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Efficient acoustic phonon broadening in single self-assembled InASaAs 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 andands in the line profilé A recent observation of this lattice
the electronic states in a semiconductor quantun{@f) is  relaxation effect has been reported in QD’s formed by inter-
an extremely debated issue in nanostructure reséatth. face defects in II-VI CdTe QW% but there is no evidence of
Since three-dimension&BD) carrier confinement leads to a a deviation from a Lorentzian profile in InAs/GaAs QD’s
discrete energy spectrum for a semiconductor QD, the couRef. 9, 10, and 1band to the best of our knowledge no
pling to acoustic and optical phonons is expected to be lesguantitative data on the acoustic phonon coupling efficiency
efficient in a QD than in a semiconductor quantum wellin this system.

(QW). In this latter heterostructure the translational invari- In this paper, we report efficient acoustic phonon broad-
ance in the QW plane gives rise to a continuum of stategning in a weak-coupling regime for the excited states of
providing a large density of states for phonon absorption osingle InAs/GaAs QD’s. We performed temperature-
emission. Because of suppression of this continuum in adependent measurements of the excited-state linewidth by
semiconductor QD, a bottleneck effect has been predicted fgrhotoluminescence excitation spectrosc@lE). We find a
phonon-assisted relaxation in QD’s. For acoustic phonons itorrelation between the acoustic phonon broadening effi-
has been shown that the relaxation is totally inefficient beciency and the intensity of the background measured in the
cause the energy mismatch between electronic states is largekE spectra. Such a quasicontinuum of states was observed
than the mean acoustic phonon enér@yFor optical by different authoré:”*°we recently reported photolumines-
phonons it has been argued that the relaxation could be efféence (PL) up-conversion in InAs/GaAs QD’s where we
cient only if the energy distance between electronic stateshowed that this quasicontinuum is a wetting layfL)
matches onégor several optical phonons. As far as applica- band tail and provides intermediate states for the up-
tions in high-performance semiconductor devices are considsonversion process.We show here that this continuum al-
ered, the slowing down of the electronic relaxation is a cenlows efficient coupling to acoustic phonons with an effi-
tral issue for the development of semiconductor-QD-basediency greater than for InGaAs/GaAs QW's. As a matter of
detectors and lasets!? fact, the WL band tail provides a large reservoir of states for

In fact all these considerations rely on the assumption tha&coustic phonon scattering and this explains the efficient
the carrier-phonon interaction is in a weak-coupling regimeacoustic phonon broadening for the QD's.
where the interaction is treated in the framework of Fermi’'s Our sample was grown on a GaAs substrate by molecular
golden rule. However, in addition to the discretization of thebeam epitaxy. Rotation of the sample was stopped during the
energy spectrum in a semiconductor QD, the coupling tdnAs deposition step in order to obtain a variable concentra-
phonon may be influenced by the 3D carrier localizationtion of InAs islands. The 20-sec deposition of the 1.7-
Indeed, upon the optical transition, the lattice configurationmonolayer-thick InAs layer at 530°C was followed by a
locally changes according to the different electronic states i7-sec growth interruption under As vapor in order to increase
the QD. The degrees of freedom for the lattice and electrothe size of the QD’s and get excited-state transitions. The
may no longer be treated separately. Evidence of a strongover layer is made of a 50-nm GaAs layer. In order to
coupling regime has recently been reported by infrared magsolate single QD’s, a mesa pattern was finally designed by
netotransmission experiments where the signature of mixee-beam lithography and reactive ion etching.
optical phonon-electron states, the so-called polarons, was Microphotoluminescence measurements were performed
found for intraband transitions in self-assembled InAs/GaAsn the far field using a microscope objecti@umerical ap-
QD’s 8 For interband transitions there is no experimental evi-rture 0.3 in a confocal geometry. The excitation beam, pro-
dence of polaron states in InAs/GaAs QD’s but rather arvided by a tunable cw Ti:sapphire laser, was focused on the
enhanced coupling to optical phonohsAs far as acoustic sample with a spot size 1 um, accurately positioned using
phonons are concerned a nonperturbative interaction ma¥—Y piezoelectric stages moving the microscope objective
lead to the appearance of low-energy acoustic phonons sid®4th a precision+0.05 xwm. The QD sample was mounted
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FIG. 1. (a) Normalized microPLE spectrum recorded at 10 K for Y SN N N BN B
a detection energy of 1.325 eV and a power dendily, of 0 10 20 30 40 50

6 kwi/cn?. The inset is a high-resolution scan around 1.36 eV
showing the excited-state line together with a Lorentzian Fit (
=0.6 meV).(b) Corresponding microPL spectra for an excitation
energy of 1.44 eV and two excitation power densitles,. The
arrow in the PL spectra indicates the detection energy for the PL

Temperature (K)

FIG. 2. Full width at half maximunT' of the lines A and B
indicated by arrows in the ingets temperature. The slopes of the
inear fits are 16 2ueV/K for line Aand 412 ueV/K for line B.

The inset shows the microP{dashed ling and microPLE(solid

on the cold finger of a continuous-flow helium cryostat. Theline) of the investigated QD.

photoluminescence signaollected in our setup by the same

microscope objective as for the excitatiomas detected by a electron-hole recombination also occurs at higher energy
low-noise Si-based photon counting module after spectrall.355 eV). From the comparison between the PLE spectrum
filtering by a 32-cm monochromator. With this setup we ob-of Fig. 1(a) and the high-excitation PL spectrum of Figbl

tain a resolution of 1 meV in PL specttdetermined by the (top curve, we identify the peak at 1.36 eV as an excited-
response function of the monochromatand a resolution of state of the single QD. The 5-meV redshift of this line be-
0.07 meV in PLE spectrddetermined by the laser line- tween high-excitation PL and PLE is attributed to Coulomb
width). effects that take place when the fundamental and excited-

A typical low-temperature PLE spectrum is shown in Fig. states are populated under high-excitation of the'®D.

1(a). The corresponding PL spectrum for an excitation at In the inset of Fig. 1, we show a high-resolution scan of
1.44 eV is displayed in Fig.(bb) (bottom curve. We observe the PLE spectrum around the excited-state transition. Note
a sharp line at 1.325 eV corresponding to the fundamentdhat the excited-state line can be fitted by a Lorentzian profile
transition of a single QD. The PLE spectrum has been peren top of a background. In fact, because we perform
formed by recording the PL emission of this lifiedicated  micro-PL measurements to isolate single QD’s, we resolve
by the arrow. In the PLE spectruniFig. 1(a)] we first ob- homogeneous lines with Lorentzian profiles and we thus at-
serve a background gradually increasing up to the WL abtribute their full width at half maximum(FWHM) to the
sorption edge(1.42 e\j. On top of this broad signal finer homogeneous linewidth of the excited state under investiga-
structures are observable and in particular a sharp line at 1.3®n.

eV. This peak could correspond to an excited-state of the We studied the phonon-assisted broadening by
single QD under investigation. Assuming a truncated pyratemperature-dependent measurements of the PLE spectra up
mid for the QD shape theoretical calculations predict 18 nnto 50—60 K, for a power density of 6 kW/&nin QD’s of

and 1.1 nm for the radius and height of this QD. various sizes. We observed an increase with temperature of

In order to check that this resonance in the PLE signal ithe FWHM of the excited-state lines which remain Lorentz-
the signature of a QD excited-state we performed highian in the temperature range we investigated. The absence of
excitation PL. By increasing the excitation power density welow-energy sidebands in the spectral profile means that there
may saturate the fundamental transition and observe recons no signature of a nonperturbative regime for the interac-
bination from excited-state transitions. In Figblwe show tion between the acoustic phonon and electron-hole pair in
PL spectra on a linear scale for two values of the excitatiorour InAs/GaAs QD’s.
power densityP.,. By increasingP., by a factor 8(top In Fig. 2 we display typical temperature variations of the
curve, one clearly sees that the QD fundamental transition ahomogeneous linewidth of QD excited-states. These mea-
1.325 eV saturateson top of a broad backgroupdvhile  surements refer to a QD different from the one shown in Fig.
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1. The corresponding P{dashed lingand PLE(solid line) 70 ; ' .
spectra are displayed in the inset of Fig. 2. The fundamental
transition of this QD is at 1.3 eV and the peaks at 1.328 eV 60 L + i
and 1.355 eV(labeled A and B and indicated by arrows
correspond to two excited-states. The important point to be s0 L + i
noticed here is that line B is lying at higher energy where the .,
PLE background is largdroughly 2 time$ than for line A. 2 a0l + i
For lines A and B we observe a linear increase of their ho- =
mogeneous linewidth with temperature. However, the slope ;L ’ﬁ‘
is greater for line B (42 weV/K) than for line A (10 = Or + ]
+2 wueV/K).
The phonon-assisted broadening has been extensively 20 - @ ]
studied for semiconductor bulk and QW's. The homogeneous .
linewidth I'(T) of excitons is usually described as the sum of 10 };}]L - .
a static broadenindj' including radiative broadening and a s
temperature-dependent one accounting for acoustic and opti- 0L L L
cal phonon broadeninlf. For low temperature T 0 0.2 0.4
=<60-70 K) where the interaction with acoustic phonons is Normalized PLE Background Intensity
dominant,I'(T) increases linearly with temperature and the
homogeneous linewidth can be written FIG. 3. Scatter plot of the acoustic phonon broadening effi-
ciencya for 13 excited-state® different QD9 vs normalized PLE
I'(T)=Ty+aT. (1) background intensity at the energy of each excited-state. The dashed

line is a guide for the eyes showing the increase of the acoustic

For InGa,_,As/GaAs QW's typical values for the acoustic phonon broadening efficiency with the PLE background.
—X

phonon broadening efficiengyof the excitonic ground state
range between 1.5 and 1ieV/K.1%-% We plot these values as a function of the normalized PLE
In QW’s the acoustic phonon broadening efficiengy background intensity at the energy of the corresponding QD
characterizes the scattering of excitons into a continuum oéxcited-state. We clearly see the increase of the acoustic pho-
final excitonic states with large in-plane wave vectors. Innon broadening efficiency with the normalized background
semiconductor microcavities measurementa bive shown intensity. Before discussing further this correlation and ex-
that the strong exciton-photon coupling regime modifies theplaining the underlying physics, we want to point out that
density of final states accessible for acoustic phonorouravalues are always greater than the values found in the
scattering’! literature  for  InGa_,As/GaAs QW's (1.5a
In our single InAs/GaAs QD's, despite the fact that a<11 weV/K).2®21Of course these parameters refer to the
phonon bottleneck had been early predicted for acoustic phdundamental $ exciton state in QW’s and not to an exci-
non scattering in semiconductor QD’s, we do observe a lintonic excited-state but it is very striking to see that an ex-
ear increase with temperature of the excited-state linewidthtremely efficient coupling to acoustic phonons exists for QD
We therefore extract the acoustic phonon broadening effiexcited states. Note that this behavior is in contrast to the
ciencya in our self-assembled InAs/GaAs QD’s and in the measurements reported in Ref. 14 for the acoustic phonon
following we show that we can correlate the obtained valuesroadening efficiency of the ground-state transition of CdTe
with a density of final electronic states. QD’s where a smaller value is measured than for CdTe/
The existence of a quasicontinuum of states is of cours€dZnTe QW's.
suggested by the background signal observed in PLE and Because we do not see any experimental evidence of a
recently reported by different authdt$1°In order to com-  nonperturbative regime in the spectral profile of the excited
pare our different values of the acoustic phonon broadeningtates, one shall describe the interaction with acoustic
efficiencya measured for a set of 13 QD excited states, wephonons in the framework of Fermi’s golden rule. Therefore,
would like to get QD-independent values of the PLE back-the probability per unit time of emitting or absorbing acous-
ground signal. In fact, for a given excitation energy fluctua-tic phonons increases linearly with the density of states de-
tions of the PLE background from dot to dot may arise fromscribing the quasicontinuum to which the electron-hole pair
different spectral profiles of the background and/or from dif-is coupled. On the other hand, if no resonance occurs during
ferent radiative efficiencies. In order to correlate awmalues  population relaxation, the background observed in the PLE
with the PLE background signal we normalize the PLE specspectrum is a direct measurement of the optical density
tra with the PLE signal at 1.42 eV, i.e., at the WL absorptionwhich is proportional to the quasicontinuum density of
edge where the PLE spectrum reaches its maximum for eadtates. In consequence, we easily understand the average in-
QD investigated. For instance, in Fig(al, the normalized crease of the acoustic phonon broadening efficiemayith
PLE signal is 1 at 1.42 eV and 0.23.02 at the QD excited- the normalized PLE background intensity. In this model it
state energy1.36 e\V). reflects the efficient coupling of the QD’s excited states to
In Fig. 3 we show the acoustic phonon broadening effithe quasicontinuum observed in single QD PLE spectra. The
ciencya for 13 excited-states coming from 9 different QD’s. acoustic-phonon-assisted interaction with the localized states
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of the WL quasicontinuum appears to be, at least, as efficienhtensity the acoustic phonon broadening efficiency may
as the broadening of the excitonic ground state in a QWfluctuate.

Obviously the physics is completely different in the case of In conclusion, we bring clear evidence of efficient acous-
localized states than in the case of delocalized states. In paic phonon broadening for the excited states of single InAs/
ticular the lack of wave vector conservation in the scattering>a@As QD’s. We find a correlation between the coupling ef-
processes involving the 0D QD states may play a key roleficiency and the background intensity observed in the PLE
This effect is a direct proof of the interaction of a semicon-SPectrum. We explain this effect by emission and absorption

ductor QD with its environment and highlights a severe limi-Of acoustic phonons from the excited state to a quasicon-
tation to the isolated macroatom scheme. tinuum coming from the WL band tail. These measurements

As far as the fluctuations of the acoustic phonon broadenP0INt out a limitation of the isolated macroatom scheme of-
ing efficiencya are concerned, we see two reasons for thisten used to describe a semiconductor QD. Indeed, we show

The coupling efficiency first depends on the size of the QD,S’[hat the WL band tail provides a continuum of final elec-

Similarly to the QW case, the carrier—acoustic-phonon inter_tronic states that plays a role similar to the reservoir of large
y ’ - P wave vector states for the excitonic ground-state broadening

action _presents a resonance when the vyavelength of ﬂ]ﬁ 2D QW's. Our results demonstrate that the presence of a
acoustic phonon is comparable to the confinement potentig| | 5sicontinuum in the PLE completely breaks down the pic-

size!? Therefore size fluctuations may induce fluctuations ofy,re of an inhibited acoustic phonon interaction for carriers
the acoustic phonon broadening efficiency. Moreover, thegnfined in semiconductor QD’s. For future applications in
coupling efficiency depends on the exact density of states astemiconductor-QD-based devices, one shall try to suppress
the excited-state energy. Fluctuations of the PLE backgroungat least partially the existence of the WL band tail in order

signal around its mean value appear as a signature of thg sjow down the coherence relaxation by acoustic phonon
detailed density of states in the WL band tail. In fact the WLgcattering.

is far from being an ideal 2D QW and carrier confinement is

induced by the strong spatial variations of the WL  We gratefully acknowledge G. Bastard and R. Ferreira for
thicknes<> From one QD to another, the WL roughness inhelpful discussion and O. Verzelen for theoretical calcula-
the vicinity of the QD is for sure different. Therefore the tions. LPMC de 'ENS is “UnifeMixte de Recherche Asso-
density of localized states giving rise to the WL band tailciee au CNRSUMR 8551) et aux Universite Paris 6 et 7.”
observed as a background in the PLE may change from ddthis work was partly supported by a New Energy and indus-
to dot. Consequently, for the same normalized backgrounttial technology Development Organizatio0NEDO) grant.
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