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Efficient acoustic phonon broadening in single self-assembled InAsÕGaAs quantum dots
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We report systematic temperature-dependent measurements of photoluminescence excitation spectra in
single self-assembled InAs/GaAs quantum dots. We studied the increase with temperature of the excited-state
homogeneous linewidth for different quantum dots. We found a correlation between the acoustic phonon
broadening efficiency and the background intensity in the photoluminescence excitation spectra. These results
demonstrate the interaction of the discrete quantum dot excited states with a quasicontinuum of states and
impose severe limitations on the isolated artificial macroatom scheme for a single quantum dot.
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The interaction between the lattice vibration modes a
the electronic states in a semiconductor quantum dot~QD! is
an extremely debated issue in nanostructure research1–10

Since three-dimensional~3D! carrier confinement leads to
discrete energy spectrum for a semiconductor QD, the c
pling to acoustic and optical phonons is expected to be
efficient in a QD than in a semiconductor quantum w
~QW!. In this latter heterostructure the translational inva
ance in the QW plane gives rise to a continuum of sta
providing a large density of states for phonon absorption
emission. Because of suppression of this continuum i
semiconductor QD, a bottleneck effect has been predicted
phonon-assisted relaxation in QD’s. For acoustic phonon
has been shown that the relaxation is totally inefficient
cause the energy mismatch between electronic states is l
than the mean acoustic phonon energy.1,2 For optical
phonons it has been argued that the relaxation could be
cient only if the energy distance between electronic sta
matches one~or several! optical phonons. As far as applica
tions in high-performance semiconductor devices are con
ered, the slowing down of the electronic relaxation is a c
tral issue for the development of semiconductor-QD-ba
detectors and lasers.11,12

In fact all these considerations rely on the assumption
the carrier-phonon interaction is in a weak-coupling regi
where the interaction is treated in the framework of Ferm
golden rule. However, in addition to the discretization of t
energy spectrum in a semiconductor QD, the coupling
phonon may be influenced by the 3D carrier localizatio
Indeed, upon the optical transition, the lattice configurat
locally changes according to the different electronic state
the QD. The degrees of freedom for the lattice and elect
may no longer be treated separately. Evidence of a stro
coupling regime has recently been reported by infrared m
netotransmission experiments where the signature of m
optical phonon-electron states, the so-called polarons,
found for intraband transitions in self-assembled InAs/Ga
QD’s.6 For interband transitions there is no experimental e
dence of polaron states in InAs/GaAs QD’s but rather
enhanced coupling to optical phonons.5,7 As far as acoustic
phonons are concerned a nonperturbative interaction
lead to the appearance of low-energy acoustic phonons s
0163-1829/2001/65~3!/033313~4!/$20.00 65 0333
d

u-
ss
l
-
s
r
a
or
it
-

ger

ffi-
s

d-
-
d

at
e
s

o
.
n
in
n
g-
g-
d

as
s
i-
n

ay
e-

bands in the line profile.13 A recent observation of this lattice
relaxation effect has been reported in QD’s formed by int
face defects in II-VI CdTe QW’s14 but there is no evidence o
a deviation from a Lorentzian profile in InAs/GaAs QD
~Ref. 9, 10, and 15! and to the best of our knowledge n
quantitative data on the acoustic phonon coupling efficie
in this system.

In this paper, we report efficient acoustic phonon broa
ening in a weak-coupling regime for the excited states
single InAs/GaAs QD’s. We performed temperatur
dependent measurements of the excited-state linewidth
photoluminescence excitation spectroscopy~PLE!. We find a
correlation between the acoustic phonon broadening e
ciency and the intensity of the background measured in
PLE spectra. Such a quasicontinuum of states was obse
by different authors.4,7,10We recently reported photolumines
cence ~PL! up-conversion in InAs/GaAs QD’s where w
showed that this quasicontinuum is a wetting layer~WL!
band tail and provides intermediate states for the
conversion process.16 We show here that this continuum a
lows efficient coupling to acoustic phonons with an ef
ciency greater than for InGaAs/GaAs QW’s. As a matter
fact, the WL band tail provides a large reservoir of states
acoustic phonon scattering and this explains the effic
acoustic phonon broadening for the QD’s.

Our sample was grown on a GaAs substrate by molec
beam epitaxy. Rotation of the sample was stopped during
InAs deposition step in order to obtain a variable concen
tion of InAs islands. The 20-sec deposition of the 1
monolayer-thick InAs layer at 530°C was followed by
7-sec growth interruption under As vapor in order to increa
the size of the QD’s and get excited-state transitions. T
cover layer is made of a 50-nm GaAs layer. In order
isolate single QD’s, a mesa pattern was finally designed
e-beam lithography and reactive ion etching.

Microphotoluminescence measurements were perform
in the far field using a microscope objective~numerical ap-
erture 0.5! in a confocal geometry. The excitation beam, pr
vided by a tunable cw Ti:sapphire laser, was focused on
sample with a spot size;1 mm, accurately positioned usin
X2Y piezoelectric stages moving the microscope object
with a precision60.05 mm. The QD sample was mounte
©2001 The American Physical Society13-1
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on the cold finger of a continuous-flow helium cryostat. T
photoluminescence signal~collected in our setup by the sam
microscope objective as for the excitation! was detected by a
low-noise Si-based photon counting module after spec
filtering by a 32-cm monochromator. With this setup we o
tain a resolution of 1 meV in PL spectra~determined by the
response function of the monochromator! and a resolution of
0.07 meV in PLE spectra~determined by the laser line
width!.

A typical low-temperature PLE spectrum is shown in F
1~a!. The corresponding PL spectrum for an excitation
1.44 eV is displayed in Fig. 1~b! ~bottom curve!. We observe
a sharp line at 1.325 eV corresponding to the fundame
transition of a single QD. The PLE spectrum has been p
formed by recording the PL emission of this line~indicated
by the arrow!. In the PLE spectrum@Fig. 1~a!# we first ob-
serve a background gradually increasing up to the WL
sorption edge~1.42 eV!. On top of this broad signal fine
structures are observable and in particular a sharp line at
eV. This peak could correspond to an excited-state of
single QD under investigation. Assuming a truncated py
mid for the QD shape theoretical calculations predict 18
and 1.1 nm for the radius and height of this QD.

In order to check that this resonance in the PLE signa
the signature of a QD excited-state we performed hi
excitation PL. By increasing the excitation power density
may saturate the fundamental transition and observe rec
bination from excited-state transitions. In Fig. 1~b! we show
PL spectra on a linear scale for two values of the excitat
power densityPex . By increasingPex by a factor 8~top
curve!, one clearly sees that the QD fundamental transitio
1.325 eV saturates~on top of a broad background! while

FIG. 1. ~a! Normalized microPLE spectrum recorded at 10 K f
a detection energy of 1.325 eV and a power densityPex of
6 kW/cm2. The inset is a high-resolution scan around 1.36
showing the excited-state line together with a Lorentzian fitG
50.6 meV).~b! Corresponding microPL spectra for an excitati
energy of 1.44 eV and two excitation power densitiesPex . The
arrow in the PL spectra indicates the detection energy for the P
03331
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electron-hole recombination also occurs at higher ene
~1.355 eV!. From the comparison between the PLE spectr
of Fig. 1~a! and the high-excitation PL spectrum of Fig. 1~b!
~top curve!, we identify the peak at 1.36 eV as an excite
state of the single QD. The 5-meV redshift of this line b
tween high-excitation PL and PLE is attributed to Coulom
effects that take place when the fundamental and exci
states are populated under high-excitation of the QD.17

In the inset of Fig. 1, we show a high-resolution scan
the PLE spectrum around the excited-state transition. N
that the excited-state line can be fitted by a Lorentzian pro
on top of a background. In fact, because we perfo
micro-PL measurements to isolate single QD’s, we reso
homogeneous lines with Lorentzian profiles and we thus
tribute their full width at half maximum~FWHM! to the
homogeneous linewidth of the excited state under invest
tion.

We studied the phonon-assisted broadening
temperature-dependent measurements of the PLE spect
to 50–60 K, for a power density of 6 kW/cm2, in QD’s of
various sizes. We observed an increase with temperatur
the FWHM of the excited-state lines which remain Loren
ian in the temperature range we investigated. The absenc
low-energy sidebands in the spectral profile means that th
is no signature of a nonperturbative regime for the inter
tion between the acoustic phonon and electron-hole pai
our InAs/GaAs QD’s.

In Fig. 2 we display typical temperature variations of t
homogeneous linewidthG of QD excited-states. These me
surements refer to a QD different from the one shown in F

E.

FIG. 2. Full width at half maximumG of the lines A and B
~indicated by arrows in the inset! vs temperature. The slopes of th
linear fits are 1062meV/K for line A and 4162 meV/K for line B.
The inset shows the microPL~dashed line! and microPLE~solid
line! of the investigated QD.
3-2



nt
e
s
b

th

ho
op

ive
ou
o
a
op

i
he

ic

In

th
o

a
h
lin
dt
ef
he
ue

rs
a

in
w
ck
a
m
if

ec
on
a

ffi
s.

LE
QD
pho-
nd
x-
at
the

he
i-
x-
D

the
non
Te
Te/

of a
ted
stic
re,
s-
de-
air
ring
LE
sity
of
e in-

l it
to

The
ates

ffi-

shed
stic
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1. The corresponding PL~dashed line! and PLE~solid line!
spectra are displayed in the inset of Fig. 2. The fundame
transition of this QD is at 1.3 eV and the peaks at 1.328
and 1.355 eV~labeled A and B and indicated by arrow!
correspond to two excited-states. The important point to
noticed here is that line B is lying at higher energy where
PLE background is larger~roughly 2 times! than for line A.
For lines A and B we observe a linear increase of their
mogeneous linewidth with temperature. However, the sl
is greater for line B (4162 meV/K) than for line A (10
62 meV/K).

The phonon-assisted broadening has been extens
studied for semiconductor bulk and QW’s. The homogene
linewidth G~T! of excitons is usually described as the sum
a static broadeningG0 including radiative broadening and
temperature-dependent one accounting for acoustic and
cal phonon broadening.18 For low temperature (T
<60–70 K) where the interaction with acoustic phonons
dominant,G(T) increases linearly with temperature and t
homogeneous linewidth can be written

G~T!5G01aT. ~1!

For InxGa12xAs/GaAs QW’s typical values for the acoust
phonon broadening efficiencya of the excitonic ground state
range between 1.5 and 11meV/K.19–21

In QW’s the acoustic phonon broadening efficiencya
characterizes the scattering of excitons into a continuum
final excitonic states with large in-plane wave vectors.
semiconductor microcavities measurements ofa have shown
that the strong exciton-photon coupling regime modifies
density of final states accessible for acoustic phon
scattering.21

In our single InAs/GaAs QD’s, despite the fact that
phonon bottleneck had been early predicted for acoustic p
non scattering in semiconductor QD’s, we do observe a
ear increase with temperature of the excited-state linewi
We therefore extract the acoustic phonon broadening
ciency a in our self-assembled InAs/GaAs QD’s and in t
following we show that we can correlate the obtained val
with a density of final electronic states.

The existence of a quasicontinuum of states is of cou
suggested by the background signal observed in PLE
recently reported by different authors.4,7,10 In order to com-
pare our different values of the acoustic phonon broaden
efficiencya measured for a set of 13 QD excited states,
would like to get QD-independent values of the PLE ba
ground signal. In fact, for a given excitation energy fluctu
tions of the PLE background from dot to dot may arise fro
different spectral profiles of the background and/or from d
ferent radiative efficiencies. In order to correlate oura values
with the PLE background signal we normalize the PLE sp
tra with the PLE signal at 1.42 eV, i.e., at the WL absorpti
edge where the PLE spectrum reaches its maximum for e
QD investigated. For instance, in Fig. 1~a!, the normalized
PLE signal is 1 at 1.42 eV and 0.2360.02 at the QD excited-
state energy~1.36 eV!.

In Fig. 3 we show the acoustic phonon broadening e
ciencya for 13 excited-states coming from 9 different QD’
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We plot these values as a function of the normalized P
background intensity at the energy of the corresponding
excited-state. We clearly see the increase of the acoustic
non broadening efficiency with the normalized backgrou
intensity. Before discussing further this correlation and e
plaining the underlying physics, we want to point out th
our a values are always greater than the values found in
literature for InxGa12xAs/GaAs QW’s (1.5<a
<11 meV/K).19–21 Of course these parameters refer to t
fundamental 1S exciton state in QW’s and not to an exc
tonic excited-state but it is very striking to see that an e
tremely efficient coupling to acoustic phonons exists for Q
excited states. Note that this behavior is in contrast to
measurements reported in Ref. 14 for the acoustic pho
broadening efficiency of the ground-state transition of Cd
QD’s where a smaller value is measured than for Cd
CdZnTe QW’s.

Because we do not see any experimental evidence
nonperturbative regime in the spectral profile of the exci
states, one shall describe the interaction with acou
phonons in the framework of Fermi’s golden rule. Therefo
the probability per unit time of emitting or absorbing acou
tic phonons increases linearly with the density of states
scribing the quasicontinuum to which the electron-hole p
is coupled. On the other hand, if no resonance occurs du
population relaxation, the background observed in the P
spectrum is a direct measurement of the optical den
which is proportional to the quasicontinuum density
states. In consequence, we easily understand the averag
crease of the acoustic phonon broadening efficiencya with
the normalized PLE background intensity. In this mode
reflects the efficient coupling of the QD’s excited states
the quasicontinuum observed in single QD PLE spectra.
acoustic-phonon-assisted interaction with the localized st

FIG. 3. Scatter plot of the acoustic phonon broadening e
ciencya for 13 excited-states~9 different QD’s! vs normalized PLE
background intensity at the energy of each excited-state. The da
line is a guide for the eyes showing the increase of the acou
phonon broadening efficiency with the PLE background.
3-3
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BRIEF REPORTS PHYSICAL REVIEW B 65 033313
of the WL quasicontinuum appears to be, at least, as effic
as the broadening of the excitonic ground state in a Q
Obviously the physics is completely different in the case
localized states than in the case of delocalized states. In
ticular the lack of wave vector conservation in the scatter
processes involving the 0D QD states may play a key r
This effect is a direct proof of the interaction of a semico
ductor QD with its environment and highlights a severe lim
tation to the isolated macroatom scheme.

As far as the fluctuations of the acoustic phonon broad
ing efficiencya are concerned, we see two reasons for th
The coupling efficiency first depends on the size of the QD
Similarly to the QW case, the carrier–acoustic-phonon in
action presents a resonance when the wavelength of
acoustic phonon is comparable to the confinement pote
size.19 Therefore size fluctuations may induce fluctuations
the acoustic phonon broadening efficiency. Moreover,
coupling efficiency depends on the exact density of state
the excited-state energy. Fluctuations of the PLE backgro
signal around its mean value appear as a signature of
detailed density of states in the WL band tail. In fact the W
is far from being an ideal 2D QW and carrier confinemen
induced by the strong spatial variations of the W
thickness.22 From one QD to another, the WL roughness
the vicinity of the QD is for sure different. Therefore th
density of localized states giving rise to the WL band t
observed as a background in the PLE may change from
to dot. Consequently, for the same normalized backgro
03331
nt
.
f
ar-
g
e.
-
-

n-
.
.

r-
he
ial
f
e
at
d

he

s

l
ot
d

intensity the acoustic phonon broadening efficiency m
fluctuate.

In conclusion, we bring clear evidence of efficient acou
tic phonon broadening for the excited states of single In
GaAs QD’s. We find a correlation between the coupling
ficiency and the background intensity observed in the P
spectrum. We explain this effect by emission and absorp
of acoustic phonons from the excited state to a quasic
tinuum coming from the WL band tail. These measureme
point out a limitation of the isolated macroatom scheme
ten used to describe a semiconductor QD. Indeed, we s
that the WL band tail provides a continuum of final ele
tronic states that plays a role similar to the reservoir of la
wave vector states for the excitonic ground-state broaden
in 2D QW’s. Our results demonstrate that the presence
quasicontinuum in the PLE completely breaks down the p
ture of an inhibited acoustic phonon interaction for carrie
confined in semiconductor QD’s. For future applications
semiconductor-QD-based devices, one shall try to supp
~at least partially! the existence of the WL band tail in orde
to slow down the coherence relaxation by acoustic pho
scattering.
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