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Acoustic phonon broadening mechanism in single quantum dot emission
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We study the effect of the exciton-acoustic-phonon coupling on the optical homogeneous line shape of
confined zero-dimensional excitons and discuss the connection with the so-called pure dephasing effect. On
increasing the temperature, the line shape progressively deviates from the expected Lorentzian profile, with the
appearance of low energy acoustic-phonon sidebands. The non-Lorentzian line shape and its temperature
dependence are theoretically modeled on the basis of the lattice relaxation due to the exciton-acoustic-phonon
coupling. This gives a precise description of the underlying mechanism which controls the exciton dephasing.
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The linewidth of an optical transition is well known to b
inversely proportional to the lifetime of the radiative state.
solid crystal, with increasing temperature,inelasticscattering
of the exciton by optical or acoustic phonons reduces
exciton lifetime and broadens the excitonic line.1 In such a
mechanism, the corresponding loss of population of the
diative state induces a loss of phase coherence~dephasing!
that can be measured by four-wave-mixing experiments.

The quantum dot~QD! system was thought to be ver
insensitive to inelastic scattering by low energy acoust
phonons because of the absence of suited states betwee
QD discrete energy levels~bottleneck effect!. However, pre-
vious studies of single QD lines have shown the persiste
of some significant dephasing despite this bottleneck effe2

On the other hand, simultaneous measurements of
dephasing and the population decay for localized exciton
narrow GaAs quantum wells~QWs’! show that, with increas-
ing temperature,elastic interaction with acoustic phonon
also contributes to dephasing.3 Such a loss of phase cohe
ence that is not related to a population relaxation is ca
pure dephasing. Usually, pure dephasing is treated using
additional phenomenological phase damping linearly prop
tional to time,3 that straightforwardly leads to a Lorentzia
line shape for the homogeneously broadened transition.4 This
corresponds to assuming a so-called Markovian process
the elastic exciton-phonon interaction.5

In this paper, we show that thiselastic exciton-phonon
interaction in the low temperature range can no longer
described by a single dephasing rate@or a simple full width
at half maximum~FWHM!# as usual.3,4 This is evidenced by
the special temperature dependence behavior of the
shape of CdTe QD’s emission: the zero-phonon line and
acoustic phonon sidebands are distinctly observed due
suited phonon coupling strength. These two component
the emission line are well described by a theoretical mo
that considers recombination from stationary eigensta
formed by the mixing of the discrete excitonic states with
continuum of acoustic phonons. This allows us to give n
insights into the acoustic phonon broadening mechan
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which controls the exciton dephasing and imposes the
limits to the optical properties of single QD’s emission.

The observed physical effects are not specific to the qu
tum dots themselves, but are general to all strongly locali
excitons, whatever the system. For the present study
sample consists of a nominally 6.5 monolayer CdTe struct
embedded in ZnTe barriers, grown by atomic layer epita
Confinement of excitons in QD’s in these structures is e
denced by the observation of sharp excitonic lines by mic
photoluminescence (m-PL! spectroscopy.6 The single QD
spectroscopy is performed through small apertures in
opaque 100 nm thick Al film deposited on the sample s
face. The spatial resolution, defined by the size of the ap
ture, can reach 0.25mm. The sample is excited by the 48
nm line of an Ar1 laser and the PL is detected through
microscope objective. The spectral resolution of the exp
mental set up is about 70meV.

Figure 1 shows the PL spectra of a single QD as a fu
tion of temperature and normalized to the integrated int
sity. At 5 K, the emission peak presents a Lorentzian pro
with 180 meV linewidth. With increasing temperature, th
emission peak shows a redshift and a quenching of its in
sity with an activation energy of about 13 meV. The ma
feature that we will discuss is the observed temperature
pendence of the emission line shape. Surprisingly, on
creasing the temperature, the PL line shape deviates fro
Lorentzian: a broad background appears on both sides o
central line. We assign the central line to the excitonic ze
phonon line, and the broad background to a coupled exci
acoustic phonon band~sidebands!, as discussed later. At hig
temperature, the zero-phonon line disappears in the pho
sidebands. As a consequence, the FWHM of the lumin
cence line~Fig. 2! shows a striking behavior. It first corre
sponds to the linewidth of the zero-phonon line and increa
slowly below 30 K. Then it includes the phonon sideban
and increases very abruptly~see inset of Fig. 2 forT530 and
45 K!.

We first consider the zero-phonon line. The usual lifetim
broadening mechanism can account for the slow increas
©2001 The American Physical Society07-1
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the linewidth below 30 K. Both exciton radiative recombin
tion and the phonon assisted transitions to higher energy
citon states contribute to population decay. While the rad
tive lifetime is nearly constant, acoustic phonon scatter
increases with the temperature, broadening the transition
2D QW’s, where a continuum of excited states is availab
this broadening is linear with temperature. In a QD, due to
absence of final states with a suitable energy, the pho
induced population decay is reduced and a lower ther
broadening is expected. The thermal broadening meas
in the QD ~1.5 meV K21) is indeed smaller than th
one reported for a 18 Å CdTe/Cd0.82Zn0.18Te QW ~3.5
meV K21).7,8

Now, to describe the exciton-acoustic phonon band
must consider the mixing of the exciton with acoustic ph
non modes. To do that we extend the Huang-Rhys theor
localized electron-phonon interaction10 to the exciton system
in a QD. In this model, we no longer consider the excito
phonon interaction as a perturbation, but take into acco
the new eigenstates resulting from the coupling of a disc
excitonic state with the continuum of acoustic phono
Transitions from these new eigenstates give rise to
exciton-phonon band. The general Hamiltonian for a coup
exciton-phonon system is written as

FIG. 1. PL spectra of a single QD, normalized to the integra
intensity, as a function of the temperature. With increasingT, side-
bands appear progressively around the central zero-phonon
The inset shows the evolution of the integrated intensity with te
perature. The fit gives an activation energy of 13.2 meV.
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H5E0c†c1(
qW

\vqW S bqW
†
bqW1

1

2D1c†c(
qW

MqW~bqW
†
1bqW !,

~1!

wherec† and bqW
† (c and bqW) are the creation~annihilation!

operator of the exciton~with energyE0) and the phonon
~with momentumqW and energy\vqW), respectively. The first
two terms of the Hamiltonian are the contributions of t
exciton and phonon populations to the energy of the syst
The last term is the exciton-phonon interaction characteri
by the matrix elementsMqW . The ground state of the system
is the lattice with a phonon bath. The excited state~i.e., with
the presence of the exciton!, due to the exciton-phonon in
teraction, is no longer a pure exciton state decoupled fr
the phonon modes, but contains an admixture of pho
eigenstates.

In the limit where off-diagonal elements inMqW can be
ignored, the Hamiltonian in Eq.~1! can be diagonalized
analytically.10 This neglects mixing with the excited elec
tronic states of the QD, and is valid when the thermal ene
kBT is smaller than the relevant electronic level spacing. T
coupling between the exciton and each phonon modeqW then
changes the equilibrium lattice position and shifts the exci
energy by the temperature-independent polaron energyDqW

d

e.
-

FIG. 2. Temperature dependence of the exciton PL line FWH
The linear fit at low temperature~solid line! gives a slope of 1.5
meV K21. Insets show PL lines measured atT530 and 45 K. The
line shape strongly deviates from a Lorentzian profile~solid line!
and the sidebands which appear around the central zero-phonon
progressively control the FWHM.
7-2
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5MqW
2/\vqW5gqW•\vqW . This equation definesgqW the coupling

constant of the exciton with the phonon modeqW . As illus-
trated in the inset of Fig. 3, due to the shift of the equilibriu
position when the exciton recombines, optical transitions
now allowed between states having different phonon oc
pation numbers, and occur with absorption or emission
phonons.

The probability that the optical transition involvesp
phonons is given by11

Wp5S nqW11

nqW
D p/2

e2gqW (2nqW 11)I p@2gqWAnqW~nqW11!#, ~2!

where nqW5@e\vqW /kBT21#21 is the Bose distribution and
I p(z) the imaginary argument Bessel function. Each value
p gives rise to a discrete line with heightWp on each side of
the zero-phonon transition. The transition probabilitiesWpi

of a set ofN discrete phonon modesqi with energy\vqi

lead to the spectral shape function:

I ~hn!5 (
p1•••pN

`

Wp1
•••WpN

d~hn2E01p1\vq1
1•••

1pN\vqN
!, ~3!

FIG. 3. Calculated coupling constantg(q) as a function of the
phonon energies\vq5\usq. The inset shows the energy of th
exciton-phonon system for a given phonon modeq in the configu-
ration coordinate space. Parabolas are the harmonic potentials o
lattice in the initial and final states of the excitonic transition w
~solid line! and without~dotted line! the exciton-phonon coupling
Vertical arrows labeled a, b, and c are examples of recombina
processes corresponding to a zero-phonon contribution, one ph
emission and one phonon absorption, respectively.
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wherepi is the number of phonons in the modeqi involved
in the optical transition.

To calculate the matrix elementMqW and transition prob-
abilities, we make the following assumptions.~i! As shown
by Takagahara,12 the dominant interaction term betwee
electrons and acoustic phonons arises from the deforma
potential coupling to the longitudinal acoustic~LA ! phonon
mode. So, we neglect both the interaction with transver
acoustic modes and the piezoelectric coupling.~ii ! In self-
assembled QDs, such as our CdTe/ZnTe system, the el
properties of dot and matrix material are not much differe
and thus the bulk-like acoustic-phonon modes can be use
a zero-order approximation by contrast to nanocrystal QD5

The acoustic-phonon spectrum is then taken to be the De
spectrum v(qW )5usq, where us is the angular average
sound velocity of the LA mode.

With these assumptions, the diagonal matrix elementMqW

for an exciton stateuX& is given by12

MqW5A \uqW u
2rusv

~Dc^XueiqW .rWeuX&2Dv^XueiqW .rWhuX&!, ~4!

whereDc (Dv) is the deformation potential of the condu
tion ~valence! band,r the mass density, andv the quantiza-
tion volume.

We consider that the confinement is stronger in
growth direction. The weaker QD lateral confinement can
considered as isotropic, since no exchange splitting is
served for the confined exciton investigated here.6 We
choose to describe the localized stateuX& by a quasi-two-
dimensional exciton wave function with a Gaussian distrib
tion for the center of mass motion characterized by a loc
ization length parameterj.13 The in-plane electron-hole
correlation is described by an exponential function with
single variational parameterl0. This simple wave function
leads to approximate analytical expressions for the ma
element~4! ~see Ref. 13!.

Since an isotropic dispersion relation is considered for
LA phonon mode, each mode can be characterized by
wave vector modulusq or by its energy\vq . We can then
defineg(q), the exciton-phonon coupling constant integrat
over all directions ofqW . In Fig. 3,g(q) is plotted for different
localization lengthsj in the extremely 2D~flat dot! case.13

The parameter values used in the calculation areDc525
eV, Dv51 eV,14 r55.51 g cm23, us54.03103 m s21,15

and l0542 Å , which is obtained by a variational calcula
tion.

Figure 3 shows the main characteristic of the excito
phonon coupling: the wave vectorq of phonons, which can
interact significantly with the localized exciton, is limited i
magnitude to about twice the inverse localization leng
with the strongest coupling whenq;1/j. That is, phonons
with energies greater than about 23\us /j ('2 meV in our
case! contribute very little to the exciton dephasing. Th
means that for large QD’s~largej), the exciton-phonon band
narrows and is masked by the width of the zero-phonon li
Moreover, the coupling constantg(q) decreases when th
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localization lengthj of the exciton increases. Both these e
fects impede observation of the exciton-phonon emiss
band for large QD’s.

In Ref. 5, the optical linewidth in semiconductor nano
rystals was calculated using a single effective phonon m
for the confined acoustic phonons. Such an approximatio
too rough to reproduce the line shape we observe. We
proximate the continuum of acoustic phonons by a set oN
discrete effective phonon modesqi , each modeqi represent-
ing a band of efficiently coupled phonons with a total co
pling constantgqi

. In this discrete multimode description, th

integrated coupling parameterg5( igqi
is conserved. To ge

finally the spectral shape, we replace the discrete pho
peaks@d function in Eq.~3!# by Lorentzian with the homog
enous linewidth of the zero-phonon line. This is a dire
application of the Condon approximation which neglects
dependence of the exciton wave function on the configu
tion coordinate.

In Fig. 4, we compare the experimental PL peaks o
single QD normalized to the integrated intensity with t
calculated spectra. For the calculation,N512 effective
modes were defined, and only 0, 1, and 2 phonon proce
in the summation of Eq.~3! are necessary to account for th
experimental data. A good agreement is found between
perimental results and the calculated line shape for a lo
ization length parameterj54 nm, which corresponds to
characteristic lateral QD size of about 9 nm (2jA2 ln 2).
Despite the large uncertainty in the parameter values use
the calculation~especiallyDc and Dv), both the relative
magnitude and the shape of the calculated exciton-pho
band are in good agreement with the experimental spe
At higher temperature, namely 50 K, the difference seen
tween the calculated and experimental line shape can be
to two reasons. First, the optical transition involving mo
than two effective acoustic phonon modes should be ta
into account at high temperature. Second, the off-diago
matrix elementsMqW are no longer negligible when the the
mal energy approaches the exciton level spacing.3 Finally, let
us note that in the temperature range considered~up to 60 K!
scattering with optical phonons is not efficient.

To conclude, the lattice relaxation treatment of t
exciton-acoustic phonon coupling accounts for the homo
neous emission line shape for single QDs: as the tempera
increases, the coupled exciton-phonon state can recom
together with a change in the phonon occupation numb
15530
n

e
is
p-

-

on

t
e
a-

a

es

x-
l-

in

on
ra.
e-
ue

n
al

e-
re

ine
s,

which gives rise to the exciton-phonon band surrounding
zero-phonon line. In this exciton-phonon coupling model,
pure dephasing mechanism can be viewed as a loss of p
coherence within the mixed exciton-phonon state, which
superimposed on the conventional loss of phase induced
the excitonic population decay. The characteristic tempe
ture dependence of the emission line profile shows un
biguously that the usual description of pure dephasing b
linear phase damping breaks down for zero-dimensional
citons.

This work is part of the CEA-CNRS joint research pr
gram ‘‘Nanophysique et Semiconducteurs.’’

FIG. 4. ~a! Experimental single exciton PL spectra, normaliz
to the integrated intensity, for different temperatures.~b! Calculated
spectra with a localization length parameterj54 nm. For clarity,
the energy positions of the calculated spectra are set to the ex
mental values.
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