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Effect of quantum confinement on exciton-phonon interactions
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We investigate the homogeneous linewidth of localized type–I excitons in type–II GaAs/AlAs superlattices.
These localizing centers represent the intermediate case between quasi-two-dimensional~Q2D! and quasi-zero-
dimensional localizations. The temperature dependence of the homogeneous linewidth is obtained with high
precision from microphotoluminescence spectra. We confirm the reduced interaction of the excitons with their
environment with decreasing dimensionality except for the coupling to LO phonons. The low-temperature limit
for the linewidth of these localized excitons is five times smaller than that of Q2D excitons. The coefficient of
exciton-acoustic phonon interaction is 5–6 times smaller than that of Q2D excitons. An enhancement of the
average exciton–LO-phonon interaction by localization is found in our sample. But this interaction is very
sensitive to the detailed structure of the localizing centers.

DOI: 10.1103/PhysRevB.66.085337 PACS number~s!: 78.67.Hc, 78.55.Cr
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The homogeneous linewidth of exciton luminescence
one of the most important features in excitonic dynamics
semiconductors, since it contains directly the informat
about the interactions between excitons and their envir
ment. During the past two decades, the homogeneous
width of excitons in several kinds of quantum well and s
perlattice systems has been investigated extensively in
time and frequency domains. In the time domain, the ex
tonic dephasing time was measured from four-wave mix
~FWM!, and then the homogeneous linewidth could
deduced.1–5 In the frequency domain, the linewidth was me
sured directly from photoluminescence,6–9 transmission, re-
flection or absorption,10,11 and Raman spectroscopy.12 By
modeling of experimental data, extensive information ab
interactions between excitons and acoustic phonons,
phonons, free carriers and other excitons has been dedu
In these investigations, excitons are quasi-two-dimensio
~Q2D!. That is, they can move freely in the wells or a
localized weakly with a localization energy of several me
On the other side, the homogeneous linewidth of quasi-z
dimensional~Q0D! excitons confined in quantum dots, wit
localization energy of several hundreds of meV, has b
studied by spatially resolved measurements.13,14 The com-
parison of these two kinds of excitons provides informat
about the influence of quantum confinement on the inte
tions between excitons and their environment.

In this paper, we report investigations on homogene
linewidth of single type–I localized excitons in GaAs/AlA
superlattices which have a global band alignment of type
The localization energies of these centers are several ten
meV. Thus we can regard these localized excitons as in
mediate in dimensionality between Q2D excitons and Q
excitons. Furthermore, since the investigated centers
found in a small area~1 mm in diameter! of the same sample
we can rule out any artificial effects which come about wh
comparing different samples. This enables us to discuss
influence of localization on exciton-phonon interactions
comparing these centers, without disturbed by other artifi
effects.

The localized excitons are studied by microphotolumin
cence~m–PL!. The spectral and spatial resolutions are su
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cient to detect luminescence from individual localizing ce
ters. Our experimental setup consists of a He flow cryo
with the sample mounted close to a thin window. This allo
the use of a microscope objective to image~magnification
203! the excited spot on the sample onto a pinhole. T
pinhole defines the spatial resolution. We use a 20-mm pin-
hole in the present experiments, which corresponds to 1-mm
detected area on the sample’s surface. The pinhole is ima
onto the entrance slit of a 0.75-m focal length double grat
spectrometer. We use a cooled CCD to record the spe
with a spectral resolution of 30meV. The sample is nonreso
nantly and globally excited by a He-Ne laser. The excitat
intensity is about 1 W/cm2 for all of the temperature-
dependent measurements. During the measurement, the
perature of the sample is measured with a diode tempera
sensor in good thermal contact. The temperature is stabil
by the He flow and heating to a fluctuation of less than 0.2
The measurements are performed in the range of 7–80
We study two samples:~i!140 periods of GaAs~3 nm!/
AlAs~2.8 nm! and~ii !140 periods of GaAs~2.3 nm!/AlAs~2.3
nm!. Both samples have a type-II band alignment, i.e.,
unperturbed conduction-band minimum is in the AlAs lay
and the valence-band maximum is in the GaAs layer. Det
about the growth and the interface properties of the sam
have been reported previously.15 The two samples yield quite
similar results concerning the exciton-phonon coupling. Th
we will only present data of sample~i!.

Figure 1 reviews the luminescence properties of
sample at 20 K. The spatially integrated PL spectrum@Fig.
1~a!# is composed of a zero-phonon line at about 1.782
and phonon sidebands at the low-energy side. Luminesce
intensity maps@Fig. 1~b!# show an inhomogeneous distribu
tion of the emission intensity. We can find bright spots
about 1mm in diameter. This size corresponds to the reso
tion of the objective in ourm-PL system. The actual size o
the bright spots was determined to be about 250–300
@full width at half maximum~FWHM!# by scanning near-
field optical microscopy with resolution of 100 nm.

Figure 1~c! shows them-PL spectrum of one of the brigh
spots. Different from Fig. 1~a!, the spectrum is dominated b
local emission from the bright spot. On the smooth ba
©2002 The American Physical Society37-1
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ground, spectrally narrow lines are superimposed.16 Figure
1~d! provides a closer sight of these narrow lines. We ha
found that the narrow lines observed in Fig. 1~c! could be
divided into two groups according to their different tempe
ture behaviors.16 For the lines on the low-energy side of th
zero-phonon line, i.e., 1.75–1.782 eV, the spectral wei
shifts red with rising temperature, and their integrated int
sity drops. These lines stem from localized type-II states.
the lines in the spectral range of the AlAs LO-phonon re
lica, i.e., below 1.74 eV, the spectral weight does not cha
significantly, and their intensities increase exponentially w
temperature up to 50 K. We have proved that, although
global band alignment of this sample is type II, the lay
thickness fluctuations give rise to local changes in the b
alignment toward type I. Recombination of excitons loc
ized in these type-I centers is the origin of the narrow lines
the energy range of 1.69–1.74 eV. The population mec
nism of these localized states has been proved to be ele
tunneling from AlAs layers to GaAs layers.16 Since some of
these narrow lines are well separated in energy, we can
solve each of them without serious disturbance by adjac
lines. Thus we can analyze the luminescence from sin
localizing centers in the GaAs layers.

In order to investigate the temperature dependence of
linewidth of excitons localized in the type-I centers,m-PL
spectra from several bright spots were measured in the
perature range of 7–80 K. To check the possible spec
wandering during the integration, we measured the spe
with different integration times. The spectral shape and
linewidth keep unchanged as we vary the integration time
the range of 50 ms–30 s. We also measured the sequen
the spectra with an integration time of 50 ms and an in
ruption time of 1 s. We didn’t find any change of the pe
position among these spectra. Thus, the spectral wande
of the sample can be neglected. The narrow lines were fi
by Lorentzian line shapes to obtain the linewidth~FWHM! in

FIG. 1. Luminescence of GaAs/AlAs superlattices at 20 K un
excitation of He-Ne laser with an excitation intensity of abo
1 W/cm2. ~a! Spatially integrated PL spectrum.~b! Intensity maps.
~c! Them-PL spectrum of one of the bright spots.~d! Details of~c!.
The intensity maps are recorded by blocking the scattered l
from the laser, and spectrally integrating the luminescence from
to 1.8 eV.
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each temperature. An example of the narrow lines and
fitting curves is shown in Fig. 2. Recently, Besombeset al.17

found that the line shape of the luminescence from stron
confined CdTe quantum dot deviates from Lorentzian sh
with increasing the temperature. The whole spectrum is co
posed of a zero-phonon line and an additional acous
phonon sideband which results from lattice relaxation due
exciton-phonon coupled states. In InAs/GaAs system, b
Lorentzian18 and the non-Lorentzian19 line shapes have bee
observed recently. For GaAs quantum dots, the PL spect
has been shown to be of Lorentzian line shape.20 Also in our
experiments on centers of intermediate confinement in Ga
AlAs superlattices, we find no indications of additional ph
non sidebands. The spectral line shape can be well fitted
Lorentzian function up to 80 K~see Fig. 2!.

In general, the temperature dependent homogene
linewidth of the exciton resonance is written as~see, e.g.,
Ref. 21!

Ghomo~T!5G01gACT1gLO@exp~\vLO /kBT!21#21,
~1!

where the term linear in temperature is due to exciton s
tering with acoustic phonons, and the term nonlinear in te
perature is due to interactions with LO phonons. The coe
cients gAC and gLO represent the strength of the exciton
acoustic-phonon interaction and exciton–LO-phon
interaction, respectively. The first term in Eq.~1! is the low-
temperature limit of the linewidth. The temperature depe
dence of the linewidth deduced from the Lorentzian fits w
then fitted by Eq.~1!, for several well-separated narrow line
We show one of the fitting results in Fig. 3, as an examp
The contributions to the linewidth from acoustic-phon
scattering and LO-phonon scattering are also shown in
figure ~short-dashed and dotted lines, respectively!. The
dashed line represents low-temperature limit of the lin
width. For this narrow line, the fitting parameters areG0
542 meV, gAC51.2 meV/K, and gLO585.7 meV. Since
the fitting contains three free parameters, it is necessar

r
t

ht
.7

FIG. 2. An example of the measured narrow lines~squares! and
the corresponding Lorentzian fit~solid line!. The peak positions
have been shifted for better illumination. For the actual positio
under different temperatures, see the inset.
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EFFECT OF QUANTUM CONFINEMENT ON EXCITON- . . . PHYSICAL REVIEW B 66, 085337 ~2002!
check the sensitivity of these parameters on fitting proc
For this purpose, we vary each of these parameters from
optimal value, to check the variation of mean-square de
tion between fitting curve and experimental data. We fi
that a 10% deviation ofG0 , gAC , or gLO from their optimal
values corresponds increases of 60%, 94% or 580% in
mean-square deviation, respectively. This result insures
safety of the fitting process. Another possible problem
extracting the parameters from the fitting is whether the te
perature range~7–80 K! is large enough for an accurate d
termination of the parameters, especially for thegLO . In the
investigations of the Q2D excitons, the linewidths were m
sured up to 150 K~Ref. 6! or even room temperature.4,9,10In
the present study, however, the luminescence of these lo
ized excitons at a temperature above 80 K is too weak fo
accurate determination of the linewidth. To check the p
sible errors introduced by this relatively small temperat
range, we redraw the results obtained by the larger temp
ture range measurements,4,6,9,10and fit by Eq.~1! all the data
in the whole temperature range or only the data obtai
below 80 K, respectively. We find that for all of the resu
checked, the difference of the parameter values obta
from the two fits using different ranges of data is less th
10% for gLO and less than 3% forgAC . This proves the
temperature range of 7–80 K is enough for the determina
of the linewidth-temperature curve with a satisfactory ac
racy. Furthermore, the data density in the present st
~about 50 data points in the temperature range of 7–80 K! is
high enough for an accurate fitting.

In Fig. 4~a!, we list the fitting results ofG0 , gAC , and
gLO of the narrow lines analyzed in the present study.
order to distinguish the narrow lines, we defineDE as the
energy difference between the corresponding narrow line
the peak of zero-phonon line. We show an example of
definition for one narrow line in Fig. 1~c!. Such a quantity is
temperature independent. We note thatDE is close to, but

FIG. 3. Temperature dependence of the homogeneous linew
of one narrow line. The experimental data~squares! were fitted by
Eq. ~1! ~solid line!. The contributions to the linewidth from
acoustic-phonon scattering and LO-phonon scattering are
shown ~short-dashed and dotted lines, respectively!. The dashed
line represents the low-temperature limit of the linewidth.
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not exactly, the localization energy of the corresponding c
ter, since we cannot regard the zero-phonon line as the
bility edge exactly. However, such a difference will not i
fluence our discussions. For comparison, we list in Fig. 4~b!
the available data of GaAs Q2D excitons deduced fr
FWM, photoluminescence, or other methods, as a functio
the thickness of the GaAs layers. The results of GaAs b
and superlattices are also listed in this figure, but not
cluded in the calculations of average values, which
shown as dashed lines in Fig. 4~b!. In the viewpoint of quan-
tum confinement, we regard the localized excitons inve
gated here as the intermediate case between Q2D excito
quantum wells and Q0D excitons in quantum dots. In
following, we will compare theG0 , gAC , andgLO of local-
ized excitons obtained in the present study with that of
other two cases, to discuss the influence of confinemen
exciton–phonon interactions in semiconductors.

At first, we discuss the low-temperature limit of th
linewidth. We obtain the average value ofG0 to be 0.057
~60.014! meV for these localized excitons@dashed line in

th

so

FIG. 4. ~a! Low-temperature limits of linewidth~I!, exciton–
acoustic-phonon interaction coefficients~II ! and exciton–LO-
phonon interaction coefficients~III ! gained by fitting the measure
G;T relations~see Fig. 3!. The error bars show the uncertainty o
the fitting due to a limited temperature range, as discussed in
text. The dashed lines represent the average values.~b! The corre-
sponding available values for quasi-two-dimensional excitons
GaAs quantum wells and excitons in GaAs bulk and superlattic
References for all data points are listed in~b!I.
7-3
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Fig. 4~a!I#. This value is five times smaller than the avera
value of Q2D excitons@dashed line in Fig. 4~b!I#. That indi-
cates that the additional in–plane confinement in localiz
centers reducesG0. In order to investigate the contribution o
intercarrier scattering to this linewidth, we measured the
citation intensity dependence of the linewidth at 7 K. In t
intensity range of 1 – 10 W/cm2, the linewidth keeps un-
changed, while in the range of 10– 5000 W/cm2 the line-
width increases slowly with a slope of 0.01–0.02meV/
(W/cm2). Due to the complicated population mechanism
these localizing centers~electron tunneling from AlAs layers
to GaAs layers!, we are not able to relate the excitation i
tensity to the actual carrier density in the sample. Howe
we can conclude that the excitation intensity used in
temperature-dependent measurement is quite low, and th
tercarrier interaction can be neglected. The intrinsic lifetim
of excitons in quantum wires and quantum dots have b
calculated to be several hundreds of picosecounds.22 How-
ever, recent experiment reveals a 16-ps intrinsic lifetime
excitons in GaAs quantum dots.23 The linewidth obtained in
the present study corresponds to a lifetime of 22 ps, whic
consistent with this new finding.

Secondly, we discuss the influence of confinement
exciton–acoustic-phonon interaction. It has been fou
before2,12 and confirmed again recently9 that gAC of Q2D
excitons is smaller than that in bulk GaAs@Fig. 4~b!II #. The
average value ofgAC of the localized excitons obtained i
the present investigation is 1.14~60.24! meV/K, about 5–6
times smaller than that of Q2D excitons@dashed lines in
Figs. 4~a!II and 4~b!II #. The result suggests a reduction
exciton–acoustic-phonon interaction by localization.
quantum wires, such a reduction has been found by di
comparison of free and localized excitons in FW
measurements.24 Furthermore, in quantum dots, the homog
neous linewidth has been found to be almost constant u
50 K.13,14 These results suggest the extremely smallgAC for
Q0D excitons. The weaker acoustic-phonon interaction w
Q0D excitons than with Q2D excitons has also been c
firmed in II-VI systems~see, for example, Ref. 17!. The
whole evolution discussed above, from bulk via Q2D ex
tons to localized excitons~this study! and to Q0D excitons,
implies strongly that the interaction between exciton a
acoustic phonon is steadily reduced by increasing confi
ment. Such a behavior is consistent with previous theoret
predictions.25,26 In a confined system, the final state of ph
non scattering is not always available due to the disc
energy level scheme. Thus, by increasing the quantum
finement, the appearance of the discrete energy levels
duces a decrease of the acoustic phonon interaction. We
that when the confinement is so strong that the energy-l
space is larger then the thermal energykBT, a further in-
crease of the confinement does not further reduce the in
action, since the level space has already been large en
for this bottleneck effect. In this regime, additional effec
like lattice relaxation17 can influence the dependence of t
acoustic phonon interaction on the quantum dot size. Th
retical calculations revealed an increase, rather than
crease, of the acoustic-phonon coupling when further red
ing the size of the quantum dots in this regime.17,27
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The parametersG0 andgAC of the localized excitons ob
tained here are almost independent ofDE in the range of
0.04–0.09 eV@Figs. 4~a!I and 4~a!II #. But, for gLO , we find
a totally different behavior in the same energy range. T
values ofgLO vary in the range of 30–140 meV, with n
obvious systematic dependence onDE. The fluctuations of
G0 and gAC , which are also obtained in the same fittin
process, are all less than 25%. We attribute the obse
scattering in the homogeneous linewidth to an intrinsic f
ture of the exciton–LO-phonon coupling. In localizing ce
ters, the energy level scheme of excitons is determined
the detailed structure of the center. Due to the monoch
matic feature of the LO-phonon dispersion, the exciton–L
phonon scattering rate depends sensitively on the le
scheme. For the center in which the energy level sche
matches the LO-phonon energy well, a strong coupling
observed. In contrast to the LO phonons, the dispersion
the acoustic phonons distributes over a relative wide ene
range. Thus, the exciton–acoustic-phonon scattering ra
less sensitive to the detailed structure of the localizing c
ters. In fact, we do not find the pronounced resonant beh
ior for the acoustic-phonon coupling@see Fig. 4~a!II #.

In the strongly confined quantum dots, the explicit si
and shape of the localizing potential determines the spa
extension and anisotropy of the electron-hole wave funct
as well as the electron-hole overlap. This has significant
fluence on the exciton–phonon interaction.28,29 In strongly
confined CdTe quantum dots, a mixing of the exciton a
acoustic-phonon modes, which cannot be described by
turbation treatment, has been proposed.17 That is, the exciton
locally distorts the lattice of the dot. This lattice distortion
important for small quantum dots which sizes are com
rable with the exciton Bohr radius. For example in II-VI an
InAs/GaAs systems, an induced non-Lorentzian broaden
have been observed.17,19 However, the localizing center
studied here are much larger than the Bohr radius. Thus
distortion is less important, and we do not observe stro
deviations from a Lorentzian lineshape even at a tempera
of 80 K. For the same reason, the influence of the poten
size and shape on the electron-hole wave function is also
pronounced than that in strongly confined quantum dots.
we observe only small variations in the acoustic-phonon c
pling strength among these localizing centers with differ
sizes and shapes.

Despite of the scattering behavior, we can still deduce
enhancement of the exciton-LO-phonon interaction in loc
ized excitons with respect to Q2D excitons. The avera
value ofgLO is 71 meV, about five times larger than that
Q2D excitons@Figs. 4~a!III and 4~b!III #. The enhancement o
exciton–LO-phonon interaction by localization induced
alloying fluctuations in alloy GaAs12xPx has been found by
resonant Raman spectroscopy.30 A similar enhancement wa
also found in GaN quantum wells.31 In those investigations
the LO-phonon replica was used to detect the excito
phonon interaction. In the present study, we detected lu
nescence from excitons localized by thickness fluctuati
by m-PL. The agreements between different experimen
methods as well as the different origins of localization co
7-4
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firm that the additional in-plane confinement on excitons
hances the exciton–LO-phonon interaction.

Up to now, the exciton–LO-phonon interaction in qua
tum dots is still an open problem. In CdTe quantum do
Besombeset al.17 found that the exciton–LO-phonon scatte
ing is not efficient up to 60 K, while Heitz and
co-workers28,32 observed enhanced exciton–LO-phonon
teraction in InAs/GaAs self-organized quantum dots by m
suring the phonon-assisted exciton transitions. The Hua
Rhys parameter was found to be five times larger than
bulk InAs. The enhancement was attributed to the quan
confinement and piezoelectric effect. Our result confir
qualitatively the latter finding. According to the extreme
sensitive dependence of exciton–LO-phonon interaction
the detailed structures of localizing centers, we suggest
much care should be taken when comparing experime
results of this interaction in different quantum dot sampl
since the detailed structure of the dots can be totally dif
ent, and this may influence the strength of the interaction
a great extent.

In summary, we have measured the homogeneous
width of type-I localized excitons in type-II GaAs/AlAs su
perlattices usingm-PL. These excitons, with a localizatio
tt
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energy of several tens of meV, can be regarded as inter
diate case between Q2D excitons~free or weakly localized
excitons in quantum wells! and Q0D excitons in quantum
dots with confinement energy of several hundred meV. T
low-temperature limit of the linewidth,G0, of these localized
excitons is found to be five times smaller than that of Q
excitons. We obtain a 5–6 times smaller exciton–acous
phonon interaction coefficient,gAC , for the localized exci-
tons with respect to that of Q2D excitons. Together with
comparison of exciton data in bulk and quantum dots,
reduction of exciton–acoustic-phonon interaction by co
finement is confirmed. In contrast to the results onG0 and
gAC , which are independent of localization energy, the co
pling to LO phonons,gLO , shows strong variations. Thi
finding is attributed to the strong influence of the energ
level scheme on the exciton–LO-phonon coupling. In av
age, we confirm an enhancement of exciton–LO-phonon
teraction by localization.

We gratefully acknowledge the growth of the excelle
samples by W. Braun and K. Ploog, and helpful discussi
with K. Kheng. This work was supported by the Deutsc
Forschungsgemeinschaft.
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15D. Lüerßen, A. Dinger, H. Kalt, W. Braun, R. No¨tzel, K.P.J. Tu¨m-

mler, and J. Geurts, Phys. Rev. B57, 1631~1998!.
.

.

,

,

-

.

,
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