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We present the time-resolved optical characterization of InAs/InGaAs self-assembled quantum dots
emitting at 1.3um at room temperature. The photoluminescence decay time varies frofd K)2

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 of2(ps is measured, indicating a fast
capture and relaxation of carriers inside the dots. 2@0 American Institute of Physics.
[S0003-695(100)05123-9

There is an increasing interest for the development obnly the ground state contributes to the PL spectra at low
GaAs-based active materials emitting in the telecom wavetemperatures. The first excited state is observed at higher
length regions around 1.3 and 1.5%n. These would allow pump levels(not shown ~50 meV above the ground state
the realization of telecom sources cheaper and less tempereak. The ground state PL peak energy varies from 1.02 eV
ture sensitive than commercial InP-based devices. It has beéh210 nm at 50 K to 0.946 eM1311 nm at room tempera-
shown that self-assembled InAs/GaAs quantum d@®s  ture (RT). At low temperature, the large inhomogeneous
on GaAs substrates can provide optical gain atdng'~* A linewidth [full width at half maximum(FWHM)=82 meV at
recently proposed methdflto achieve the 1.3um wave- 50 K] is due to size and composition dispersion among dif-
length is to embed the QDs in an InGaAs quantum weliferent dots. Particularly noticeable is the PL tail on the high-
(QW). This results in a lower transition energy as comparedenergy side. This is only observed when dots are grown
to GaAs-embedded QDs, presumably due to reduced strafide the InGaAs QW, whereas dots grown on GaAs and
in the QDs, suppression of In segregation from the QDgovered with InGaAs present a more symmetric PL line-
when covering with InGaAs, and lower barrier potential. Shape. Little change is seen in the spectra in the temperature
Low-threshold lasers in the 1.am region were demon- fange 5 k<T<100 K. At temperatures above 100 K, carri-
strated using this approaéfiin order to assess this new gain €S Start to thermalize among different dots, which produces
material for application in high-speed laser sources, paranf line narrowing of the PE:1% Above 200 K, the first excited
eters such as carrier lifetime, capture, and relaxation timeState starts to be thermally populated, while the overall PL
must be measured. In this letter, we investigate these pararfilliciéncy decreases with temperature. _
eters by time-resolved photoluminescerié) in InAs QDs For the time-resolved PL meaguremen[spolanzed
embedded in a InGaAs QW and emitting at L& at room PUMP pulses from a mode-locked Ti:$130 fs, 76 MH2

iswere focused onto the sample at the Brewster angle. The PL
emission was collected normal to the sample surface, spec-
Hally resolved by a monochromator and detected by a streak

ture. This data demonstrates a very fast carrier relaxatio . .
e ._camera with an infrared-enhanced photocathode. The spec-
from the QW to the QD ground state, indicating that this .
tral and temporal resolution are 4 nm and 3.5 ps, respec-

active material is indeed suitable for high-speed modulation,. . : .
. tively, in the fastest time range. Figure 2 shows the measured
The sample was grown by molecular beam epitaxy on

bL decay at different temperatures, at a detection energy
(001 GaAs substrate. The epitaxial structure has the follow- . '
_ corresponding to the ground state PL peak for each tempera-
ing sequence: GaAs buffer layer, 20 nm AlAs, 100 nm sponding grounc P per

ture. The pump energy is 1.55 d\e., above the GaAs band
GaAs, 20 nm I 1£Gay gsAs including a single layer of QDs > pump ! A M

ap, and the average pump intensity incident on the sample
in the center, 100 nm GaAs, 20 nm AlAs, and a top 20 n gap ge pump Y P

Ms 9.4 Wicn?, which corresponds to an estimated1@m™2

GaAs cap layer. The QDs were grown by depositing 2'Gexcited electron/hole pairs per pulse. At this pump level,

monolayers of InAs. Figure 1 shows the continuous-Wave, iitaq states only contribute as a high-energy tail in the PL
(cw) PL spectra taken at different temperatures with @ pUMRy,ecira The PL decay can be well fitted by a monoexponen-

power densityl ;=9 W/cn?. At this low excitation power iz tor 4] temperatures<120 K and=250 K. In the inter-
mediate temperature range 120<K <250 K (see for in-
dElectronic mail: fiore@dpmail.epfl.ch stance the 150 K decay in Fig),2he ground state PL is

time as a function of temperature fno5 K to room tempera-
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FIG. 3. PL decay timéfilled dots, left axi$ and integrated intensitfempty
FIG. 1. cw photoluminescence spectra of a single InAs QD layer embeddegquares, right axjsas a function of temperature. The decay time is obtained
in a 20 nm IpGagAs QW. The pump intensity and energy are from a monoexponential fit to the ground state Blym=9.4 wient,
I oump=9 Wicn? and Epump=1.59 eV. Epump=1.55 €V}, whereas the integrated intensity is measured in a cw ex-
periment with! pym=9 W/c? and Epym,=1.59 eV.

initially constant over the first 1—-2 ns. This behavior may be

due to thermalization among different QDs, the low-energy, ,ch larger than the value calculated by using Citrin's
QDs being refilled by carriers escaped from high-energyformma'ls 7oo(T=0 K)~370 ps. This discrepancy may be
QDs. In support of this interpretation, we notice that in this g|5ted to the effect of the specific shape of InAs/InGaAs
temperature range thermalization among different QDs is ObQDs and of piezoelectric fields on the ground state wave
served also in cw PL experimeritsee Fig. 1, implying that  f,nction 18 The slight lifetime decrease at temperatuze200

the carrier escape time from the QDs is becoming compag an, pe attributed to nonradiative recombination. Neverthe-
rable to the interband recombination lifetime. Thermalizationogs the lifetime remains rather large up to RT, demonstrat-

between d(())t_slzwas glso obser\(ed in short-WaV6|eD9th _'”A%g the high structural quality of these embedded QDs. This
GaAs QDS and is responsible for reduced lasing line-

. : - . ) should be contrasted with recent measurements 190 ps

width and increased efficiency at high temperatures in QChopradiative lifetime at room temperature in  short-

Iaser;l.' o wavelength InGaAs/InAs QB8 and ~600 ps in long-
Figure 3 shows the measured lifetime at the ground Statﬁ/avelength QDs obtained by cycled submonolayer

energy as a function of temperatuffdled dots, left axis.  genositior?® On the right axis of Fig. 3 the temperature de-

The decay times in the intermediate temperature range 12;9endence of the integrated cw PL intensity is plotteshpty
K<T<250 K are obtained by fitting on the last portion of

squarey for a pump intensityl ,m=9 W/cn?. In order to

thg decay Curve, With a co'rrespondingly larger fit UNCel-explain the factor of 13 decrease in radiative efficiency at RT
tainty. The lifetime is 1.2 ns independent of temperature fo

, , falong with the relatively large decay time, we must assume
T<50 K, increases with temperature up4@ ns at 150 K,  gjther a long RT radiative lifetime 018 ns, or the exis-

then decreases to 1.8 ns at RT. The constant lifetime value #nce of nonradiative traps in tiig)GaAs matrix around the

low temperatures and the subsequent linear increase Wi§pg \hich would capture the carriers before they relax into
temperature has been predicted theoretitabynd observed

before in self-assembled QBY'' The lateral confinement in Figure 4 shows the the rise dynamics of the QD PL at 5

the QDs produces nonzefoe., nonradiativein-plane wave K, for an average pump intensity of 300 W/&ntorrespond-
vectork, components in the exciton wave function, thus r€-jng to 3.1x 10" cm~2 excited electron—hole pairs per pulse.

ducing the radiative emission rate as compared to W& A this excitation level, the first 3—4 states in the dots are

the temperature increases, excited states having larger valug.q by the pump pulse. The continuous, dashed, and dotted
of k; become populated, and the radiative rate decreases fur- ’ '

ther. The measured low-temperature lifetime of 1.2 ns is
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Time (ns) FIG. 4. PL rise dynamics at detection energies corresponding to the three

lowest energy states in the QD¢ & K and under strong excitation
FIG. 2. Time-resolved PL decays as detected at the QD ground state fdil ,ym,=300 Wicnt, Epump=1.55 eV, detection energy windewt0 me\).
each temperaturéaveragel pm,="9.4 Wicnt, Epump=1.55 eV, detection  The dashed line represents the scattered pump laser pulse. Inset: Ground

window=10 me\). The continuous lines show monoexponential fits. state rise time vs temperaturg, (,,;=300 Wwicnf).
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lines represent the PL detected at energies corresponding toom temperature. The short PL rise timg.=(10*=2) ps,
the ground, first, and second excited states, respectively, ilmost independent of temperature, shows a very rapid, pos-
tegrated over a 40 meV energy range. The PL signals firsibly Auger-mediated intraband relaxation and the potential
rise with a time constant close to the system resolutiorfor high modulation speeds in 18m QD lasers.
(FWHM of laser pulse3.5 p9, then approach the final i )
value with a smaller slope. The rise time, defined as the time ~ ©ON€ of the author¢A.F.) acknowledges financial sup-
from 10% to 90% of the maximum signal, is the same for thePOrt from the EEC-funded COST268 action.
three energies within the system resolutiop.=(10+2) ps.
This value is comparable to the rise times reported for short-
wavelength  InAs/GaAs QDs at similar excitation K. Mukai, N. Ohtsuka, M. Suguwara, and S. Yamazaki, Jpn. J. Appl.
levels!®?1?? The simultaneous rise of the PL signal from Phys. Part 33 L1710(1994.
different states clearly proves that the relaxation tirgdoe- Ei);: g'r:;';' iét?é?lbg%s;(nl’ggé_’\“m’ A. C. Gossard, and J. E. Bowers,
tween states in the dots is not the limiting factor in the PL 3p_ | Huffaker. G. Park, Z. Zou, O. B. Shchekin, and D. G. Deppe, Appl.
rise, i.e.,7g<Tjse. SiNCETs iS also much shorter than the  Phys. Lett.73, 2564(1998.
measured carrier lifetime, we conclude that there is no reIax—?-hi'\é'érG;’A?éd' ?- C'-re’;a“’grvoa-tégilriggé(Al-gg’;”CheL B. Gayral, and V.
ation bottleneck in these Q.D_s, i.e., all carriers requ .to the5K. Nis):ﬂ, H.gééito,)ls. .Sugou, and J.-S. Lee, Appl. Phys. LB41.1111
ground state before recombining. We measured a similar rise(1999.
dynamics at excitation levels down to*t0cm™2 photocre-  °V. M. Ustinov, N. A. Maleev, A. E. Zhukov, A. R. Kovsh, A. Y. Egorov,
ated electron—hole pairs per pulse. Lower excitation levels A V. Lun?v, B. V. Volovik, I. L. Krestnikov, Y. G. Mu;ikhin, N. A. Bert,
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relaxation. In fact, Auger relaxation was shown to be more Kovsh, N. A. Maleev, M. V. Maximov, S. S. Mikhrin, A. F.

; ; ; ot i Tsatsul'nikov, V. M. Ustinov, B. V. Volovik, A. E. Zhukov, Z. I. Alferov,
effective than multiphonon relaxation for excitation densities N. N. Ledentsov, and D. Bimberg, Electron. Le85, (1999.

corresponding te=1 electron—hole pair_ per dot per pulsg IN" 8K Mukai, Y. Nakata, K. Otsubo, M. Sugawara, N. Yokoyama, and H.
InGaAs/GaAs self-assembled QB)sThis also agrees with  Ishikawa, IEEE Photonics Technol. Lettl, 1205(1999.
the theoretical prediction of Ferreira and Bast&dho have ~ °S. Fafard, S. Raymond, G. Wang, R. Leon, D. Leonard, S. Charbonneau,

; ; ~0 1_ _ J. L. Merz, P. M. Petroff, and J. E. Bowers, Surf. 62, 778(1996.
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