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Time-resolved optical characterization of InAs ÕInGaAs quantum dots
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We present the time-resolved optical characterization of InAs/InGaAs self-assembled quantum dots
emitting at 1.3mm at room temperature. The photoluminescence decay time varies from 1.2~5 K!
to 1.8 ns~293 K!. Evidence of thermalization among dots is seen in both continuous-wave and
time-resolved spectra around 150 K. A short rise time of 1062 ps is measured, indicating a fast
capture and relaxation of carriers inside the dots. ©2000 American Institute of Physics.
@S0003-6951~00!05123-8#
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There is an increasing interest for the development
GaAs-based active materials emitting in the telecom wa
length regions around 1.3 and 1.55mm. These would allow
the realization of telecom sources cheaper and less temp
ture sensitive than commercial InP-based devices. It has b
shown that self-assembled InAs/GaAs quantum dots~QDs!
on GaAs substrates can provide optical gain at 1.3mm.1–4 A
recently proposed method5,6 to achieve the 1.3mm wave-
length is to embed the QDs in an InGaAs quantum w
~QW!. This results in a lower transition energy as compa
to GaAs-embedded QDs, presumably due to reduced s
in the QDs, suppression of In segregation from the Q
when covering with InGaAs, and lower barrier potenti
Low-threshold lasers in the 1.3mm region were demon
strated using this approach.7,8 In order to assess this new ga
material for application in high-speed laser sources, par
eters such as carrier lifetime, capture, and relaxation tim
must be measured. In this letter, we investigate these pa
eters by time-resolved photoluminescence~PL! in InAs QDs
embedded in a InGaAs QW and emitting at 1.3mm at room
temperature. We measure the carrier lifetime and the PL
time as a function of temperature from 5 K to room tempera-
ture. This data demonstrates a very fast carrier relaxa
from the QW to the QD ground state, indicating that th
active material is indeed suitable for high-speed modulat

The sample was grown by molecular beam epitaxy o
~001! GaAs substrate. The epitaxial structure has the follo
ing sequence: GaAs buffer layer, 20 nm AlAs, 100 n
GaAs, 20 nm In0.15Ga0.85As including a single layer of QDs
in the center, 100 nm GaAs, 20 nm AlAs, and a top 20
GaAs cap layer. The QDs were grown by depositing
monolayers of InAs. Figure 1 shows the continuous-wa
~cw! PL spectra taken at different temperatures with a pu
power densityI pump59 W/cm2. At this low excitation power

a!Electronic mail: fiore@dpmail.epfl.ch
3430003-6951/2000/76(23)/3430/3/$17.00
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only the ground state contributes to the PL spectra at
temperatures. The first excited state is observed at hig
pump levels~not shown! '50 meV above the ground stat
peak. The ground state PL peak energy varies from 1.02
~1210 nm! at 50 K to 0.946 eV~1311 nm! at room tempera-
ture ~RT!. At low temperature, the large inhomogeneo
linewidth @full width at half maximum~FWHM!582 meV at
50 K# is due to size and composition dispersion among d
ferent dots. Particularly noticeable is the PL tail on the hig
energy side. This is only observed when dots are grownin-
side the InGaAs QW, whereas dots grown on GaAs a
covered with InGaAs present a more symmetric PL lin
shape. Little change is seen in the spectra in the tempera
range 5 K,T,100 K. At temperatures above 100 K, carr
ers start to thermalize among different dots, which produ
a line narrowing of the PL.9,10 Above 200 K, the first excited
state starts to be thermally populated, while the overall
efficiency decreases with temperature.

For the time-resolved PL measurements,p-polarized
pump pulses from a mode-locked Ti:Sa~130 fs, 76 MHz!
were focused onto the sample at the Brewster angle. The
emission was collected normal to the sample surface, s
trally resolved by a monochromator and detected by a str
camera with an infrared-enhanced photocathode. The s
tral and temporal resolution are 4 nm and 3.5 ps, resp
tively, in the fastest time range. Figure 2 shows the measu
PL decay at different temperatures, at a detection ene
corresponding to the ground state PL peak for each temp
ture. The pump energy is 1.55 eV~i.e., above the GaAs ban
gap!, and the average pump intensity incident on the sam
is 9.4 W/cm2, which corresponds to an estimated 1011 cm22

excited electron/hole pairs per pulse. At this pump lev
excited states only contribute as a high-energy tail in the
spectra. The PL decay can be well fitted by a monoexpon
tial for all temperatures<120 K and>250 K. In the inter-
mediate temperature range 120 K,T,250 K ~see for in-
stance the 150 K decay in Fig. 2!, the ground state PL is
0 © 2000 American Institute of Physics
 license or copyright; see http://apl.aip.org/apl/copyright.jsp
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initially constant over the first 1–2 ns. This behavior may
due to thermalization among different QDs, the low-ene
QDs being refilled by carriers escaped from high-ene
QDs. In support of this interpretation, we notice that in th
temperature range thermalization among different QDs is
served also in cw PL experiments~see Fig. 1!, implying that
the carrier escape time from the QDs is becoming com
rable to the interband recombination lifetime. Thermalizat
between dots was also observed in short-wavelength In
GaAs QDs10–12 and is responsible for reduced lasing lin
width and increased efficiency at high temperatures in
lasers.13,14

Figure 3 shows the measured lifetime at the ground s
energy as a function of temperature~filled dots, left axis!.
The decay times in the intermediate temperature range
K,T,250 K are obtained by fitting on the last portion
the decay curve, with a correspondingly larger fit unc
tainty. The lifetime is 1.2 ns independent of temperature
T<50 K, increases with temperature up to'2 ns at 150 K,
then decreases to 1.8 ns at RT. The constant lifetime valu
low temperatures and the subsequent linear increase
temperature has been predicted theoretically15 and observed
before in self-assembled QDs.16,17The lateral confinement in
the QDs produces nonzero~i.e., nonradiative! in-plane wave
vectorki components in the exciton wave function, thus
ducing the radiative emission rate as compared to QWs.15 As
the temperature increases, excited states having larger v
of ki become populated, and the radiative rate decreases
ther. The measured low-temperature lifetime of 1.2 ns

FIG. 1. cw photoluminescence spectra of a single InAs QD layer embed
in a 20 nm In0.15Ga0.85As QW. The pump intensity and energy a
I pump59 W/cm2 andEpump51.59 eV.

FIG. 2. Time-resolved PL decays as detected at the QD ground stat
each temperature~averageI pump59.4 W/cm2, Epump51.55 eV, detection
window510 meV!. The continuous lines show monoexponential fits.
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much larger than the value calculated by using Citrin
formula,15 tQD(T50 K)'370 ps. This discrepancy may b
related to the effect of the specific shape of InAs/InGa
QDs and of piezoelectric fields on the ground state wa
function.18 The slight lifetime decrease at temperatures>200
K can be attributed to nonradiative recombination. Nevert
less, the lifetime remains rather large up to RT, demonst
ing the high structural quality of these embedded QDs. T
should be contrasted with recent measurements of'100 ps
nonradiative lifetime at room temperature in sho
wavelength InGaAs/InAs QDs19 and '600 ps in long-
wavelength QDs obtained by cycled submonolay
deposition.20 On the right axis of Fig. 3 the temperature d
pendence of the integrated cw PL intensity is plotted~empty
squares!, for a pump intensityI pump59 W/cm2. In order to
explain the factor of 13 decrease in radiative efficiency at
along with the relatively large decay time, we must assu
either a long RT radiative lifetime of'18 ns, or the exis-
tence of nonradiative traps in the~In!GaAs matrix around the
QDs, which would capture the carriers before they relax i
the QDs.

Figure 4 shows the the rise dynamics of the QD PL a
K, for an average pump intensity of 300 W/cm2, correspond-
ing to 3.131012 cm22 excited electron–hole pairs per puls
At this excitation level, the first 3–4 states in the dots a
filled by the pump pulse. The continuous, dashed, and do

ed

for

FIG. 3. PL decay time~filled dots, left axis! and integrated intensity~empty
squares, right axis! as a function of temperature. The decay time is obtain
from a monoexponential fit to the ground state PL~I pump59.4 W/cm2,
Epump51.55 eV!, whereas the integrated intensity is measured in a cw
periment withI pump59 W/cm2 andEpump51.59 eV.

FIG. 4. PL rise dynamics at detection energies corresponding to the t
lowest energy states in the QDs at 5 K and under strong excitation
(I pump5300 W/cm2, Epump51.55 eV, detection energy window540 meV!.
The dashed line represents the scattered pump laser pulse. Inset: G
state rise time vs temperature (I pump5300 W/cm2).
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lines represent the PL detected at energies correspondin
the ground, first, and second excited states, respectively
tegrated over a 40 meV energy range. The PL signals
rise with a time constant close to the system resolut
~FWHM of laser pulse53.5 ps!, then approach the fina
value with a smaller slope. The rise time, defined as the t
from 10% to 90% of the maximum signal, is the same for
three energies within the system resolution,t rise5~1062! ps.
This value is comparable to the rise times reported for sh
wavelength InAs/GaAs QDs at similar excitatio
levels.19,21,22 The simultaneous rise of the PL signal fro
different states clearly proves that the relaxation timet0 be-
tween states in the dots is not the limiting factor in the
rise, i.e.,t0!t rise. Sincet rise is also much shorter than th
measured carrier lifetime, we conclude that there is no re
ation bottleneck in these QDs, i.e., all carriers relax to
ground state before recombining. We measured a similar
dynamics at excitation levels down to 1011 cm22 photocre-
ated electron–hole pairs per pulse. Lower excitation lev
were not achievable due to the detector sensitivity. We s
gest that the fast intraband relaxation timet0 is due to Auger
relaxation. In fact, Auger relaxation was shown to be m
effective than multiphonon relaxation for excitation densit
corresponding to>1 electron–hole pair per dot per pulse
InGaAs/GaAs self-assembled QDs.21 This also agrees with
the theoretical prediction of Ferreira and Bastard,23 who have
calculated relaxation timest0'0.1–10 ps for an Auger pro
cess involving only two particles in a QD. The inset in Fig
shows the ground state rise time as a function of tempera
for I pump5300 W/cm2. The rise dynamics is roughly inde
pendent of temperature up to 250 K, the maximum meas
ment temperature allowed by the system sensitivity. We a
obtained the same rise time when pumping with a pho
energy below the GaAs band gap. This indicates that
measured rise time is not related to carrier diffusion ins
the GaAs matrix, but more likely to carrier capture from t
wetting layer into the QDs. We stress that this fast car
relaxation makes embedded InAs/InGaAs QDs suitable
the realization of lasers with large modulation band width

In conclusion, we have measured the rise and decay
namics of long-wavelength QDs obtained by embedd
InAs QDs within an InGaAs QW. The PL spectra show e
dence of thermalization among the different dots at temp
tures>150 K. The decay time increases from 1.2 ns at l
temperature to 1.8 ns at 293 K. This long carrier lifetim
proves that nonradiative recombination inside the QDs
carrier evaporation to the wetting layer are not critical to
operation of long-wavelength QD-based devices even
Downloaded 05 Feb 2010 to 192.38.67.112. Redistribution subject to AIP
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room temperature. The short PL rise timet rise5~1062! ps,
almost independent of temperature, shows a very rapid,
sibly Auger-mediated intraband relaxation and the poten
for high modulation speeds in 1.3mm QD lasers.

One of the authors~A.F.! acknowledges financial sup
port from the EEC-funded COST268 action.
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