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Temperature dependence of the exciton homogeneous linewidth in In0.60Ga0.40AsÕGaAs
self-assembled quantum dots
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~Received 11 November 2001; published 10 January 2002!

Single dot photoluminescence spectroscopy was used to study the homogeneous linewidthG of the ground-
state exciton in In0.60Ga0.40As/GaAs quantum dots as function of temperatureT. In 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 increase ofG with temperature up to;30 meV at 60 K is considerably weaker
than in structures of higher dimensionality. For higherT we 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-st
implementations for quantum information processing,
cluding quantum cryptography and quantum computatio1

The essential building blocks of such implementations
two state quantum bits~qu-bits!, which store quantum infor-
mation in the form of linear combinations of the two state
Qu-bits being considered often are based on the electr
states of quantum dots~QDs!. A key requirement of qu-bits
is that they remain coherent for the times needed to perf
operations on them. An important perturbation of cohere
in a solid-state environment is the carrier-phonon interact
For QDs, this interaction has attracted considerable atten
over the past several years which was stimulated by the
posal of a phonon-relaxation bottleneck.2,3 But still a conclu-
sive picture of the exciton-phonon interaction has not b
developed yet.

The phonon interaction determines also the tempera
dependence of the exciton homogeneous linewidthG which
for QDs has been addressed in several reports.4–8 Using
single dot photoluminescence spectroscopy, values oG
larger than;40 meV have been reported forT,10 K.4–7

Further, a rather weak dependence of the emission half-w
on T was demonstrated up to about 80 K. At room tempe
ture, the homogeneous linewidth was studied by spec
hole burning and four-wave mixing on QD ensembles t
were embedded in waveguides.8 In these experiments sur
prisingly large half-widths on the order of a few meV we
measured. However, no data have been given for the
temperature range from liquid helium up to room tempe
ture.

Here we have addressed the temperature dependenceG
by photoluminescence spectroscopy on single QDs,
which a detailed understanding of the confined electro
shell structure had been obtained earlier.9 Above 60 K, the
thermal excitation of optical phonons enhances exciton s
tering considerably resulting in a strong increase ofG, that
depends on the electronic shell structure of the QDs.
contrast, for lower temperatures the line broadening sh
no significant dependence on the level structure. At 2 K,G is
less than 2meV indicating that the dephasing is lifetime
limited.

For performing photoluminescence spectroscopy, sin
QDs were isolated in lithographically fabricated me
structures.10 The structures were placed in the variable te
0163-1829/2002/65~4!/041308~4!/$20.00 65 0413
e
-
.
e

.
ic

m
e

n.
on
o-

n

re

th
-
al
t

ll
-

f
r

ic

t-

y
s

le

-

perature insert of an optical cryostat which permitted us
vary the temperature between 2 K and room temperature
Optical excitation was done either nonresonantly by an Ar
a He-Ne-laser or resonantly by a Ti-sapphire laser. Low
citation powers,1 W m22 were used in order to avoid
thermal heating by laser irradiation. The emission was d
persed by a double grating monochromator~with a focal
length of f 51 m per stage! or single grating monochroma
tors with f 50.6 m or 0.32 m.

The signal was detected by a Peltier-cooled photomu
plier or a LN2-cooled charge-coupled-device camera us
integration times that were chosen according to the sig
strength. At low temperatures,60 K the emission is rathe
intense so that integration times of 60 s were sufficient
obtain reasonable signal-to-noise ratios. In these experim
the high resolution double monochromator was used.
higher temperatures up to about 150 K, the integration ti
had to be increased up to 5 min due to a decrease of si
strength arising from thermal emission of carriers. Wh
raising the temperature further, the adjustment of the la
beam on a single QD according to the dot emission inten
becomes problematic because of its weakness within rea
able signal collection times.

Therefore first the temperature was fixed and then
optical alignment was done by focusing the laser beam o
large mesa structure containing;106 QDs. This measure-
ment also gave us information in which energy range
single dot emission was expected at the given temperat
Since the mesa structures were arranged in periodic patt
with defined separations between them, the laser beam a
wards was moved to the position at which the single Q
under study was located: Then collection of the signal w
started with total integration times up to 4 h. After each
these measurements the temperature was lowered tT
,77 K and the emission from the single dot was check
This procedure was repeated several times. In addition
obtain enough signal, the high resolution monochroma
was replaced by a low resolution one. Care was taken, h
ever, that the measured linewidths were not resoluti
limited.

The temperature dependence of the homogeneous
width G(T) of an exciton is determined by its interactio
with phonons. It is given by the probability for the exciton
scatter from the ground shell to higher lying states. Theref
©2002 The American Physical Society08-1
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it is crucial to have a detailed understanding of the electro
shell structure of the QDs. In Ref. 9 we studied the excito
absorption of self-assembled In0.60Ga0.40As/GaAs single
QDs that exhibit high geometric symmetry resulting
simple absorption spectra. Two different types of dot str
tures were investigated: For the first type two electro
shells, thes and thep shell, were confined. For the secon
dot type, thed shell was confined in addition. Regarding sp
and orbital angular momentum degeneracies, these s
structures lead to a total of 6 and 12 confined single part
states for type 1 and type 2, respectively. Taking the elect
hole interaction into account, the excitonic absorption sp
trum consists of only two features for type 1 dots~one each
in the s and thep shell! as compared to five features in th
type 2 QDs~one in thes, two each in thep and thed shell!.

Figure 1~a! shows photoluminescence spectra of a Q
characteristic for highly symmetric type 1 structures th
were recorded at varying temperatures using He-Ne lase
citation. For each temperature a single emission line is
served. The band-gap shrinkage with increasingT results in a
considerable shift to lower energies that is comparable w
that of the GaAs band gap. Up to temperatures of about
K, the dot emission is a sharp line with a width belo
100 meV ~FWHM!, then its width starts to increase strong
At room temperature it is;3 meV. Figure 1~b! shows the
corresponding measurements for a QD of type 2. Its beha
is qualitatively similar to that of QD 1: The emission is spe
trally narrow up to 100 K, for higher values it becomes
broad band with a width of more than 5 meV at 300 K.

In general, the linewidths measured in such nonreson
photoluminescence studies of single QDs do not corresp
to the homogeneous ones intrinsic of the dots because
might be influenced by fluctuating charge distributions at

FIG. 1. ~a! Photoluminescence spectra of a sing
In0.60Ga0.40As/GaAs QD of type 1 with two confined electron
shells recorded for varying temperatures.~b! Same as~a! but for a
single In0.60Ga0.40As/GaAs QD of type 2 with three confined ele
tronic shells.
04130
ic
c

-
c

ell
le
n-
c-

t
x-

b-

h
0

or
-

nt
nd
ey
e

lateral sidewalls of the mesa structures or at defects in
dot environment. As is shown by the squares in Fig. 2~a!, we
find a correlation between the minimum single dot emiss
linewidth and the lateral size of the mesa in which the do
located (T52 K). The excitation was done by a He-Ne la
ser. For mesa structures with sizes below;100 nm the
minimum linewidths are always larger than 100meV. With
increasing size it decreases to about 15meV for the largest
studied structure. Even for large sizes, however, no sat
tion of the emission linewidth is observed demonstrating t
the surfaces still influence the dot confinement potential.

To avoid creation of fluctuating charges by carrier diff
sion, experiments with resonant excitation below the wett
layer into thep-shell states of the QDs were performed. Fi
ure 2~b! shows the corresponding spectra of QDs 1 and
recorded atT52 K. Extremely sharp Lorentzian emissio
lines with linewidths of 3.460.4 meV are observed for both
dot types. Deconvolution of the spectral resolution of t
setup which is 2.0meV gives aG of 1.860.4 meV (T2
;730 ps). Under these experimental conditions the dep
dence of the minimum emission linewidth on mesa struct
size is reduced as well@the circles in Fig. 2~a!#. For sizes
larger than 200 nm it saturates below 5meV. For smaller
sizes, however, there is still an increase ofG which might
originate from tunneling of carriers to sidewall traps. W
note that the QDs under study are located in mesa struct
with lateral sizes of;400 nm.

The temperature dependences ofG for the QDs 1 and 2
are summarized in Fig. 3, whereG is plotted on a logarithmic
scale versus temperature on a linear scale.11 The right axis
shows the corresponding dephasing times which have b

FIG. 2. ~a! Minimum measured emission linewidth in photolu
minescence studies of a single In0.60Ga0.40As/GaAs QD at T
52 K plotted against the nominal lateral size of the mesa struc
in which the dot is contained.~b! High resolution photolumines-
cence spectra of single In0.60Ga0.40As/GaAs QDs of type 1 and 2
recorded atT52 K. To facilitate resolution and comparison, th
energy of the center has been subtracted for each emission
These energies are denoted at each trace.
8-2
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calculated according toG52\/T2. Over the whole studiedT
range, the spectral linewidth increases by three orders
magnitude. ForT,60 K, the increase ofG with T is very
similar for the two dot types. For higher temperatures,
contrast, the emission broadens more strongly for the QD
type 2 than for that of type 1. At room temperature, f
example, the half-widths differ roughly by a factor of 2: F
dot 2,G is 5.3 meV as compared to the 3.2 meV observed
dot 1.12 We note that the observed line shapes can be w
described by Lorentzians forT,40 K only.13

In structures of higher dimensionality the temperature
pendence of the homogeneous linewidth is described by
following form:

G~T!2G~T50!5gacT1gop

1

exp~\vLO/kT!21
, ~1!

where the first term gives the acoustic phonon scatter
while the second one gives the scattering with opti
phonons. At lowT (kT!\vLO), the second scattering chan
nel can be omitted because of the negligible LO-phon
population. At highT, on the other hand, the first channel c
be neglected becausegop@gac . The solid line in Fig. 3
shows a typical temperature dependence of the homogen
linewidth in an In0.18Ga0.82As/GaAs quantum well calculate
after Ref. 14.

Let us turn now to its temperature dependence in the Q
First the low-temperature range shall be discussed. FoT
,60 K the linewidth increase is to a good approximati
proportional to the temperature,G5G01gac3T. From a
corresponding fit we determine the coefficient of the incre
gac to be;0.5 meV K21, independent of the structure typ
and thus also independent of the confined electronic le
structure. This value is considerably smaller than for hig
dimensional structures: For In0.18Ga0.82As/GaAs QWs, for
example, Borri et al.14 have reported agac around

FIG. 3. Homogeneous linewidth~left axis!, respectively,
dephasing time ~right axis! of the ground-state exciton in
In0.60Ga0.40As/GaAs single QDs of type 1 and 2 plotted on a log
rithmic scale versus temperature on a linear scale. The solid
gives theT-dependence ofG for an In0.18Ga0.82As/GaAs QW cal-
culated after Ref. 14.
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2.5 meV K21 that does not vary strongly with well width.15

Therefore, due to the three-dimensional confinement, thegac
in the In0.60Ga0.40As/GaAs QDs is decreased by a factor of
compared to the QW case. That there still is aT dependence
of G at these low temperatures is not fully understood yet
the excitation spectra we find no indication for a continuu
of wetting layer states16 that is extended in energy all th
way down to the ground-state exciton. The linewidth i
crease might be traced to scattering of holes which are m
closer spaced energetically than the electrons.17,18

Even more interesting is the homogeneous linewidthG0
obtained by a zero-temperature extrapolation. A conserva
estimate gives us an upper limit forG0 of clearly less than
1.5 meV. This G corresponds to a dephasing timeT2 of at
least 900 ps. From time-resolved studies of QD ensemb
the decay time of the photoluminescence is determined to
about 1 ns. Therefore the data clearly indicate that cohere
in the QDs is maintained within the exciton lifetime, whic
is independent ofT up to 80 K. This might prove to be
important for applications of QDs in quantum informatio
processing, in which the QD is optically addressed by
trashort laser pulses.

Now we turn to the regime above 60 K, in which therm
excitation of optical phonons influences considerably the
citon scattering. Here a strong increase of the homogene
linewidth is observed, the temperature dependence of wh
can neither quantitatively nor qualitatively be described
Eq. ~1!: For T,200 K, in QDs the increase ofG with tem-
perature is weaker compared to QWs. For largerT this rela-
tion is reversed, beforeG converges to values of a few me
at room temperature which are comparable to those repo
in structures of higher dimensionality and correspond
dephasing times of less than 500 fs. Recently, there h
been reports of a considerable dipole moment in s
assembled QDs due to a vertical displacement of the elec
and hole wave functions19 which would enhance the exciton
phonon interaction. We note that the excitation spectra of
QDs under study show only weak phonon replica indicat
a rather small dipole moment.

In general, the scattering strength is given by~a! the in-
teraction matrix element and~b! by the phase space of th
final scattering states. We conclude that for temperatures
low 200 K the number of states in the QD confinement p
tential that can be reached from the exciton ground state
phonon scattering is still restricted, resulting in the wea
dependence ofG on T as compared to QWs. This reduce
phase space in highly symmetric QDs apparently domina
over any potential modification of the scattering matrix e
ment due to, for example, piezoelectric effects.20

Above 200 K the available phase space for scattering
dently is strongly extended: More and more scattering ch
nels open up resulting in a somewhat faster rise ofG up to
room temperature than in QWs. Enlargement of the ph
space by increasingT in this range suggests that not on
single phonon absorption is important but also multiphon
processes21–23 contribute to exciton scattering so that al
states located more than one LO-phonon energy above
ground state exciton become accessible. These processe
have a significant probability only at temperatures at wh
the phonon population is considerably enhanc
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In spite of qualitatively similarT-dependences ofG for
QDs 1 and 2, the linewidth above 60 K increases m
strongly for QD 2 than for QD 1 because the first dot offe
more scattering channels in the excited shells eventu
leading to the difference inG by a factor of 2 at room tem
perature. This observation is supported by studies of Q
with reduced geometric symmetry which exhibit more co
plicated absorption spectra than those of QDs 1 and24

Besides a larger number of sharp absorption features, in
QDs the intensity of the phonon replica is significantly i
creased and a considerable state continuum appears a
the p shell16 due to extended states from the wetting lay
For these structures the increase ofG in the intermediate
temperature regime~which is moderate for symmetric QDs!
is much stronger. The open symbols in Fig. 4 give the d
for two asymmetric dots of type 1 as compared to the sy
metric one of Fig. 3. While at low T the dependence is har
changed, above 50 KG rises much faster than in the sym
metric case.

In summary, we have studied the homogeneous linew
of self-assembled QDs by single dot spectroscopy. At ro
temperature the dephasing time is considerably shorter
1 ps, which precludes application in quantum informati
processing. At very low temperatures, however,T2 is about a
ns which is limited by the exciton lifetime. Since the QD
can be designed to have a confined level splitting of up
100 meV, the structures may be addressed by sub-10
pulses without exciting energetically higher lying state
Hence it might be possible to perform up to;104 coherent
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optical manipulations on the QD ground-state exciton bef
decoherence destroys information. After having perform
this work, we learned that similarly long dephasing tim
have been observed recently for InAs/GaAs self-assem
QDs studied by four-wave mixing.25

This work was financially supported by the State of B
varia, the Deutsche Forschungsgemeinschaft and
DARPA.

FIG. 4. Homogeneous ground-state exciton linewidth of th
different In0.60Ga0.40As/GaAs QDs of type 1 plotted versus tem
perature. The open symbols give the data for QDs with a redu
geometric symmetry, while the solid squares give those for a s
metric QD.
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