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Phonon sidebands in exciton and biexciton emission from single GaAs quantum dots
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We report on the observation of asymmetric phonon sidebands on both the exciton and biexciton emission
lines in single GaAs monolayer fluctuation quantum dots. The contribution of phonon sidebands to the emis-
sion line is larger for the biexciton than for the exciton. We model the exciton line shape by means of a
nonperturbative coupling with acoustic phonons and show that energetic confinement is an important clue to
understand why phonon sidebands are sometimes observed and sometimes not. Finally, we discuss the exten-
sion of our model to the biexciton case.
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Semiconductor quantum dots~QD’s! behave in many as
pects similar to atoms with a spectrum which can be t
large extent artificially designed. Due to their reduced
mensionality, usual solid-state decoherence processes ar
pected to be inefficient so that QD’s attract much interes
solid-state quantum optics and qubit generation.1 QD’s
formed at an interface fluctuation of a quantum well are p
ticularly attractive structures to this extent: they are expec
to present a much larger oscillator strength than s
assembled QD’s.2 This makes them very good candidates
observing exciton-photon strong-coupling regime2 or deliv-
ering Fourier transform limited single photons.3 We have re-
cently demonstrated that single-photon emission can be
gered from a single GaAs monolayer fluctuation QD4

Moreover, exciton and biexciton coherent control on mon
layer fluctuation QD’s has recently been demonstrated,5,6 en-
abling the realization of an all-optical quantum gate.6

In solid-state physics, carrier-phonon interaction is an
portant cause for loss of coherence. However, in QD’s, as
discrete excitonic states are separated by several meV
interaction with phonons was expected to be drastically
duced. This led to the theoretical prediction of a phono
relaxation bottleneck7 and suggested that the QD dephas
time would only be limited by the radiative lifetime at low
temperatures.8 These ideas have stimulated considerable
terest in investigating the homogeneous spectral linewidt
QD’s.8–11 Even if radiative limited linewidths of the order o
few tens ofmeV have been reported,8,10 most of the time, a
larger broadening is observed which is not fully understo
Several theoretical and experimental investigations have
cently shown that the degrees of freedom for the lattice
exciton may no longer be treated separately. Indeed, str
coupling regime between electrons and optical phonons
been demonstrated in InAs self-assembled QD’s.12 More-
over, a nonperturbative regime between acoustic phon
and excitons has been evidenced in II-VI QD’s~Ref. 13! and
nanocrystals14 appearing as sidebands in the line profile.

In this paper, we report on the observation of a no
Lorentzian asymmetric broadening of both biexciton and
citon emission lines in GaAs monolayer fluctuation quant
dots. We show that these sidebands are due to a nonpe
bative coupling to acoustic phonons. To our knowledge, i
the first observation of this nonperturbative regime for
biexciton: we observe that this coupling with acous
0163-1829/2004/69~4!/041307~4!/$22.50 69 0413
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phonons is even more important than in the exciton ca
Moreover, phonon sidebands on the exciton line have ne
been reported on monolayer fluctuation QD’s. We extend
Huang-Rhys model describing the coupling between acou
phonons and electrons to the case of an exciton localize
a monolayer fluctuation QD. The calculated line shapes
in perfect agreement with experimental ones for vario
QD’s, with different confinement energies and for differe
temperatures. The only parameter of the model is the
lateral size, which we deduce from microphotoluminesce
excitation (m-PLE! measurements. We then discuss the
tension of our model to the biexciton.

The investigated sample consists of a nominally 1
monolayer GaAs quantum well embedded in Al0.33Ga0.67As
barriers. The detailed description of the sample growth a
its optical characterization can be found in Ref. 4. To p
form single QD photoluminescence spectroscopy and
crease the collected signal, QD’s are isolated in microd
structures with diameter around 2mm. The sample is placed
in a cold-finger helium flow cryostat which allows to var
the temperature between 5 K and room temperature. Micro
photoluminescence (m-PL! measurements were performed
the far field using a microscope objective~numerical aperture
0.4!. The nonresonant excitation beam~a tunable cw Ti:sap-
phire laser with excitation energy around 1.75 eV! is focused
on the sample with a spot size of about 2mm. The same low
excitation power ('30 W/cm2) is used for all QD’s in order
to avoid heating by laser irradiation. The emission, collec
by the same objective, is dispersed by a double grating s
trometer. The signal is detected either by a N2-cooled Si
charged-coupled device camera form-PL or by a low-noise
Si photodiode form-PLE. The spectral resolution is 90meV.

We study the photoluminescence emission from t
QD’s, namely, QD1 and QD2, presenting different confin
ment energies, as we discuss hereafter. The emission of
QD’s gives evidence for a biexcitonic state, which we ide
tify by power dependent measurements. Further confirma
of the assignment of this emission line to a biexciton st
has been checked in time-resolvedm-PL measurements:15

the exciton emission line risesafter the biexciton emission
decays as in Ref. 16. For the excitation power used in th
measurements ('30 W/cm2), the biexciton line is hardly
visible for QD1 whereas it clearly appears for QD2. Figure
shows them-PL spectra~thick lines! of QD1 and QD2 for
©2004 The American Physical Society07-1
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various temperatures. At low temperature~7–15 K!, exciton
~QD1 and QD2! and biexciton~QD2! m-PL line shapes de
viate strongly from a Lorentzian line~thin lines in Fig. 1!: a
broad background appears on both sides of the central
with a larger intensity on the low-energy side. When incre
ing the temperature, the emission peaks show a redshift
a quenching of their intensity. Simultaneously, the exci
line becomes more symmetric, and displays a Lorentz
profile around 30 K. As shown in Fig. 2, the full width at ha
maximum~FWHM! of the luminescence lines increases w
temperature following a two-step behavior for both excit
and biexciton. Actually, low-temperature values of FWH
correspond to the central line. At higher temperature~from
25 K for QD1 and from 15 K for QD2!, the measured line

FIG. 2. Symbols: FWHM of exciton and biexciton emissio
lines for QD1 and QD2 as a function of temperature. The thin lin
are linear fits.

FIG. 1. m-PL spectra~thick lines! from QD1 @upper part~a!#
and QD2@lower part~b!# for various temperatures and for an exc
tation power densityP530 W cm22. The thin lines represen
Lorentzian profiles. The right upper part of~b! shows a broad en
ergy window for QD2 at 15 K. A small background signal appe
at the QD emission energy which we subtract locally as a stra
line. Small background substraction has been done similarly fo
spectra presented here.
04130
ne
-
nd
n
n

width includes the sidebands and increases much m
abruptly. At all temperatures the exciton line is broader
QD2 than for QD1.

From Fig. 1~b!, we can note that the intensity rati
@~sidebands!/~central line!# at a given temperature is large
for the biexciton than for the exciton, indicating a strong
coupling to acoustic phonons. This is confirmed consider
Fig. 2, where the temperature broadening of the biexci
line is larger than for the exciton line at all temperatures.

Phonon sidebands in single quantum dot are attribute
a nonperturbative coupling of excitons with acous
phonons.13 Following Ref. 13, we extend the Huang-Rhy
theory of localized electron-phonon interaction to the case
an exciton confined in a monolayer fluctuation QD.17 The
exciton-phonon coupling Hamiltonian is written asHX-ph

5c†c(qMq(bq
†1bq) where c† and bq

† ~respectivelyc and
bq) are the creation~respectively annihilation! operators of
an exciton with energyE0 and a phonon with momentumq
and energy\vq . Mq is the coupling matrix element betwee
excitons and phonons. This nonperturbative coupling gi
rise to acontinuumof mixed exciton-phonon states, whic
radiatively recombine. The central line of the emission
then called the zero-phonon line, and is surrounded b
continuum of one-phonon, two-phonon, . . . , p-phonon lines.

To quantitatively calculate this coupling for our QD’s, w
only consider the deformation potential due to the longitu
nal acoustic~LA ! phonon modes.18,19We consider an isotro-
pic Debye dispersion relation for the LA phonon modev
5usq ~with an angular averaged sound velocityus of the LA
mode.17! Thus, we takeMq5A(\q/2rusV)(Dc^Xueiq•reuX&
2Dv^Xueiq•rhuX&), where Dc and Dv are the deformation
potential of the conduction and valence bands,r the mass
density, andV the quantization volume. For all calculation
presented here, we takeDv55.6 eV ~Ref. 21! and Dc
5211.5 eV~Ref. 22!.

In monolayer fluctuation quantum dots, the electron-h
Coulombic attraction is larger than the lateral confinem
potential. Therefore, we consider a quasi-two-dimensio
exciton, whose center of mass is weakly localized at
interface fluctuation of the quantum well. We write the wa
function of the localized exciton stateuX& as follows:

cX(r e ,r h)}e2Rxy
2 /2j2

e2r/l cos(pze/Lz)cos(pzh /Lz), where
Rxy is the center-of-mass position andr describes the
electron-hole relative motion.j is a variational paramete
describing the lateral extension of the center-of-mass mo
ment in the QD.18 l56 nm is the exciton Bohr radius for
30 Å GaAs/Al0.3Ga0.7As quantum well.23

To estimate the lateral size of the QD’s and deducej, we
considerm-PLE spectra shown in Fig. 3. Neither QD1 n
QD2 presents an excited state, indicating rather small
sizes. The energy difference between the exciton line and
2D absorption from the quantum well isE1512 meV for
QD1 (E256.4 meV for QD2!. Macrophotoluminescence
measurements show the energy difference between the e
sion of ann-monolayer and an (n11)-monolayer quantum
well.4 This energy difference remains constant at differe
points of the sample, so that we can deduce the energy d
Vb of the 1-monolayer quantum well fluctuation.24 We mea-
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sureVb517 meV for both QD’s. We finally determine th
QD diameterf which solves the variational problem forj
and gives the measured energetic confinementsE1 and E2.
We find f1515 nm andf259 nm corresponding toj1
54.7 nm andj253.45 nm~see Ref. 25!.

To calculate the emission spectra, we proceed as in
17, considering that the probabilityWp

q that the optical tran-
sition involves p phonons with energy\vq is Wp

q5@(nq
11)/nq#p/2f (uMqu2) wherenq5(e\vq /kBT21)21 is the oc-
cupation Bose factor of the phonon state andf is given in
Ref. 17.p is taken negative for anti-Stokes and positive
Stokes emission. For each phonon mode with energy\vq ,
each value ofp gives rise to a line with heightWp

q on either
side of the zero-phonon line.

For the calculation, we discretize the phonon dispers
with an energy step of the order of the zero-phonon li
width. Each phonon-line contribution is then phenomen
logically broadened by the zero-phonon line FWHM: at lo
temperature, we take the experimental FWHM shown in F
2; for higher temperatures, we estimate the zero-phonon
FWHM by interpolating the low-temperature slope. Final
to account for our experimental data, we only need to t
p522, . . . ,2.

Figure 4 presents the calculated spectra superimpose
the experimental ones. A nearly perfect agreement is fo
between experimental and theoretical curves for the exc
lines. At low temperature, the observed asymmetry of
phonon sidebands is well accounted for by our model. It
qualitatively be understood as follows. At low temperatu
nq!1 so that the probability that an optical transition i
volves p (p.0) phonons isWp

q}@nq11/nq#p/2'(1/nq)p/2

for the low-energy sideband and is much larger than for
high-energy sideband (Wp

q}nq
p/2).

In our model,j is the only parameter we change betwe
QD1 and QD2. To understand how the QD size, throughj,
influences the exciton-phonon coupling, let us consider
Huang-Rhys factorSq5uMqu2/\2vq

2 characterizing the am
plitude of the exciton-phonon coupling.Sq is plotted in Fig.
3~c! for the two QD’s under study (j154.7 nm, j2

FIG. 3. Upper part:m-PLE spectra for QD1~a! and QD2~b!.
Lower part~c!: Huang-Rhuys factorSq as a function of the phonon
energy for three localization lengthsj.
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53.45 nm). We see that for QD2,Sq is larger than for QD1
and its maximum is obtained at higher q. In the second te
perature range, where the measured linewidths are domin
by the phonon sidebands (T.25 K), this explains why the
QD2 line is broader than the QD1 line. Finally,Sq dramati-
cally decreases when the QD sizef is around 40 nm (j
59.8 nm) @see Fig. 3~c!#. This may explain why such pho
non sidebands were not observed on larger QD’s.8

It is worth to note that the FWHM of the zero-phono
line, which we introduce phenomenologically, cannot be
counted for by inelastic scattering with LO or LA phonon
toward the two-dimensional~2D! quantum well. It may be
due to the influence of the electrostatic environment indu
by electron-hole pairs in the 2D quantum well.26

Finally, in literature, very different values can be foun
for Dc andDv in GaAs @ranging from 6.5 eV to 1.5 eV for
Dv and from27 eV to 213.5 eV forDc ~Ref. 20!# How-
ever, phonon sidebands hardly contribute to the calcula
spectra if one takes the smallest values of bothuDvu anduDcu
reported in literature. The theoretical analysis of our d
gives a measurement ofuDc2Dvu which is uDc2Dvu517
61 eV.

We now extend our model to the biexciton case. The c
pling matrix element is now given by

FIG. 4. Comparison between experimental emission spe
~thick lines! and calculated spectra~symbols! for various tempera-
tures. The zero-phonon lines~ZPL! are shown in thin lines.~a!:
QD1. ~b!: QD2 with Me f f52Mq

X for the biexciton line~inset: biex-
citon spectrum withMe f f5Mq

X).
7-3
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Mq
XX5A \q

2rusV
~Dc^XXueiq•re11eiq•re2uXX&

2Dv^XXueiq•rh11eiq•rh2uXX&!. ~1!

We build the spatial part of the biexciton stateuXX& as the
symmetrized product of two exciton states:uXX&5(1/A2)
3(uXe1 ,h1

&uXe2 ,h2
&1uXe1 ,h2

&uXe2 ,h1
&), and neglect the Cou

lombic repulsion.27 We then find^XXueiq•re1uXX&5( 1
2 1 1

2 )
3^Xueiq•re1uX&1~exchange terms! where the exchange term
are of the form (̂Xe1 ,h1

u^Xe2 ,h2
u)eiq•re1(uXe1 ,h2

&uXe2 ,h1
&),

and represent an exchange of holes~or electrons! between
the two excitons forming the biexciton, through the intera
tion with phonons. Finally, we find thatMq

XX52Mq
X

1Mq
exchange.

To calculate the spectrum of the biexcitonic line, we ha
to take into account that the final state of the optical tran
tion is an exciton state, also coupled to phonons. As a re
the probability that the optical transition between the biex
ton state and the exciton state involvesp phonons isWp

q

5@(nq11)/nq#p/2f (uMq
e f fu2), whereMq

e f f5Mq
XX2Mq

X .17 If
the biexciton coupling to phonons were the same as the
citon coupling (Mq

e f f50) then no phonon sidebands wou
be observed on the biexciton line. Here, we haveMq

e f f

5Mq
X1Mq

exchange: if exchange terms were negligible, th
contribution of the phonon sidebands to the biexciton sp
trum would be the same as for the exciton spectrum. T
inset in Fig. 4~b! compares the biexciton calculated spectru
for Mq

e f f5Mq
X to the experimental one atT510 K. The cal-

culated phonon sidebands are much weaker than the ex
mental ones. This shows that the exchange term incre
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