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Single dot photoluminescence spectroscopy was used to study the homogeneous lihesfitite ground-
state exciton in IpgdGay 40AS/ GaAs quantum dots as function of temperaflirtn high resolution experiments
at 2 K, we find a linewidth that is limited by the excitonic lifetime corresponding to a dephasing time of almost
a ns. The approximately linear increasd ofvith temperature up te-30 eV at 60 K is considerably weaker
than in structures of higher dimensionality. For higiHewe observe a strong enhancement of the linewidth
reaching eventually a few meV at room temperature that depends on the confined electronic shell structure.
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Currently there is great interest in obtaining solid-stateperature insert of an optical cryostat which permitted us to
implementations for quantum information processing, in-vary the temperature betwee K and room temperature.
cluding quantum cryptography and quantum computation.Optical excitation was done either nonresonantly by an Ar or
The essential building blocks of such implementations arer He-Ne-laser or resonantly by a Ti-sapphire laser. Low ex-
two state quantum bit&u-bit9, which store quantum infor- citation powers<l W m 2 were used in order to avoid
mation in the form of linear combinations of the two states.thermal heating by laser irradiation. The emission was dis-
Qu-hits being considered often are based on the electronjgersed by a double grating monochromataith a focal
states of quantum do{®)Ds). A key requirement of qu-bits length off=1 m per stageor single grating monochroma-
is that they remain coherent for the times needed to perfornors with f=0.6 m or 0.32 m.
operations on them. An important perturbation of coherence The signal was detected by a Peltier-cooled photomulti-
in a solid-state environment is the carrier-phonon interactionplier or a LN,-cooled charge-coupled-device camera using
For QDs, this interaction has attracted considerable attentioimtegration times that were chosen according to the signal
over the past several years which was stimulated by the prastrength. At low temperatures 60 K the emission is rather
posal of a phonon-relaxation bottleneéckBut still a conclu-  intense so that integration times of 60 s were sufficient to
sive picture of the exciton-phonon interaction has not beembtain reasonable signal-to-noise ratios. In these experiments
developed yet. the high resolution double monochromator was used. For

The phonon interaction determines also the temperaturkigher temperatures up to about 150 K, the integration time
dependence of the exciton homogeneous linewidiivhich  had to be increased up to 5 min due to a decrease of signal
for QDs has been addressed in several reffoftdJsing  strength arising from thermal emission of carriers. When
single dot photoluminescence spectroscopy, valued of raising the temperature further, the adjustment of the laser
larger than~40 ueV have been reported far<10 K*=7  beam on a single QD according to the dot emission intensity
Further, a rather weak dependence of the emission half-widthecomes problematic because of its weakness within reason-
on T was demonstrated up to about 80 K. At room temperaable signal collection times.
ture, the homogeneous linewidth was studied by spectral Therefore first the temperature was fixed and then the
hole burning and four-wave mixing on QD ensembles thabptical alignment was done by focusing the laser beam on a
were embedded in waveguidé$n these experiments sur- large mesa structure containingl®® QDs. This measure-
prisingly large half-widths on the order of a few meV were ment also gave us information in which energy range the
measured. However, no data have been given for the fubingle dot emission was expected at the given temperature.
temperature range from liquid helium up to room tempera-Since the mesa structures were arranged in periodic patterns
ture. with defined separations between them, the laser beam after-

Here we have addressed the temperature dependemce ofvards was moved to the position at which the single QD
by photoluminescence spectroscopy on single QDs, founder study was located: Then collection of the signal was
which a detailed understanding of the confined electronistarted with total integration times up to 4 h. After each of
shell structure had been obtained eariébove 60 K, the these measurements the temperature was lowered to
thermal excitation of optical phonons enhances exciton scat<77 K and the emission from the single dot was checked.
tering considerably resulting in a strong increasd ofthat  This procedure was repeated several times. In addition, to
depends on the electronic shell structure of the QDs. Bybtain enough signal, the high resolution monochromator
contrast, for lower temperatures the line broadening showwas replaced by a low resolution one. Care was taken, how-
no significant dependence on the level structure. At ks  ever, that the measured linewidths were not resolution-
less than 2 eV indicating that the dephasing is lifetime- limited.
limited. The temperature dependence of the homogeneous line-

For performing photoluminescence spectroscopy, singlevidth I'(T) of an exciton is determined by its interaction
QDs were isolated in lithographically fabricated mesawith phonons. Itis given by the probability for the exciton to
structures® The structures were placed in the variable tem-scatter from the ground shell to higher lying states. Therefore
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a single

Ing 6dG& 4AS/GaAs QD of type 1 with two confined electronic
shells recorded for varying temperaturés. Same aga) but for a
single I sdGay4AS/GaAs QD of type 2 with three confined elec-

tronic shells.

shell structure of the QDs. In Ref. 9 we studied the excitonic

absorption of self-assembled (lgGa) 46AS/GaAs single : ) S
QDs that exhibit high geometric symmetry resulting in d0t environment. As is shown by the squares in Fig),ave

simple absorption spectra. Two different types of dot strucfind & correlation between the minimum single dot emission
tures were investigated: For the first type two e|ectronicl|neW|dth and the |ate|’a| Size Of the mesa In Wh|Ch the dOt IS
shells, thes and thep shell, were confined. For the second located T=2 K). The excitation was done by a He-Ne la-
dot type, thed shell was confined in addition. Regarding spin Ser. For mesa structures with sizes belewl00 nm the
and orbital angular momentum degeneracies, these shéfinimum linewidths are always larger than 1QgeV. With
structures lead to a total of 6 and 12 confined single particléncreasing size it decreases to about A8V for the largest
states for type 1 and type 2, respectively. Taking the electrorstudied structure. Even for large sizes, however, no satura-
hole interaction into account, the excitonic absorption spection of the emission linewidth is observed demonstrating that
trum consists of only two features for type 1 déme each
in the s and thep shel) as compared to five features in the
type 2 QDs(one in thes, two each in the and thed shel).

served. The band-gap shrinkage with increadimgsults in a

considerable shift to lower energies that is comparable witlsetup which is 2.0ueV gives al' of 1.820.4 ueV (T,

that of the GaAs band gap. Up to temperatures of about 106- 730 ps). Under these experimental conditions the depen-

K, the dot emission is a sharp line with a width below dence of the minimum emission linewidth on mesa structure

100 peV (FWHM), then its width starts to increase strongly. Size is reduced as wefthe circles in Fig. £8)]. For sizes

At room temperature it is-3 meV. Figure 1b) shows the

corresponding measurements for a QD of type 2. Its behavicsizes, however, there is still an increaselofwvhich might

is qualitatively similar to that of QD 1: The emission is spec-originate from tunneling of carriers to sidewall traps. We

trally narrow up to 100 K, for higher values it becomes anote that the QDs under study are located in mesa structures

broad band with a width of more than 5 meV at 300 K.
In general, the linewidths measured in such nonresonant The temperature dependenceslofor the QDs 1 and 2

photoluminescence studies of single QDs do not corresponalre summarized in Fig. 3, whefeis plotted on a logarithmic

to the homogeneous ones intrinsic of the dots because thesgale versus temperature on a linear sthlEhe right axis

might be influenced by fluctuating charge distributions at theshows the corresponding dephasing times which have been
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FIG. 2. () Minimum measured emission linewidth in photolu-
minescence studies of a singleg kGa4As/GaAs QD atT
=2 K plotted against the nominal lateral size of the mesa structure
in which the dot is containedb) High resolution photolumines-
cence spectra of single JgGa 4/AS/GaAs QDs of type 1 and 2
recorded aff=2 K. To facilitate resolution and comparison, the
energy of the center has been subtracted for each emission line.
it is crucial to have a detailed understanding of the electroni@hese energies are denoted at each trace.

lateral sidewalls of the mesa

the surfaces still influence the

structures or at defects in the

dot confinement potential.

To avoid creation of fluctuating charges by carrier diffu-
sion, experiments with resonant excitation below the wetting

Figure Xa) shows photoluminescence spectra of a QDlayer into thep-shell states of the QDs were performed. Fig-
characteristic for highly symmetric type 1 structures thature 2b) shows the corresponding spectra of QDs 1 and 2
were recorded at varying temperatures using He-Ne laser execorded aff=2 K. Extremely sharp Lorentzian emission
citation. For each temperature a single emission line is oblines with linewidths of 3.40.4 ueV are observed for both
dot types. Deconvolution of the spectral resolution of the

larger than 200 nm it saturates below fbeV. For smaller

with lateral sizes of~400 nm.
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2.5 peV K~ !that does not vary strongly with well widfh.
Therefore, due to the three-dimensional confinementythe
in the Iny sdGay 4AS/GaAs QDs is decreased by a factor of 5
compared to the QW case. That there still i dependence
of I' at these low temperatures is not fully understood yet. In
the excitation spectra we find no indication for a continuum
of wetting layer staté$ that is extended in energy all the
way down to the ground-state exciton. The linewidth in-
crease might be traced to scattering of holes which are much
closer spaced energetically than the electrdns.

Even more interesting is the homogeneous linewidgh
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O Wpe2 estimate gives us an upper limit fdl, of clearly less than

1.5 peV. ThisT' corresponds to a dephasing tiffie of at
L least 900 ps. From time-resolved studies of QD ensembles,
50 100 150 200 250 300 the decay time of the photoluminescence is determined to be
temperature [ about 1 ns. Therefore the data clearly indicate that coherence
FIG. 3. Homogeneous linewidthleft axis), respectively, iy the QDs is maintained within the exciton lifetime, which
dephasing time(right axis of the ground-state exciton in g independent off up to 80 K. This might prove to be
Ino 6058 40AS/ GaAs single QDs of type 1 and 2 plotted on a loga-important for applications of QDs in quantum information
rithmic scale versus temperature on a linear scale. The solid lingrocessing, in which the QD is optically addressed by ul-
gives theT-dependence of for an Iny;¢Ga sAS/GaAs QW cal-  trashort laser pulses.
culated after Ref. 14. Now we turn to the regime above 60 K, in which thermal
excitation of optical phonons influences considerably the ex-
calculated according tb=2%/T,. Over the whole studied  citon scattering. Here a strong increase of the homogeneous
range, the spectral linewidth increases by three orders dinewidth is observed, the temperature dependence of which
magnitude. FOIT<60 K, the increase of with T is very  can neither quantitatively nor qualitatively be described by
similar for the two dot types. For higher temperatures, inEq. (1): For T<200 K, in QDs the increase df with tem-
contrast, the emission broadens more strongly for the QD gperature is weaker compared to QWSs. For larGe¢his rela-
type 2 than for that of type 1. At room temperature, fortion is reversed, beforE converges to values of a few meV
example, the half-widths differ roughly by a factor of 2: For at room temperature which are comparable to those reported
dot 2,T" is 5.3 meV as compared to the 3.2 meV observed foin structures of higher dimensionality and correspond to
dot 12 We note that the observed line shapes can be welllephasing times of less than 500 fs. Recently, there have
described by Lorentzians faf<40 K only!® been reports of a considerable dipole moment in self-
In structures of higher dimensionality the temperature deassembled QDs due to a vertical displacement of the electron
pendence of the homogeneous linewidth is described by thend hole wave functiori8which would enhance the exciton-
following form: phonon interaction. We note that the excitation spectra of the
QDs under study show only weak phonon replica indicating
+y 1 1) a rather small dipole moment.
op exp(ﬁwLO/kT) -1’ In general, the scattering strength is given(ay the in-
teraction matrix element an@) by the phase space of the
where the first term gives the acoustic phonon scatteringinal scattering states. We conclude that for temperatures be-
while the second one gives the scattering with opticalow 200 K the number of states in the QD confinement po-
phonons. At lowT (kT<% | ), the second scattering chan- tential that can be reached from the exciton ground state by
nel can be omitted because of the negligible LO-phonorphonon scattering is still restricted, resulting in the weaker
population. At highT, on the other hand, the first channel candependence of on T as compared to QWs. This reduced
be neglected becausg,,>v,.. The solid line in Fig. 3 phase space in highly symmetric QDs apparently dominates
shows a typical temperature dependence of the homogeneogger any potential modification of the scattering matrix ele-
linewidth in an I 1¢Gay g,AS/GaAs quantum well calculated ment due to, for example, piezoelectric effeés.
after Ref. 14. Above 200 K the available phase space for scattering evi-
Let us turn now to its temperature dependence in the QDsgently is strongly extended: More and more scattering chan-
First the low-temperature range shall be discussed.TFor nels open up resulting in a somewhat faster risé afp to
<60 K the linewidth increase is to a good approximationroom temperature than in QWSs. Enlargement of the phase
proportional to the temperaturd;=Ig+ y,.XT. From a  space by increasing in this range suggests that not only
corresponding fit we determine the coefficient of the increasgingle phonon absorption is important but also multiphonon
Yac to be~0.5 eV K1, independent of the structure type processés~2 contribute to exciton scattering so that also
and thus also independent of the confined electronic levedtates located more than one LO-phonon energy above the
structure. This value is considerably smaller than for higheground state exciton become accessible. These processes can
dimensional structures: For dndGay g As/GaAs QWSs, for  have a significant probability only at temperatures at which
example, Borri etal’® have reported ay,. around the phonon population is considerably enhanced.
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In spite of qualitatively similarT-dependences df for ° —odes

QDs 1 and 2, the linewidth above 60 K increases more w fonsymmety B .

strongly for QD 2 than for QD 1 because the first dot offers o 7 m

more scattering channels in the excited shells eventually = 1f / -

leading to the difference il by a factor of 2 at room tem- £ /O/j 12 a

perature. This observation is supported by studies of QDs ; ? " E

with reduced geometric symmetry which exhibit more com- 2 ol /E/': 2

plicated absorption spectra than those of QDs 1 afl 2. = Ju EE

Besides a larger number of sharp absorption features, in such g o?ﬂ o

QDs the intensity of the phonon replica is significantly in- 2 2

creased and a considerable state continuum appears above 'Y reduced symmetry | 4200

the p shell® due to extended states from the wetting layer. —D0—dot1

For these structures the increaseldfin the intermediate —

temperature regiméwhich is moderate for symmetric Qs B ™ o 150 0 %0 300

is much stronger. The open symbols in Fig. 4 give the data temperature [K]

for two asymmetric dots of type 1 as compared to the sym- FIG. 4. Homogeneous ground-state exciton linewidth of three

metric one of Fig. 3. While at low T the dependence is hardlydifferent In, ¢6Ga, 46AS/GaAs QDs of type 1 plotted versus tem-

changed, above 50 K rises much faster than in the sym- perature. The open symbols give the data for QDs with a reduced

metric case. geometric symmetry, while the solid squares give those for a sym-
In summary, we have studied the homogeneous linewidtnetric QD.

of self-assembled QDs by single dot spectroscopy. At room

temperature the dephasing time is considerably shorter tha?jlm'cﬁl manlpucljatlct)ns on tfhe Q?. gro%?—stﬁte _excnonfbeforg
1 ps, which precludes application in quantum information econerence gestroys information. Aftér having performe

: : this work, we learned that similarly long dephasing times
processing. At very low temperatures, howeverjs about a
ns which is limited by the exciton lifetime. Since the QDs /Y t;eg.” (;’tt’)se]["ed recently .f%.;'”AS/GaAS self-assembled
can be designed to have a confined level splitting of up toQ S studied by four-wave mixing.
100 meV, the structures may be addressed by sub-100 fs This work was financially supported by the State of Ba-

pulses without exciting energetically higher lying states.varia, the Deutsche Forschungsgemeinschaft and the
Hence it might be possible to perform up t010* coherent DARPA.
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