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Time-resolved four-wave mixing in an InAs/InGaAs/GaAs electrically pumped quantum-dot
amplifier is measured at room temperature for different applied bias currents going from optical
absorption to gain of the device. The four-wave mixing signal from 140 fs pulses shows a transition
from a delayed photon-echo response in the absorption regime to a prompt free polarization decay
in the gain regime. This corresponds to a pronounced reduction of the dephasing time from 250 fs
at zero bias to less than 50 fs at the maximum applied current. The four-wave mixing response at
transparency of the device shows a composite structure with both photon echo and free-polarization
decay. This is a signature of the digital occupation number in quantum dots, resulting at
transparency in a signal from dots occupied with either zero or two excitons corresponding to
absorption or gain of the dot ground state. 2000 American Institute of Physics.
[S0003-695(100)02211-1

The homogeneous optical linewidth of semiconductor  The bias current was tuned from 0 to 20 mA, the latter
quantum dots is a key subject currently under discusSioncorresponding to full saturation of the optical gain in the dot
Besides the fundamental interest in the underlying scatteringround state transition at 1.08m. The maximum modal
mechanisms, the expected superior performances afain is~9 cm %, which is consistent with lasing operation
quantum-dot lasers rely on a delta-like density of statespbserved on a 1.5-mm-long cavityAmplified spontaneous
which is affected by the homogeneous and inhomogeneousmission spectra at the output of the sample are shown in
broadenings. Presently the inhomogeneous broadening diég. 1 at different bias current as indicated. A strongly inho-
to size and/or strain fluctuations in real@Ge)As quantum- mogeneously broadened-60 meV) ground-state transition
dot (QD) structures is believed to exceed the homogeneous observed at low bias current, in agreement with photolu-
broadening, but recent improvements in growth technologyninescence measureméhighich also reveal a separation of
have reduced the observed linewidth to 21 meV in InAs/~110 meV between the dot ground-state transition and the
InGaAs QDS and the question arises: what is tinérinsic ~ wetting layer. With increasing current, filling of high-energy
homogeneous linewidth limit in real QD lasers? In a recenttates and wetting layer transitions-af..0 um is observed.
lette? we reported the dephasing tinffe in InAs/InGaAs  Note that the low energy tail of the ground-state transition
QDs at room temperature, which determines the homogeslightly broadens with increasing current, indicating an in-
neous linewidth (full width at half maximum by y  crease of the homogeneous linewidth.
=2#h/T,. The dephasing time was determined by femtosec- The FWM response of a strongly inhomogeneously
ond time-resolved four-wave mixingfR-FWM) in hetero-  broadened system is a photon echo in real time, and shows in
dyne detectioff,with the dots embedded in a 4Q@0n-long
and 8um-wide ridge-waveguide structure. A homogeneous
linewidth of ~5 meV, weakly dependent on the optical ex-
citation intensity was found and attributed to phonon inter-
action. The sample was a P-I-N junction for electrical injec-
tion and was processed with tilted facets to avoid lasing, but
no electrical bias was applied.

In this letter we report the FWM response of the same
sample in the presence of electrically injected carriers, for
different values of bias currents ranging from absorption to
gain in the ground-state transition of the dots. The purpose is
to investigate the homogeneous linewidth in a real QD laser
at working condition. Details of the sample structure and of T T
the experimental setup can be found in Ref. 3. 950 1000 1050 1100 1150
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delay time between the two exciting pulses. The dotted lines at 0 and 1 mA N 6 a
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the time-integrated signal a delayed maximum as a function -06 -04 -02 00 02 04 06
of the delay time between the two exciting puldeln a reference delay (ps)

homogeneously broadened system the signal is a free-
polarization decay that occurs in real time promptly after theFIG. 3. Time-resolved FWM at fixed delay time of 120 fs between the two
second pulse and has the time-integrated maximum at zegyciting beams for different bias currents, as indicated. A double structure
delay time” The FWM response of the sample at zero biag?ound transparency is clearly resolved.
current is a photon echo with a delayed maximum of the
time-integrated intensity, in agreement with a dominant in-delayed in real time at 0, 1, and 2 mA bias current, as ex-
homogeneous broadening within the spectral pulsewidth. Ipected for a photon echo, while it shows an instantaneous
Fig. 2 the time-integrated FWNTI-FWM) field amplitude is  response above 5 mA. However, around transparency the
shown for different bias currents. Up to 2 mA bias currentoccurrence of @ouble structurevith both a delayed and an
the TI-FWM has a delayed maximum as in a photon echoinstantaneous component is visible.
The dotted lines in Fig. 2 at 0 and 1 mA are numerical  These observations can be explained as follows. The
simulations to the FWM decay at positive delay, obtained byshortening of the dephasing in the presence of electrically
solving the optical Bloch equations of an inhomogeneouslyinjected carriers indicates an increasing carrier—carrier scat-
broadened system for a Gaussian pulse of 140 fs intensitiering of the QD ground state. Below 2 mA the average
width.2 Dephasing times of 250 fs at 0 mA and of 200 fs atoccupation number is less than one exciton per dot, and
1 mA are used in the simulations and agree with a simplearrier—carrier scattering inside the same dot is unlikely. We
exponential fit of the curves at long positive delays. Thethus suggest that scattering with the thermalized carriers oc-
device reaches transparen@ero net number of stimulated cupying the wetting layer is responsible for the slight reduc-
transitiong close to 3 mA bias current, as measured bytion of the dephasing time. Note that a significant number of
pump-probe experimenfsAt this bias the TI-FWM response carriers are present at thermal equilibrium in the wetting
has, at zero delay, the minimum value compared to all othelayer due to its high density of states, everkf is smaller
bias currents, as expected at optical transparency for a nothan the confinement energy in the QDs. At transparency, the
linear signal induced by a density grating. However, the deaverage occupation number is one exciton per dot and the
lay dependence is quite peculiar, with the appearance of aptically induced net density change is zero so that there
delayed signal after the initial decay. When further increasshould be no FWM signal. However, due to the discrete
ing the bias current from 4 up to 20 mA a fast decay of thevalue of the occupation number in QDs, an average occupa-
TI-FWM signal, with no delayed maximum, is observed tion of one exciton per dot is made out of a distribution of
which follows an instantaneous resporidashed line in Fig. dots occupied by zero, one, and two excitons. Even dots with
2). Comparisons with the numerical simulations give an upsmore than two excitons per dot should be present in a small
per limit of 50 fs for the dephasing time at currents largerfraction. The empty dots will then contribute to a photon-
than 4 mA. echo signal, as in the absorption case, with a shortened
The transition from a photon echo to a free-polarizationdephasing time due to scattering with carriers in the wetting
decay with increasing bias current is more pronounced itayer. In the dots occupied by two or more excitons, carrier—
TR-FWM as shown in Fig. 3. Here, the real-time dynamicscarrier scattering inside the dot is possible, and leads to a
of the FWM field is resolved by tuning the delay of the strongly decreased dephasing time. For bias currents above
reference pulse in the heterodyne detectfomhile keeping  transparency, most dots are occupied by two or more exci-
a fixed delay time of 120 fs between the two exciting pulsestons, and the FWM signal is dominated by the fast response.
Zero reference delay corresponds to full overlap of referencélote thatT,<50 fs corresponds tg>26 meV, comparable

and second exciting pulse. The TR-FWM signal is clearlyto the pulse spectral width in the experiment and therefore
Downloaded 05 Feb 2010 to 192.38.67.112. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp
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corresponding to a dominant homogeneously broadened sysie framework of SCOOP and by DFG in the framework of
tem within the pulse spectrum. We should mention that dif-SFB 296. The authors acknowledge Tele Danmark R&D for
ferential transmission experiments performed in the gain rethe donation of part of the equipment.
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