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Exciton dephasing via phonon interactions in InAs quantum dots:
Dependence on quantum confinement
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We report systematic measurements of the dephasing of the excitonic ground-state transition in a series of
InGaAs/GaAs quantum dots having different quantum confinement potentials. Using a highly sensitive four-
wave mixing technique, we measure the polarization decay in the temperature range from 5 to 120 K on nine
samples having the energy distance from the dot ground-state transition to the wetting layer coftionrum
finement energytuned from 332 to 69 meV by thermal annealing. The width and the weight of the zero-
phonon line in the homogeneous line shape are inferred from the measured polarization decay and are dis-
cussed within the framework of recent theoretical models of the exciton-acoustic phonon interaction in
guantum dots. The weight of the zero-phonon line is found to decrease with increasing lattice temperature and
confinement energy, consistently with theoretical predictions by the independent Boson model. The
temperature-dependent width of the zero-phonon line is well reproduced by a thermally activated behavior
having two constant activation energies of 6 and 28 meV, independent of confinement energy. Only the
coefficient to the 6-meV activation energy shows a systematic increase with increasing confinement energy.
These findings rule out that the process of one-phonon absorption from the excitonic ground state into higher
energy states is the underlying dephasing mechanism.
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[. INTRODUCTION QDs following a similar discussion as for electrons localized

The interband polarization optically driven by a coherentOn lattice defects in bulk semiconductdeee, e.g., Ref. 11
light field in a semiconductor quantum d@D) involves the The starting point of this treatment conS|de_rs that the cr_ystal
coherent superposition of Coulomb-correlated valence- angfound state and the state where the localized exciton is op-
conduction-band statéexcitonic polarization The study of  tically created correspond to different adiabatic potentials for
the dephasing tim@, of the excitonic polarization in QDs the nuclear motion. The modification of the adiabatic poten-
has recently received a renewed attention for its implicatioriial for the nuclear motion due to the electronic excitation
in the applications of QDs for quantum information can be expressed in different orders of the nuclear displace-
processing. In this respect epitaxially grown InGaAs/GaAs ment coordinates. A shift of the potential minimum in the
QDs are particularly interesting, since they show very highlattice displacement coordinates is a linear contribution while
crystalline and optical quality and long dephasing times ofa change of the curvature is a quadratic contribution. A rela-
the excitonic ground-state transition in the nanosecond rang#ve shift between the potential minima in the absence and in
at low temperaturé~5 K).2 These QDs have allowed for the presence of the localized exciton implies that optical
experimental achievements such as the coherent manipul&ansitions can occur with absorption and emission of
tion of the excitonic population via resonant Rabi rotationsphonons, similar to the electronic transitions in molecules
and the generation of nonclassical light. showing rotovibrational bands governed by the Franck-

Among the physical mechanisms responsible for theCondon principle.
dephasing, the interaction of excitons with phonons in QDs The mathematical treatment of an exciton-phonon interac-
is a topic intensively discussed in the literature and still untion which is linear in the phonon displacement operators
der debate. In particular, in strongly confined epitaxiallyand does not involve excited excitonic states is given in Refs.
grown InGaAs/GaAs QDs an unusual nonexponential decag, 5, and 12. In this case the form of the exciton-phonon
of the optically driven polarization was recently obser¢ed, Hamiltonian is reduced to that of the independent Boson
corresponding to a non-Lorentzian homogeneous line shapaodel and allows for an analytical solution giving polaronic
with a narrow line superimposed to a broad band, that hasigenstates. The exciton-phonon interaction in this form does
stimulated a number of theoretical works®A clear under- not lead to a change of the excitonic population and thus
standing of the physical processes governing this unusuaccounts only for pure dephasing. Note that the importance
dephasing is of fundamental interest and of key importancef pure dephasing via exciton-phonon interaction in semi-
to predict and control the decoherence for applications otonductor quantum dots was already pointed out in earlier
QDs in quantum computing. workst314which used perturbation theory as opposed to the

Recent theoretical works'® describe a non-Lorentzian analytical solution of the independent Boson model. When
homogeneous line shape for excitons in strongly confined O phonons are considered, the absorptiemission spec-
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tra calculated for(In,GaAs QDs exhibit several side lines, width in terms of inelastic dephasing processes via radiative
separated by the LO phonon frequencies, ab@etow) a  recombination and phonon-assisted absorption into higher
central line, consistently with experimert&sWhen acoustic  electronic statéswas not supported by a systematic experi-
phonons are taken into account as a continuum of bulklikenental study, e.g., as a function of the electronic energy-
modes, which is a good approximation for dots embedded ifeye| spacing in the QDs.

a matrix with similar elastic properties such €s,GaAs In this work, we have performed a systematic experimen-
QDs on(Ga,A)As barriers, the central line decomposes intogy| study of the exciton dephasing and its temperature depen-
a sharp zero-phonon lif@PL) and a broad band caused by gence in a series of InAs/GaAs QDs having different energy
the continuum of acoustic-phonon assisted transitions, whicQisiances from the excitonic ground-state transition in the

at low temperature forms a shoulder toward hitgw) en- QD : : :
o g - g and the wetting layer continuuficonfinement ener
ergies in the absorptiofemission spectrum. The width of Using a four-wavegmbanFWM) technique we measgiled

the broad band increases with decreasing size of th@.dqt o . "
of the excitonic wave function2 The weight of the ZPL can Fhe polarization decay of the ground-state excnomc transition
in the temperature range from 5 to 120 K on nine samples

intr Huang-Rhys f r for the exciton; " ) . X
be used to introduce a Huang-Rhys factor for the excito aving confinement energies ranging from 332 to 69 meV.

acoustic phonon coupling, which increases with decreasin . ) . .
size of thg dot or incr%asgi]ng temperatffg. he width and the weight of the ZPL at different lattice
This composite non-Lorentzian line shape is expected tdemperatures are inferred from the measured polarization de-

be more visible in strongly confined dots and was experi<ay- We find that the weight of the ZPL follows a dependence
mentally observed in the photoluminescence spectra of II-vPN temperature and confinement energy in agreement with
epitaxially grown QD2 while it is hardly resolved for ex- the expectations 'of the independent Boson model. Qn the
citons weakly confined by the lateral disorder in narrowOther hand, the width of the ZPL shows a thermally activated
GaAs quantum well&18 In InGaAs/GaAs self-assembled behavior with two activation energl_es_of _6 and 28 mieV
QDs the non-Lorentzian homogeneous line shape was e)g_ependenF of _confmement energyis finding contrasts an
perimentally indicated by a strongly nonexponential decay ofnterpretation in terms of one-phonon absorption processes
the optically driven polarization measured in time domain,ffom the ground state toward higher electronic levels and
consisting of an initial fast decay over a few picosecondsSh0U|d stimulate furthe_r theoretical work on pure dephasing
(corresponding to the broad band in spectral doméoi processes beyond the independent Boson model.
lowed by a long expor)ential decay over several hundred pi- Il. SAMPLES AND EXPERIMENT
cosecondgcorresponding to the ZBI2 Only very recently
the non-Lorentzian line shape was directly observed in the The investigated samples are planar structures containing
photoluminescence spectra of single InAs GB% In fact, InAs/GaAs self-assembled QDs grown on a GAA$) sub-
the detection of a spectral line shape consisting of a narrowtrate using molecular-beam epitaxy. Ten stacked layers of
ZPL (in the eV range on top of a broad band several meV QDs were grown separated by 100-nm GaAs spacing layers
wide and with an area of less than 20% of the total area oind with 2-3<10'°cm™? areal density, i.e., quantum-
the line, as is the case for InGaAs QDs at low temperature,mechanically uncoupled. QDs were obtained by deposition
requires a large signal-to-noise ratio not easily achieved imf a nominal coverage of 2.1 monolayers of InAs at a sub-
single-dot photoluminescence experiments. Note also thaitrate temperature of 515 °C resulting in the formation of
the spectral overlap of broad bands from adjacent excitoinAs islands that were overgrown with 8-nm GaAs at a re-
lines gives rise to a spectrally flat background sometimesluced substrate temperature of 505 °C. After the growth,
reported in microphotoluminescence studie®’ nine pieces of the wafer were subjected to rapid thermal
The theoretical description recently proposed of theannealing of 30 s at temperature ranging from 800 to 960 °C
exciton-acoustic phonon interaction giving rise to a non-in order to decrease the depth of the in-plane confining po-
Lorentzian homogeneous line shape is able to explain thtential due to the thermally induced In diffusion in the
experimental observation of a decrease of the ZPL weighgrowth directior?® Figure 10 shows the optical density of
with increasing temperatufe:1222However, within the in-  states(DOS) of some of the samples obtained by dividing
dependent Boson model the ZPL usibroadenedin clear room-temperature photoluminescence spectra with the
contrast to the experimentally observed broadening of thélaxwell-Boltzmann thermal distribution functidfi,a proce-
ZPL which increases with increasing temperatt#®For a  dure which assumes thermal equilibrium and low excitation
theoretical description of the width of the ZPL, two types of density. The first two peaks in the DOS correspond to the
dephasing mechanisms can be distinguistigdpopulation  ground (GS) and first excited(ES) excitonic transitions,
transfer such as radiative recombination and phonon-assistatiowing a sizeable inhomogeneous and also homogeneous
transitions toward other confined electronic levels, énd broadening at room temperatiréThe thermal annealing
pure dephasing processes that do not change the carrier agtrongly shifts the GS excitonic transition to higher energies,
cupation. In recent literature, extensions of the independemhile the wetting laye(WL) transition shifts only slightly.
Boson model with a quadratic coupling in the phonon dis-Therefore the energy distance from the GS to the WL tran-
placement are reported in order to derive a temperaturesition is tuned in the QD series from 332 to 69 meV. This
dependent broadening of the ZPL due to pureenergy distance will be called in the following confinement
dephasind:1®'%However, a comparison with the experimen- energyE,.
tal data for InGaAs QDs still gives no quantitative The FWM experiment is performed using Fourier-limited
agreement® On the other hand, an interpretation of the ZPL pulses of ~100-fs duration at 76-MHz repetition rate, in
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FIG. 1. Combined density of states inferred from room-
temperature photoluminescence spectra in a series of InAs quantum
dots subject to thermal annealing for 30 s at the indicated tempera-
tures. Curves are vertically displaced for clarity. The first two peaks
corresponding to the excitonic ground-st&®&S) and first excited-
state (ES) transitions are indicated. The wetting lay@WL) and
GaAs transitions measured on the dots annealed at 960 °C are also
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resonance with the center of the inhomogeneously broadened

GS transition. Two exciting pulses 1,2 with variable relative FIG: 2. Time-integrated four-wave mixing field amplitude vs

delay time r propagate along two different incident direc- delay time between the exciting pulses on InGaAs QDs with 140-
meV confinement energy. Top: zoom over the initial 10-ps delay

tlpns K2 with pulse 1 Iea@mgﬁp_ulse 2 fm,>9' The FWM time for temperatures of 5, 10, 20120 K in steps of 10 K. Cir-
signal was detected alond-k, in transmission geometry. cyjarly polarized excitation. Bottom: long delay dynamics at the
The intensities of the exciting pulses where chosen to giveygicated temperatures. Examples of the dephasing Tisrieferred
rise to FWM in the third-order regime. In order to distinguish from an exponential fit according to the indicated function are also
FWM intensities down to 15 orders of magnitude lower inshown for the data at 5 and 40 K. Linearly polarized excitation.
intensity than the transmitted beams ald@g, we addition-

ally used a heterodyne detection technique similar to the ongnown for a QD sample with a confinement energy of 140
discussed in our previous wofKn this technique, the pulse mev in the temperature range from 5 to 120 K. With increas-
1 (2) is frequency shifted by a radiofrequenay (wp) and  jng temperature, the polarization decay becomes faster and
the interference of the FWM signal with an unshifted refer-strongly nonexponential. The nonexponential behavior is
ence pulse is detected ab2-w, Using high-frequency pho- consistent with our previous findings on InGaAs/GaAs
todiodes and a lock-in amplifiéf. In this way, the FWM  QDs? and is explained by the independent Boson model as
field amplitude is measured via its interference with the fieldihe manifestation in time domain of a non-Lorentzian homo-
of the reference pulse. The exciting pulses were either COgeneous line shape with a narrow ZPL and a broad band

circularly polarized in order to suppress biexcitonic contri-from  pure dephasing via exciton-acoustic phonon
butions in the FWM dynamics at small delays, or co-linearlyjnteraction<:67

polarized to suppress beats arising from the excitonic fine
structure at long delay®. The samples were antireflection A. Weight of the zero-phonon line
coated to inhibit multiple reflections and increase light cou-

pling and were held in a cryostat at temperatures between 5 1€ weightZ of the ZPL is defined as the area fraction of
and 120 K. the ZPL in the linear absorption spectrdio extract it from

FWM experiments, we use the results of Refs. 6 and 7, in
which the time-resolved FWM field is calculated within the
lll. RESULTS AND DISCUSSION independent Boson model for infinitely short exciting pulses.

The FWM Signa| of an inhomogeneous|y broadened enASSUming, furthermore, an |nf|n|te|y Iarge inhomogeneous
semble of resonances is a photon echo in real #he  broadeningdi.e., an infinitely short photon echo in real time
time evolution of the polarization amplitude of an individual the TI FWM field envelopeG..(7) in a photon echo experi-
resonance, i.e., thenicroscopig dephasing, is monitored by ment(normalized to 1 at=0) is derived. Both assumptions
the time-integrated photon echo as a function of the delayre valid approximations if the pulse and the photon echo
time 7 between the exciting pulses. In Fig. 2 the time-durations are much shorter than the intrinsic acoustic phonon
integrated FWM (Tl FWM) field amplitude versusr is  dynamics. These conditions are met in our experiment, in
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FIG. 3. Time-integrated field amplitude at 50 K together with an lattice temperature (K)

exponential fit of the dynamics at long delay tim@®tted ling.
The initial FWM dynamics divided by the exponential fit, is shown
in the inset together with a Gaussian functidiotted ling fitting to
the initial decay. The asymptotic value at large deldgshed ling
is used to calculate the ZPL weight, as indicated. dynamics with the prediction of the independent Boson
model is reported in Ref. 23 for two of the samples, and
which the inhomogeneous broadening and the Fouriershows a quantitative agreement.
limited pulse spectra are much wider than the acoustic-
phonon band. We therefore can use the results of Ref. 7 for
G..(7) and for the envelope function of the linear polarization
in real time Gy, (t):

FIG. 4. ZPL weight vs lattice temperature for three QD samples
with different confinement energies as indicated.

B. Width of the zero-phonon line

After the initial decay over a few picoseconds, the polar-
ization dynamics is characterized by a long exponential de-
Em(q-_, ®) = |Gyt — ) 2= Z5. (1) cay (see Fig. 2 with a dephasing timd&, inversely propor-
tional to the width of the ZPL. In Fig. 5 the full width at half
To compare Eq(1) with the experiment, we have to remove maximumy=24/T, of the ZPL is shown versus temperature
from the experimental data the effect of the long time decayor four QD samples having different confinement energies

of the polarization(i.e., the ZPL width not included in EQ.  as indicated. The increase gfwith increasing temperature
(1). We can do so by dividing the data through the observed

exponential decay of the ZP(see dotted line in Fig.)3
which results in the solid curve shown in the inset. This
procedure assumes that the polarization decay can be factor-
ized in the product of the fast decay predicted by the inde-
pendent Boson model with the long exponential déciay,,

that the same dephasing of the ZPL is present also in the
phonon-assisted transitions of the independent Boson model.
Moreover, since foilr <300 fs the data are dominated by
nonresonant FWM in the GaAs barrier, the TI FWM ampli-
tude at7=0, which is needed to calculate the normalized

function G..(7), was estimated by fitting the initial decay
with a Gaussiaridotted curve shown in the inset of Fig). 3
The deduced ZPL weiglt is indicated in the inset of Fig. 3.

Using this procedure, the temperature-dependent ZPL
weight was determined for three QD samples having differ- L 1
ent confinement energiésee Fig. 4. Within the independent 0 20 e 60 g0 100

. . attice temperature (K)

Boson model, it is expected that the ZPL weight decreases
with increasing temperature and with decreasing extension of F|G. 5. Homogeneous broadenitfgll width at half maximum
the excitonic wave functioft>!? This is consisted with the of the ZPL deduced by the dephasing tiffig extracted from the
measured ZPL weight, keeping in mind that a decreasingxponential decay of the polarization at long tinies27/T,), in
confinement energy results in an increase in the size of thisur QD samples with different confinement energies as indicated.
excitonic wave functiod® A comparison of both the ampli- For clarity, data pointgsymbol3 are shown only for one sample,
tude and the time constant of the initial fast FWM decaywhile interpolating curves are given for the other samples.
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exhibits a systematic dependence wh In particular, the E, (meV)

low-temperature value of is increasing with decreasirtg.

On the other hand, strongly confined QDs show a more pro- _FIG. 7. Top: zero-temperature extrapola}ted homogeneous broad-

nounced thermally activated increase yfgiving rise to a ening Of. the ZPL(Square.Symbo)svs.Conf'nemen.t energy com-

crossing of the curves of Fig. 5. pared with a cgrve{solld line) proportlonal to the inverse square
The temperature dependence of the homogeneous Iinroot of the confinement enerdy, times the optical transition fre-

. . . ; ahencyw. Middle (bottom): coefficientb; (b,) of the thermally
width of the ground-state exciton in semiconductor quantum, . ated increase of the ZPL width with activation enelyy(E,)

oW Ly -
wells (y=) was calculated by considering the probability of vs confinement energy. Dotted lines are guides to the eye. The size

one-phonon absorption processes from the optically activgf the symbols is equal to or bigger than the error bars of the
excitonic ground state into higher energy st&fe$, for  parameters from the fits.

which the dependencey®W=1y,+aT+b/[expfiw o/ksT)

-1] was predicted. The linear teraf is due to the absorp- giesE; andE, were found to be constant within err(0%)

tion of acoustic phonons of energies much smaller tdn ~ for all investigated samples, i.e., independent of the confine-
while the last term is due to the absorption of longitudinalment energy. We have therefore fix&j=6 meV andE,
optical (LO) phonons and is proportional to the Bose func-=28 meV for all fits. The dependence of the remaining three
tion for the LO-phonon occupation number, with the LO- parameters oIk, is summarized in Fig. 7, revealing a sys-
phonon energyiw o. In semiconductor quantum dots, one- tematic decrease of, and increase ab;, with increasinge..
phonon absorption from the excitonic ground state occurdVhen fitting the data with Eq2) including a linear ternaT,
toward energetically well separated excited states. The indwe find in all samples tha=0+0.02ueV/K, i.e., the linear
vidual transitions consequently should contribute to the temterm is zero within error.

perature dependence gfwith Bose functions having activa- ~ The zero-temperature dephasing ratgis given by the
tion energies equal to the energy separation between tH@diative lifetime T4 (i.€., ¥0=%/Td), as we have experi-
ground and the involved excited stafés. mentally demonstratéél by comparing the polarization de-

We found that a good fit to the temperature dependence dfay with the strength of the FWM signal and thus of the
v for all investigated QDs is indeed obtained using two Bosdransition dipole moment. The radiative I|fet|n_1e in InGaAs
functions with activation energie; andE, and coefficients QDs depends on the electron-hole wave-function overlap and

b, andb,: on the exciton coherence volurffeBoth quantities are influ-
enced by the annealing. In particular, the reduction of the

_ 1 in-plane confinement potential by anneafihigesults in an
Y=%* bleEl/kBT— 1 * bzeEzlkBT_ 1 (@ increased extension of the excitonic wave function in plane

and thus in an increased exciton coherence area. If the in-
where vy, represents a temperature-independent broadeninglane exciton confinement potential is approximated by a
An example of this fit is shown in Fig. 6 for the QDs having two-dimensional harmonic oscillator potential of degEh
332-meV confinement energy. The parameters used in the fiheglecting the zero-point quantization endrggaching the
are indicated in the figure. Remarkably, the activation enerwetting layer at a fixed diameter, the coherence area can be
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showr?® to scale like 14E.. Consequently the radiative de- temperature-dependent acoustic-phonon damping by lattice
cay scales likdsee Egs.(45) and (46) in Ref. 35 or Eq. anharmonicities was introduced semiphenomenologically, re-
(5.62 in Ref. 39 w\E, where w is the frequency of the sulting in anT* low-temperature scaling of the dephasing, in
optical transition, i.e.fw=Ey, —E; with Ey,, the energy of qualitative agreement with the experimental data of Ref. 2.
the wetting layer transition. The solid line in the top part of In Ref. 38 an acoustic-phonon damping by surface roughness
Fig. 7 shows this trend which well reproduces the experi-scattering is introduced, leading to a zero-temperature offset
mental dependence for confinement ener@igs 200 meV. and a linear temperature dependence of the exciton dephas-
The deviation at large confinement energies could be due timg, in contrast to our present experimental observations. In
an asymmetry of the In distribution in the growth direction, Ref. 10 it is shown that phonon-assisted virtual transitions
resulting in a decreased electron-hole wave function overlagto higher electronic states can be cast into an effective
and thus in a decreased radiative rate. This asymmetry iguadratic coupling in the phonon displacement, which is
removed in the first stage of annealing. Measurements of thiknown to lead to a temperature-dependent pure dephasing of
biexciton binding energy in the same sample series are irthe ZPL for a thermal phonon population. This approach pre-
deed consistent with the presence of an asymmetric In diglicts a dephasing reproducing the main features of the tem-
tribution in the growth direction which is symmetrized by perature dependence observed here, but a quantitative com-
annealing. An increase in the electron-hole wave functiorparison of the confinement energy dependence is not
overlap in the initial stage of annealing also reduces thewvailable. In view of this unsettled discussion about the rel-
charge separation and thus results in a reduced repulsiwvant dephasing mechanisms, we expect that the experimen-
exciton-exciton interaction and in an increased biexcitortal results presented here will help the verification of the
binding energy which we have measuréd. various theoretical models. It remains the experimental find-
Concerning the temperature-dependent dephasing, wag that the coefficienb; is increasing with increasing..
note that the activation enerdy,=28 meV is close to the This behavior contradicts the intuitive idea that strongly con-
range of optical phonon energi€29—36 meV observed in  fined QDs should have a homogeneous broadening less sen-
InGaAs QDs3%:37 Optical phonons feature a density of statessitive to temperature due to inhibited phonon-assisted transi-
peaked at a certain energy. If the involved optical-phonortions between confined electronic states and supports the
interaction would be a one-phonon absorption process, ele@mportance of pure dephasing mechanisms.
tronic excited states at the distance of the optical-phonon When comparing the present results on the thermally ac-
energy would have to be present. While for confinement entivated broadening of the ZPL with published data on
ergies less than 100 meV, this could be due to the continuurinGaAs QDs, one notes that previously a relevant linear in-
of hole states in the wetting layer, at larger confinement enerease(aT) was found at low temperaturéd?-24:3%49n this
ergies no such continuum is expected, in contrast to the olrespect one has to consider the effect of dynamical broaden-
servation of a rather constant coefficidntvs E.. An alter-  ing due to a spectral jitter of the QD transition. Experiments
native pure dephasing mechanism via elastic interaction witBuch as single-dot emission spectros@g§%Care sensi-
longitudinal optical phonons, which have a finite lifetime duetive to the dynamical broadening during the integration time
to the decay into acoustic phonons, was discussed in Refs.& seconds or more, while transient FWM photon echo
and 16. For a phonon lifetime smaller than the excitonspectroscopy®® is sensitive to the dynamical broadening
dephasing time, which is the case in most of our measureduring the subnanosecond time span between excitation and
ments, a Lorentzian broadening is predicted, having a temecho formation only. Accordingly is the effect of the dynami-
perature dependence proportionahta+ 1) with the phonon  cal broadening on the single dot emission experiments by far
occupatiom. Sincen<1 in the measured temperature range,larger than for the photon echo experiments. If the measured
this dependence is similar to the one used in(@j.Also the  width of the ZPL is dominated by dynamical broadening, the
observed value di, is within an order of magnitude equal to measured temperature dependence can also reflect the influ-
the result of Ref. 16 for a similar QD structure, supportingence of lattice temperature on the mechanisms responsible of
the interpretation of the observed dephasing along thesthe spectral jitter, which are not related to the homogeneous
lines. broadening from exciton-phonon interactions. For example,
Turning to the activation enerdy; =6 meV, we first note a change of the fluctuating charge densities near the QDs
that acoustic phonons do not have a concentrated density &fom carrier thermal escape would give rise to a temperature
states at this energy. The phonon energy for transitions independent fluctuating Stark shift and hence spectral jitter of
volving one-acoustic phonon absorption into higher energyhe QD resonance. The largest coefficiemts1 ueV/K are
states should thus be given by the discrete energy-level spaittdeed reported for experiments significantly affected by dy-
ing in the QDs. In the investigated series of QDs, the energyamical broadening In Ref. 24, where the influence of the
separation from GS to ES transitions was measured tdynamical broadening on single-dot spectra was strongly re-
change from~70 to ~25 meV with decreasing, from 332  duced,a~0.5 ueV/K was found. In our previous work us-
to 69 meV. Our finding of a constant activation enefgly  ing transient FWM, we measurec=0.22 ueV/K and the
therefore clearly contradicts the importance of such phonozero-temperature extrapolated ZPL broadening of &V
absorption processes for the dephasing. Furthermore, acousas consistent with the lifetime limit, so that we could ex-
tic phonons have a long lifetime, so that a discussion similaclude a significant influence of dynamical broadening. In
to the one mentioned above for the optical phonons is noRef. 2 we attributedh to phonon-assisted transitions among
likely. Recent theoretical models have suggested a broadethe exciton fine-structure states. However, this interpretation
ing of the ZPL via pure dephasing mechanisms. In Ref. 5 appears to contradict recent measurements showing an exci-
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ton spin-flip time much longer than the radiative lifetiffd  tion of the exciton acoustic-phonon interaction recently pro-
recent work relates the linear temperature dependence fmsed in the literature within the independent Boson model.
structural details of surfaces in the QD surroundings resultThe temperature dependence of the width of the ZPL can be
ing in a damping of the acoustic phonons through boundaryvell described by a thermally activated behavior with two
scattering® In general, a consistent physical understandingactivation energies which are independent of the confinement
of the measured linear temperature dependence of the ZRénergy. This latter result contradicts that the process of one-
width in InGaAs QDs at low temperatures is not available atphonon absorption from the excitonic ground state into
present. Considering the large scatter of the reported coeffhigher energy states is the underlying dephasing mechanism,
cients, it is likely to be due to extrinsic effects by the QD and points towards the relevance of pure dephasing processes
surroundings, rather than to the intrinsic electron-phonon inbeyond the independent Boson model. These results should
teraction. stimulate further theoretical work in the fundamental under-
standing of the exciton-phonon dephasing mechanisms in
IV. SUMMARY semiconductor quantum dots. Additionally, we found that
o while the more strongly confined QDs have a smaller exciton
In summary, we have performed four-wave mixing mea-coherence volume and thus a reduced radiative broadening,
surements of the polarization decay in resonance with thghey show a stronger temperature-activated homogeneous
excitonic ground-state transition in a series of annealecﬂ,roadenmg as compared to less confined QDs. These find-
InAs/GaAs QDs having confinement energi_es ranging fromngs reveal a tradeoff between strong and weak confinement
332 to 69 meV. The strongly nonexponential decay of thgp the achievement of a reduced decoherence and are impor-

temperaturéfrom 5 to 120 K and confinement energy. The on processing.

corresponding non-Lorentzian homogeneous line shape
shows a sharp zero-phonon line and a broad band, with a
ratio between the ZPL area and the total area of the(Hif
weigh) that decreases with increasing temperature and con- This work was supported by DFG in the frame of Con-
finement energy. This behavior is consistent with a descriptract No. Wo477/17-1 and by the Ph.D. Program GK726.
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