, we obser
a decaying Rabi-like oscillation, however, which deca
more slowly with increasing the detuning. To determine t
relaxation rate, we need a proper definition for the relaxat
time. We use an exponential functione2t/t to approximate
the exact envelope function, wheret is determined such tha
at this time the envelope function has value 1/e. In Fig. 1 we
show this 1/e fitting by the dashed curves. We notice th
this 1/e fitting is exact for the zero detuning, but it overes
mates slightly the relaxation for the nonzero detuning. To
a lower bound to the relaxation rate, by observing the do
nant contribution of the first term in Eq.~9!, we apply
e2(G22b2)t to approximate the entire envelope function
P(t), which gives a simple analytical formula for the rela
ation rate

t8[
1

G22b2
5

1

G2A2~R2X!
, ~10!

where R5AX21Y2, and X5g21(D22G2)/4, Y5GD/2.
Obviously, this approximation underestimates the relaxat
rate, and the fitting result is plotted by the small circles
Fig. 1. From the following Fig. 3 we will see these tw
approximations differ slightly and do not influence the phy
cal conclusion. We here emphasize that the envelope fu
tion of P(t) is not an exact exponential function, thus n
mathematicalrelaxation time can be defined exactly, how
ever, any better exponential fitting must drop between
two bounds shown in Fig. 3.

To understand more clearly the dependence of the ca
relaxation rate on the detuning, in Fig. 2 we plotb2 as a
function of the the electron level spacingDE illustratively.
Sinceb2 is an increasing function of the detuninguDu, the
dominant term of Eq.~9! is a slower exponentially decreas
ing function for largeruDu, which implies a smaller relaxation
rate.

In Fig. 3 the relaxation rate from the first excited state
the ground state is shown as a function of the level spac
where the zero and room temperatures are considered~the
corresponding LO-phonon lifetime are, respectively,tph

l

e

FIG. 2. b2 ~see text for its definition! as a function of the elec-
tron level spacingDE.
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57 ps andtph52.5 ps), and the solid and dotted curves a
obtained from Eq.~10! and the 1/e fitting ~note that any
better fitting of the relaxation rate in the present Wign
Weisskopf approach will drop between these two bound!.
Since the radiative recombination lifetimet rad from the
conduction-band electrons to the valence-band holes is t
cally of ;1 ns, the relaxation of the conduction electrons c
be regarded as efficient if the relaxation rate is higher t
1010s21. From Fig. 3 we achieve an efficient detuning ran
of ;20 meV at zero temperature, and of;50 meV at room
temperature. We stress that this result is qualitatively diff
ent from the earlier prediction for the extremely slow
down relaxation resulting from the LA-phonon scattering
ter the electron level spacing is larger than a few meV4–7

The present result also differs considerably from the re
reported in Ref. 20, where although the LO6LA mul-
tiphonon scattering mechanism seems intuitively benefic
the obtained window around the LO-phonon energy for ra
relaxation rate higher than 1010s21 is only ;3 meV at zero
temperature, and;6 meV at room temperature. To ou
knowledge, this is the first time to demonstrate such a fav
able detuning window for efficient carrier relaxation in qua
tum dots, within the pure intrinsic phonon scattering mec
nism, which implies that the efficient photoluminescence a
lasing from the ground state in quantum dots have no int
sic restriction due to the discrete electron energy levels,
relatively wide energy range, which was predicted to b
forbidden regime in the earlier studies.

It would be instructive to emphasize further the physi
origin of the efficient carrier relaxation at wide detuning
the context of phonon bottleneck. In terms of the decay
Rabi oscillation, we have got a quite intuitive picture ho
the energy is exchanged between the electron and

FIG. 3. Electron relaxation rate from the first excited state to
ground state as a function of the level spacingDE, where the solid
and dotted curves are obtained from Eq.~10! and the 1/e fitting,
respectively. Note that any better fitting for the relaxation rate in
present Wigner-Weisskopf approach will drop between these
bounds, since these two fitting approaches either overestima
underestimate the relaxation rate. Here we see the present fit
are satisfactory, any further improvements will not change
physical conclusion.
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phonons, and eventually is dissipated away into the heat
~i.e., the acoustic phonons!. We would like to mention that
the present definition for the efficient carrier relaxation
based on a device relevant criterion~i.e., the radiative recom-
bination lifetime of the conduction electrons, which has t
magnitude of nanoseconds!, which sets a critical value o
1010s21 for the efficient relaxation, thus makes us achieve
wide efficient detuning range of tens of meV. Alternative
according to the definition of the usual full width at ha
maximum ~FWHM! linewidth, from Fig. 3 one may get a
linewidth of about 8 meV. However, this linewidth does n
correspond to the efficient relaxation detuning range in
context of phonon bottleneck. Please note that the ‘‘phon
bottleneck’’ is not an intrinsic physical phenomenon. Th
phenomenon is closely based on some other parameters
as the radiative lifetime, which thus set the correspond
criterion in certain extrinsic sense.

One may note that the inverse lifetime of the LO phon
corresponds to energy 1.65 meV for 2.5 ps~or 0.59 meV for
7 ps!, which is approximately the FWHM linewidth of the
relaxation spectrum from a Fermi golden rule argument.
would like to point out that this golden rule treatment
physically invalid in the present two level system, since t
Lorentzian spectrum, resulting from the unstable feature
the LO-phonon state, differs essentially from thereal density
of states in the Fermi golden rule, and in fact no golden r
exists in this situation. Therefore, it is not suitable to co
pare the inverse LO-phonon lifetime with the FWHM line
width obtained from the Wigner-Weisskopf approach.
other words, we should not be surprised to the difference
these two quantities. In this context, we would like to cla
that even using the Fermi golden rule one can also obta
wide detuning range in which the relaxation rate is larg
than that determined by the ‘‘phonon bottleneck’’ criterio
due to the relatively strong coupling of the electron with t
LO phonons. This may help one to understand more ea
the obtained wide efficient detuning range. However,
should be noted that the Fermi golden rule is a mislead
argument in the present system.

In conclusion, the electron relaxation in quantum dot h
been discussed within the pure phonon scattering me
nism. Due to the anharmonic coupling of the LO phonons
the acoustic phonons, we have demonstrated an efficient
rier relaxation rate higher than.1010s21 in wide energy
detuning of tens of meV around the LO-phonon ener
which modifies remarkably the earlier phonon-bottlene
prediction within the phonon scattering mechanism.4–7,20

Concerning the device applications, the obtained result is
interest, since it excludes the phonon bottleneck problem
an intrinsic sense in a relatively wide detuning range.

This work was supported in part by the Research for
Future Program of the Japan Society for the Promotion
Science~Project No. JSPS-RFTF96P00201!, a Grant-in-aid
of Priority Area by the Ministry of Education, Science an
Culture, and the University-Industry Joint Project on Qua
tum Nanostructures.
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