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In this work we investigate the exciton recombination dynamics in InAs/ InP semiconductor self-assembled
quantum wires, by means of continuous wave and time resolved photoluminescence. The continuous wave
photoluminescence results seem to indicate that the temperature quenching of the emission band seems to be
more probably due to unipolar thermal escape of electrons towards the InP barrier. On the other hand, the
analysis of time resolved photoluminescence reveals that the temperature dependence of the radiative and
nonradiative recombination times is mainly determined by the dynamics of excitons localized by disordershigh
energy tail of the PL bandd and strongly localizedslow energy tail of the PL bandd in local size fluctuations of
the quantum wires.
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I. INTRODUCTION

Due to the increasing potential applications of semicon-
ductor quantum nanostructures like quantum dotssQDsd and
quantum wiressQWRsd for the development of room tem-
perature operating heterostructure lasers and high-speed op-
toelectronic devices, the carrier trapping and thermal escape
processes are of considerable interest. In particular, self-
assembled QWRs of InAs grown on InPs001d are good can-
didates for their use as the active region in optoelectronic
devices working at the wavelengths of 1.30 and 1.55mm at
room temperature,1–3 very useful for fiber telecommunica-
tions.

Strong localization effects on the exciton dynamics in
quantum wellssQWsd have been reported in the literature,
because of their basic and applied interest. Localization traps
for excitons are associated to local potential fluctuations due
to well width or alloy composition fluctuations.4,5 In the limit
situation of excitons localized in quantum boxes, a negligible
variation with temperature of their radiative exciton lifetime
is expected.6 Less work has been devoted to the exciton dy-
namics as a function of temperature in QWRs, where exci-
tons can be localized at local potential variations due to wire
heightsmore importantd and width fluctuations.7–9 In a quasi-
ideal QWR it is well known the square root dependence of
the radiative lifetime with the temperature.7 However, in less
homogeneous QWRs, localization of excitons takes place
due to the disorder introduced by the lack of uniformity in
height and width, resulting in a more complicated
dynamics.8,9 At low temperatures, where the exciton radia-
tive recombination dominates, the exciton dynamics is closer
to that observed either in QWs or QDs, depending on the
importancesand sized of those potential fluctuations. At high
temperatures, where nonradiative recombination of excitons
dominates, the existence of accessible localized and near-free
states for excitons would imply a three level system that will

affect the thermal escape dynamics of carriers between the
low-dimensional structures and the barrier.10

In this work, we present a study of the exciton dynamics
in samples consisting of InAs/ InP QWRs with wavelength
emission at 1.3mm sat 300 Kd, carried out by means of con-
tinuous wave photoluminescencesPLd and time-resolved PL
sTRPLd measured as a function of temperature, excitation
power, and detection energy. The comparison of the PL inte-
grated intensity and decay time results points out to an exci-
ton recombination dynamics limited by strong exciton local-
ization effects.

II. SAMPLES AND EXPERIMENT

The sample under study consist of 1.6 monolayersML d
thick InAs deposited on InPs001d with a 100 nm thick InP
buffer layer grown by molecular beam epitaxysMBEd. The
InAs layer was grown at a substrate temperatureTS
=515 °C, at a growth rate of 0.1 ML/s in a pulsed dynamic
way spulsed In cell sequence: 1 s ON/2 s OFFd. The amount
of InAs s1.6 MLd corresponds to the critical thickness for
QWRs formation, which is detected when thef1–10g reflec-
tion high-energy electron diffractionsRHEEDd pattern shows
the 2D-3D transition.1,11 Finally, a 20 nm thick cap layer is
grown by MBE at a substrate temperatureTS=515 °C. Fi-
nally, a 20 nm thick cap layer is grown by MBE at a sub-
strate temperatureTS=515 °C. More details about this kind
of samples can be found in Refs. 2 and 3.

The continuous wave PL experiments were performed by
using the 514.5 nm Ar+ laser line as an excitation source.
The PL signal was dispersed by a 0.22 m focal length mono-
chromator and synchronously detected with a cooled Ge
photodiode. For time resolved experiments, sample excita-
tion at 730 nm was done by a green-Nd:YAGsVerdi, Coher-
entd pumped mode-locked Ti:sapphire lasersMira 900D, Co-
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herentd, providing 2 ps pulses at a repetition rate of 76 MHz.
The PL signal was dispersed by a single 0.5 m focal length
imaging spectrograph and detected by a synchroscan streak
camerasHamamatsu C5680d with a type S1 cooled photo-
cathode. The overall time response of the system in the wid-
est temporal windowsabout 2 nsd was around 40 pssfull
width at half maximumd. In both kinds of experiments the
samples were held in the cold finger of a closed-cycle cry-
ostat to vary the temperature in the range 12–300 K.

III. RESULTS AND DISCUSSION

The PL band measured at room temperature is centred at a
wavelength of 1.30mm s0.954 eVd, as shown in Fig. 1sad.
The PL spectra at the different temperatures can be well re-
produced by the sum of four Gaussian bandssdotted linesd,
as shown in Fig. 1sad for the PL spectrum at 12 K. These
Gaussian components are related to the existence of wire
height fluctuations, being the energy difference between two
adjacent components consistent with a monolayer fluctuation
in the wire height, as established in previous works.3,12,13

From the viewpoint of the growth procedure, this sample is
comparable to the sample grown at 520 °C with an InAs
deposited thickness of 0.62 nm, reported by Gendryet al.,14

which doesn’t present excited states. Furthermore, the peak
energies of the four PL components, labeled P1–P4, as indi-
cated in Fig. 1sad, are consistent with absolute wire heights
from 4 to 7 ML, respectively, even if the error in the estimate
can be of the order of 2 ML, mainly depending on strain
conditions and band offsets.12 Figure 2 shows the distribution
of the wires height obtained from several atomic force mi-
croscopysAFMd images of three uncoated QWRs samples

sgrown under similar conditionsd. The experimental distribu-
tion of the wires height is well fitted by a Gaussian centered
at a value of 4 ML and having a linewidth around 2 ML. The
absolute values of the wire heights measured by AFM could
be smaller than the actual ones, given the limitation of the
probe tip to penetrate between two wires. Along one QWR
we observe height fluctuations of 1–2 ML, coexisting with
about 6 ML high quantum dotlike structuressbright areas in
AFM images of Fig. 2d. Transmission electron microscopy
sTEMd observations show that the QWR shape remain after
growing the InP cap layer.2,14 The average dimensions of an
InP-capped QWR grown under similar growth conditions as
those studied here are 12.9 nm wide and 1.2 nm high.2 How-
ever, TEM data should be also taken as a guide because they
are not sensitive enough to discriminate height changes of 1
or 2 ML. The most important fact from the size histogram
shown in Fig. 2 is the existence of three main wire families,
namely 3, 4, and 5 ML high. These three wire families can be
most probably related to the observed PL-Gaussian compo-
nents P1, P2, and P3 in Fig. 1sad. In this figure, the PL-
Gaussian component P3 was the most intense, but it can be
due to the larger density of states in P3-family compared to
P2 and P1smore carriers will recombine in bigger wiresd.
The PL-Gaussian component P4 is accounting for the PL
lower energy tail, and it is less intense than P2 and P3 com-
ponents, thus representing the lower concentration of bigger
wires and islandsszones of the wires having a larger local
height, as some brighter objects observed in the AFM shown
as an inset in Fig. 2d. Lateral size fluctuations around the
average wire widthsin the range 9–15 nmd can be respon-
sible of the observed broadening for every PL component,
whose typical linewidths are around 25–35 meV.3,12

The PL-Gaussian components P1–P4 can be well de-
convoluted from the PL band over the entire temperature
range. Their respective peak energies exhibit a redshift close
to the bandgap shrinkage of bulk InAs. The linewidth of
P2–P3 components increases with temperature due to the
exciton interaction with acoustic and optical phonons, as oc-
curs in QWs,15,16but it takes place at rates below 20meV/K
in the 12–100 K region. Similar rates are obtained for
GaAs/AlGaAs V-groove QWRs.17 The smaller rates found
in QWRs are attributed to the reduction of the confinement

FIG. 1. sad Continuous lines stand for PL spectra measured at
12 K and at room temperature, and dotted lines correspond to PL-
Gaussian componentssP1–P4d; sbd Arrhenius plot of each PL-
Gaussian component integrated intensityssymbolsd, and the best
fitting curves according to Eq.s1d sdotted linesd.

FIG. 2. Gaussian height distribution obtained from atomic force
microscopy sAFMd measurements of an uncapped InAs QWRs
sample. A 5003500 nm AFM image is shown as an inset.
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dimensionalitysnearly 1Dd, but in our samples we can also
have a certain influence, more difficult to be quantified, of
localization centres on the exciton dynamics.

More information about the role of localization centres in
the exciton recombination will be obtained by combining the
temperature evolution of the PL integrated intensity for
P1–P4 and that obtained for the PL decay time. The most
probable localization centers for carriers and/or excitons are
InAs islands arising from wire height and width fluctuations,
although the height is the parameter that determines larger
changes in the confinement energy.12 If the spatial dimen-
sions of these islands are comparable to that of the exciton
wave function, the dimensionality of the exciton confinement
can be 0D, as occur in the case of well width fluctuations in
QWs.18

At room temperature, the integrated intensity is two or-
ders of magnitude lower than that measured at 12 K, as was
noted in Fig. 1sad. The whole temperature dependence of the
PL integrated intensity for the different PL bands is shown in
Fig. 1sbd. It can be outlined the fact that the integrated inten-
sity of P1–P3 components appreciably decreases in the
whole temperature range, whereas that of P4 is practically
constant and even increases up to 100 K. The particular be-
havior of the P4 integrated intensity could be due to either
carrier transfer to P4 from the other P1–P3 components via
phonon assisted tunneling or recapture of the thermally es-
caped carrierssfrom smaller wire families towards the InP
barrierd. However, we think that it is more realistic associate
this effect to the greater error in the determination of the
peak energy of this Gaussian on the low energy tail of the PL
spectrumssince any resolved band is observed on the low
energy taild, which in turn can introduce a subestimation of
the PL-quenching energies for the P3-Gaussian component.
The observed continuous decrease of the PL intensity can be
well reproduced by a two Boltzmann-type quenching
mechanisms,12

IPLsTd =
I0

1 + t0fG1e
−E1/kT + G2e

−E2/kTg
, s1d

whereI0 is the integrated PL intensity at 0 K,E1 andE2 are
the activation energies of the two quenching mechanisms,G1
andG2 the two related scattering rates, andt0 is the radiative
recombination time of the excitons in QWR, assumed to be
constant and equal to 1 ns for P2, P3 components or 0.5 ns
for the P1 component.

These values are taken from our experimental results as
we will describe below. Anyway, the consideration oft0 as a
constant value is not a strong aproximation because at high
temperaturesabove 100 Kd, where nonradiative recombina-
tion is the main contribution, the relevant parameters areE1
andE2 in the exponential terms. The best fitting curvessfor
P1–P3 componentsd of the experimental results to Eq.s1d are
shown in Fig. 1sbd as dotted lines, and the best fitting param-
eters are listed on Table I. The origin forE1 activation ener-
gies could be some defectssor impuritiesd in either the wires
or their interface with the barrier, as previously suggested.12

TRPL results will introduce some more light into that pre-
liminary hypothesis. The highest activation energy,E2, is de-
duced from the quenching of the PL band at high tempera-

turessabove 100 Kd, and hence it must be associated to the
main nonradiative recombination mechanism in our self-
assembled QWRs.12 It is worth noting that larger values of
E2 are obtained for lower PL energiesssee Table Id, indicat-
ing that carrier escape towards the barrier materialsInP in
our cased could be the main nonradiative channel. On the one
hand, the values found here forE2 are consistent with the
estimate of electron escape energies corresponding to P1–P3
s4–6 ML high wiresd PL components by comparing with
previous models.3,12 On the other hand, the activation ener-
gies expected for ambipolar carrier escape from the different
wire families towards the InP barrier exceed more than
50 meV the values listed on Table I.19 Nevertheless, the uni-
polar escape would imply the appearance of an internal elec-
tric field preventing this mechanism to be stationary. The
potential barrier for electrons would increase to establish a
situation that unipolar and ambipolar escape could even
compete. That is, that potential barrier and this competition
depend on the photogenerated electron-hole concentration. In
our experiments, this concentration could be of the order of
1010 cm−2, which leads to an internal electric field about
10 kV/cm. Such a value is low enough to consider the elec-
tron escape as the main nonradiative mechanism at high tem-
peratures. However, given that we have not the absolute con-
viction of the actual value of this internal electric field or the
possible existence of a 1 ML thick wetting layer, we cannot
disregard completely the ambipolar escape mechanism.

It is well known that in many occasions, the activation
energies extracted from the temperature dependence of the
PL integrated intensity do not reflect the correct exciton dy-
namics, because it contains both exciton radiative and non-
radiative lifetimes.20 TRPL results are thus necessary in or-
der to have a more complete vision of the exciton dynamics,
besides giving us a more accurate measure of the optical
quality reached in our samples. Typical PL transients at low
temperature registered at the peak energy of the P2 compo-
nent are shown in Fig. 3sad for different excitation powers.
Below 10 W/cm2 saround 10 mW of average incident
power, approximatelyd of excitation density, the PL transient
is monoexponential, as can be seen in Fig. 3sad. For
100 W/cm2 the PL transient is also reasonably well repro-
duced by a monoexponential fit, but with a decay time
slightly shorter than that obtained for lower excitation pow-
ers. This effect is better observed in Fig. 3sbd, where the

TABLE I. Best fitting parameters of the experimental PL inte-
grated intensityscomplete band and PL-Gaussian componentsd as a
function of temperature to Eq.s2d.

Component/
EPL at 12 K G1 ss−1d G2 ss−1d E1smeVd E2smeVd

Whole band 2.73109 831012 20 140

P3
1.028 eV

83109 2.531013 30±10 140±20

P2
1.080 eV

5.53109 9.531012 14±4 110±20

P1
1.136 eV

1.731010 831011 12±2 90±20
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effective decay timefthat obtained by fitting all PL transients
to a single exponential decay, as given in Fig. 3sadg is plotted
against the detection energy of the PL transient. For detec-
tion energies above 1.05 eVsP2–P1 emission regiond the ef-
fective decay time strongly depends on the incident excita-
tion density. The lifetime decreases approximately 200 ps for
detecting around P2 peak energy when the excitation density
increases from 1 to 10 W/cm2. This lifetime reduction
seems to be more significant for larger detection energies.
Nevertheless, above 1.11 eV the PL transients cannot be
measured because of the low PL signal. This phenomenology
can be a signature of the coexistence of near-free and local-
ized excitons at any emission energy, as was initially ob-
served in QWs.4,21 In our case, the QWR exhibits height and
width fluctuations, the latter contributing to weak disorder
effects like in V-grooved wires.22 On the contrary, height
fluctuations can act as more effective exciton localizing cen-
ters, because of the stronger local change of the confining
potential saround 25 meV per monolayerd, in this sense
closer to zero-dimensional confinent than one-dimensional
with disorder.23 Following the theory of Citrin,21 the effec-
tive radiative lifetime of excitonssthat we can compare with
the measured decay time at low temperaturesd, trad, as a

function of the localized and near-free exciton population
densities, namelyL andF, respectively, would be

1

trad
=

1

F + L
S F

tF
+

L

tL
D , s2d

wheretF andtL are the near-free and localized exciton life-
times, respectively. If we considertF lower thantL for every
energy at 12 K,24 we will expect a shortertrad by increasing
excitation power, because of the finite density of localizing
centers. In this sense,trad is expected to be less sensitive to
excitation power for lower emission energies, because of a
larger total areal density of localizing centersswire height-
width fluctuations will lead to lower energy states than those
for the average wire dimensionsd. On the other hand, it is
also worth noting the fact that the experimental decay time at
a given incident power follows approximately the shape of
the continuous wave PL spectrum, as shown in Fig. 3sbd. The
most reasonable consequence of this fact is that localized
exciton recombination is dominating most of the emission
bandsreflecting the ratioL over L+F, mainlyd, i.e., the mo-
bility edge senergy above which dominates free over local-
ized exciton recombinationd would be located on the high
energy side of the PL band, somewhere near the P1 peak
energy.4 The measured decay time in the high energy tail
quickly decreases as the detection energy increases, up to
near one order of magnitude below the values measured at
the P2–P3 energy region. This behavior remarks the localiza-
tion of excitons in the lower energy side and the more QWR-
like recombination in the higher energy side,8 as we will
show in detail below from the temperature dependence of the
radiative and nonradiative exciton recombination times on
the low and high temperature ranges, respectively.

The experiments of TRPL as a function of temperature
have been performed in detail up to 100 K for various inci-
dent powerss1,10,100 W cm−2d, whereas only an excitation
density of 10 W/cm2 has been used to measure the PL signal
with a reasonable signal-to-noise ratio over the entire tem-
perature ranges12–300 Kdd. We observe that the PL decay
time measured at the P2 peak energy decreases slowly with
increasing temperature from 12 to 300 K, as shown in Fig.
4sad. This slow decrease is in contrast to the fast quenching
of the continuous wave PL band observed above 100 KfFig.
1sbdg. We consider interesting to separate the radiative and
nonradiative contributions to the PL decay time, because it is
clear from Figs. 1sbd and 4sad that nonradiative recombina-
tion is contributing from the lowest temperature. In fact,
what one expects is that the radiative recombination time
will increase proportional to the square root of the tempera-
ture in QWRs. So, the results plotted on Figs. 1sbd and 4sad
tell us that nonradiative recombination channels are opened
from the 12 K, in order to compensate that expected increase
of trad.

24 Let us remember here the above discussion of the
results shown in Fig. 1sbd, where the small values of theE1
activation energy make possible an appreciable PL quench-
ing between 12 and 100 K. Separating the radiative and non-
radiative contributions, the decay rate is given by

FIG. 3. sad Dotted lines correspond to experimental PL tran-
sients at 10 K for the P2 component measured under different ex-
citation densities.sbd Measured decay time as a function of the
detection energy at different excitation densities: 1, 10, and
100 W/cm2 represented by squares, circles, and triangles respec-
tively. Dotted line reproduces the PL spectrum shown in Fig. 1sad
on the energy range where PL transients have been measured. As an
inset, the level scheme applying for the free and localized exciton
dynamics with temperature; label “p” in the rateGBF and the time
tFL indicates that they are affected with the thermal factor, as writ-
ten in Eqs.s4d and s5d.
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1

tsTd
=

1

tradsTd
+

1

tnradsTd
s3d

and the temperature dependence of the continuous wave PL
intensity can be written as

IsTd = I0
tsTd

tradsTd
. s4d

If we assume that purely radiative recombination only occurs
at the lowest temperaturesT=12 Kd, I0= I s12 Kd, we will
obtain radiative and nonradiative components at each tem-
perature by using Eqs.s3d ands4d and the experimental val-
ues for IPLsTd and tsTd fplotted in Figs. 1sbd and 4sadg, re-
spectively. Figure 4sbd shows the temperature evolution of
the radiative and nonradiative recombination times for the
emission component P2. Now, we see how the effective ra-
diative exciton lifetimefsolid squares in Fig. 4sbdg increases
with temperature and determines the decay time up to 100 K.
Above 100 K the nonradiative channels are clearly domi-
nant, even though the nonradiative timefhollow squares in
Fig. 4sbdg decreases at a slower rate than that expected for
electron escape out the QWR towards the InP barrier, which
was the mechanism deduced from continuous wave results,
as discussed above.

First, let us briefly discuss the temperature dependence of
the radiative recombination time below 100 K for 10 and
100 W cm−2 shollow and solid symbols, respectivelyd, as
shown in Fig. 5sad for three different detection energiessap-
proximately those corresponding to P1, P2, and P3 peak en-
ergies,EP1.EP2.EP3d. The temperature evolution of the
radiative exciton lifetime is not dependent on excitation
power for each PL component. The incident power mainly
affects to the absolute values of decay times measured for the
P1-Gaussian component, as was discussed abovefFig. 3sbdg.

The evolution of the radiative lifetime of the P1 PL peak
with temperature in the low temperature range is very similar
to that obtained in GaAs V-grooved QWR by Oberli and
co-workers.9 However, this is not the case for the tempera-
ture dependence of the exciton radiative recombination time
for lower detection energiessP2–P3 regiond. Dotted lines in
Fig. 5sad represent the best fit of the experimental data to a
potential law accounting for the increase of the radiative re-
combination time. For detection atEP3 we can say that the
T-exponent is practically zero. For detection atEP2 the
T-exponent is around 0.125. For detection atEP1, the average
T-exponent is 0.5, being 0.27 below 30 K and 0.77 above
30 K, corresponding to the two dotted lines depicted in Fig.
5sad. The average T-exponent for the exciton lifetime mea-
sured atEP1 is close to what is expected for near-free exci-
tons in QWRs.7,24,25 However, the observed behavior of a
slow increase at low temperatures is expected when disorder
effects in QWR are importants“large potential amplitude”
and “short potential correlation length”d, as calculated for
V-grooved wires.22 On the opposite side, the PL measured at
energies below 1.06 eVsP3 componentd is completely domi-
nated by recombination of strongly localized excitons, thus
having a character closer to what is observed for quantum
dots: temperature independent exciton lifetime.

Secondly, in order to better describe the free and localized
exciton dynamics, we prefer to use here a simple kinetic
model, instead of a more complicated one based on the ex-
istence of a mobility edge at certain energy within the PL

FIG. 4. sad Temperature evolution of the decay time deduced
from the monoexponential PL transients measured for P2 Gaussian
component, andsbd estimation of the radiative and nonradiative
recombination times as explained in the text.

FIG. 5. sad Logarithmic plot of the radiative recombination time
against temperature for P1ssquaresd, P2scirclesd, and P3strianglesd
detecting energies at 10shollow symbolsd and 100 W/cm2 ssolid
symbolsd; dotted lines stand for the best fit to aT-power law.sbd
Arrhenius plot of the nonradiative time for P1–P2–P3 Gaussian
componentsssolid symbolsd and the best fit to an energy activated
law scontinuous linesd.
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band,4 as we made in previous work for explaining exciton
localization in InGaP/GaAs QWs.5 Our model is based on a
three energy level system: one for the InP barrier and the
other two for the free and localized exciton statesssimilar to
the model proposed in Ref. 10d, which is depicted as an inset
in Fig. 3sbd. Free excitonssFd are generated at a rateG,
which eventually can include the PL rise transientscapture
and energy relaxationd. The free excitons can either recom-
bine radiatively with a time constanttF, be captured into
localized states at a rate 1/tFL, or escape towards the barrier
at a rateGBF, with a thermal activation energyEA. The local-
ized excitonssLd can either recombine radiatively with a
time constanttL or thermally transformswith an activation
energyDELd into free excitons through the rate 1/tLF. The
rate equation system is then

dF

dt
= −

F

tF
− s1 − L/NLd

F

tFL
− FGFB exps− EA/kTd

+ L
exps− DEL/kTd

tLF
+ G, s5d

dL

dt
= −

L

tL
− L

exps− DEL/kTd
tLF

+ s1 − L/NLd
F

tFL
, s6d

where NL is the total density of localized states, ands1
−L /NLd the factor that takes into account possible saturation
effectssmore probable at lower temperatures for the excita-
tion density used in the experimentd. The PL transient would
be determined by

Istd =
F

tF
+

L

tL
. s7d

The expected PL transient would be reproduced by a second
order decay function in the most general case, depending on
excitation density conditions over the density of localized
centers,NL, and the other parameters in Eqs.s5d and s6d.
With the assumption of a large quantity of localization cen-
ters as compared to the excitation density, the stationary so-
lution of Eqs.s5d and s6d at high temperatures is

I ~
G

stLF + tL exps− DEL/kTddS 1

tF
+

1

tFL
+

1

tLF
+ GFB exps− EA/kTdD , s8d

where the two activation energiesDEL and EA are implied.
The experimental PL intensity evolution with temperature
shown in Fig. 1sad can be well fitted to Eq.s8d with the same
activation energies shown in Table I obtained from the best
fit to Eq. s1d. At the same time, if we numerically solve Eqs.
s5d ands6d in the case of a largeNL we obtain a PL transient
that can be approximately reproduced by a monoexponential
decay with a characteristic decay time,

1

tsTd
=

1

tL
+

exps− DEL/kTd
tLF

, s9d

where it is obvious the contribution of the radiative recom-
bination time for localized excitons,tL, and the thermal ac-
tivated nonradiative term characterized byDEL. The physics
expressed by Eqs.s8d ands9d means that the thermal activa-
tion sDELd from localized to near-free excitons is determin-
ing the TRPL behavior, whereas the thermally activatedsEAd
nonradiative recombination of near-free excitons determines
the stationary behavior. Finally, to close the circle between
transient and steady state PL results, the Arrhenius plot of the
experimental nonradiative time for the three different PL
components P1, P2, and P3 above 100 K is shown in Fig.
5sbd. The best fitting parameters of the experimental results
to the nonradiative term in Eq.s9d are given in Table II. The
activation energy for localized-to-free exciton transfer,DEL,
increases from 2 to 30 meV from the highersP1d to the
lower energysP3d Gaussian components. On the one hand,

the latter value of 30 meV, found in the case of the P3-band,
is consistent with changes of the exciton confinement energy
by 1–2 ML wire height fluctuations, as assumed above like
the more probable centers for strong exciton localization. On
the other hand, these values are comparable to theE1 values
s12, 14, and 30 meVd given above for the fit of the PL inte-
grated intensity of the P1, P2, and P3 PL-Gaussian compo-
nents to Eq.s2d, and now they can be clearly associated to
DEL. Evidently, theDEL values listed in Table II are more
direct and reliable than theE1 values listed in Table I, which
were obtained from the temperature dependence of the con-
tinuous wave PL integrated intensity below 100 K. These
results also allow us to extract, from the TRPL measure-
ments, approximate values fortLF s218, 225, 210 ps for the
P1, P2, and P3 components, respectivelyd.

IV. CONCLUSIONS

We have studied the exciton recombination dynamics in
InAs/ InPs001d self-assembled QWRs by continuous and
time-resolved PL. The PL emission study reveals that the
quenching mechanism limiting the emission of these samples
at room temperature is probably due to thermal escape of
electrons towards the InP barrier, because ambipolar thermal
escape need of the existence of an InAs wetting layer, which
is not revealed by optical and structural experiments. The
temperature dependence of the radiative and non-radiative
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recombination time obtained in TRPL experiments indicates
an influence of exciton localization effects in the exciton
recombination dynamics. We describe the exciton dynamics
using a three level rate equation model. This model allow us
to extract quantitative information of the carrier recombina-
tion process: the average exciton localization energies and
the localized to free exciton transfer rates for the different

wire size familiesseach one characterized by a PL-Gaussian
component from the whole PL bandd. These localization en-
ergies are largers30 meVd on the low energy side of the PL
band, indicating a high degree of exciton localizationsmostly
due to wire height flutuationsd, with a character quasi-zero-
dimensional. On the contrary, a small value is found on the
high energy side of the PL band, which is attributed to exci-
tons localized by disordersmostly due to wire width fluctua-
tionsd, as occur in typical V-grooved wires. This interpreta-
tion is consistent with the observed temperature dependence
of the exciton lifetime below 100 K:sid the exciton lifetime
is practically constant for emission energies on the low en-
ergy tail of the PL band andsii d the exciton lifetime for
emission energies on the high energy tail of the PL band
increase with temperature with a rate very similar to that
found in patterned and V-grooved wires affected of a certain
degree of weak localization by disorder.
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