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Dynamics of carriers in resonantly excited quantum-well lasers studied
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Using infrared picosecond pulses to probe the intersubband absorption of GaAs/AlGaAs
quantum-well lasers following their optical excitation, we directly measure the dynamics of carriers
in these devices. We find no evidence for excitonic gain even at cryogenic temperatures and
resonant excitonic excitation. © 2000 American Institute of Physics. 关S0003-6951共00兲05221-9兴

resonantly probed by a spectrally tuned mid-IR picosecond
pulses at a repetition rate of 80 MHz. These frequency difference generated probe pulses are synchronized with the
pump pulses. The temporal evolution of the ISBA after the
excitation pulse was studied by varying the probe delay time
while measuring the transmission through the IR waveguide
using 4 MHz lock-in detection.13,14 The setup temporal and
spectral resolutions are 4 ps and 1 meV 共both in the visible
and in the IR兲, respectively.
In Fig. 2 共left scale兲 we display the emission spectrum
along the laser cavity at 20 mW excitation intensity. Dashed
共dotted兲 line shows the spontaneous 共stimulated兲 emission as

The dynamics of charge carriers and the lasing mechanisms in semiconductor lasers have been very intensively
studied for many years.1–3 It is commonly accepted that in
bulk and heterostructure based semiconductor lasers, stimulated emission and gain is achieved by the creation of electron and hole plasmas for which their individual quasi-Fermi
energies separation is larger than the semiconductor fundamental band gap.4 However, exciton related mechanisms,
such as stimulated emission through annihilation of localized
excitons,5–7 exciton–exciton interaction or biexciton
decay,8,9 exciton-optical phonon interaction,10 and exciton
condensation,11,12 were also considered.
In this work, we use resonantly tuned visible picosecond
共ps兲 pulse in order to pump the laser sample while the dynamics of the photoexcited electrons is probed by synchronous infrared 共IR兲 pulse which is spectrally tuned into their
intersubband transitions. In this photoinduced absorption
共PIA兲 technique, the IR probe pulse induces optical transitions only between photoexcited carrier levels. In marked
contrast with the commonly used interband probe pulse,1–3 it
does not generate electron-hole pairs. Thus, by avoiding the
exclusion principle restrictions, it is particularly suitable for
testing the lasing mechanism.
The
molecular
beam
epitaxially
grown
GaAs/Al0.33Ga0.67As semiconductor heterostructure laser devices are schematically described in Fig. 1共b兲. The active
region contains 25 periods of a 6 nm thick layer of GaAs
well and a 12 nm thick layer of Al0.33Ga0.67As barrier. Two 1
m thick layers of Al0.5Ga0.5As surround the active region in
order to separately confine the optical mode. In Fig. 1共a兲 we
schematically present the device as prepared for the optical
studies. The two edges of the sample were polished at 45° in
order to enable intersubband absorption 共ISBA兲 measurements using a p-polarized infrared beam.13 The substrate was
then thinned and 600 m cavity length laser bars were
cleaved perpendicular to the 45° polished surfaces.
The lasers were optically pumped at various excitation
densities, I ex , below and above their lasing threshold by an
above band gap, spectrally tunable, cavity dumped ps dye
laser at a repetition rate of 4 MHz. The induced ISBA was

FIG. 1. 共a兲 Schematics of the optical experiment. A visible pump pulse
induces lasing along the cavity direction, while the PIA is probed by an IR
pulse; 共b兲 the layered structure.
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FIG. 2. Above threshold spontaneous 共dashed line兲, and stimulated 共dotted
line兲 emission spectra of the laser sample 共left scale兲 together with its PIA
excitation 共solid line兲 spectrum 共right scale兲. The inset presents 兰 ␣ isb dt.

measured with the excitation spot elongated parallel 共perpendicular兲 to the laser bar. The temporally integrated photoinduced ISBA, 兰 ␣ isb dt, spectrum of the lasers 共inset to Fig. 2兲
is dominated by the E1 – E2 electronic transition at 172
meV. The exciting photon energy dependence of the relative
intensity of this resonance is presented in Fig. 2 共solid line,
right scale兲. The lowest energy heavy- and light-hole excitonic resonances 共HH1 and LH1, respectively兲 are clearly
resolved; we note that the spontaneous 共stimulated兲 emission
peaks at 1.625 共1.615兲 eV, 5 共15兲 meV below the HH1 resonance. In the following measurements, the laser bars are optically pumped at HH1 and are probed at E1 – E2. We measure PIA transients at various intersubband spectral
positions, and then spectrally integrate them in order to follow the dynamics of the photoexcited electron population.
In the left 共center兲 panel of Fig. 3 we display the spectrally integrated ISBA, 兰 ␣ isb dE, transients for three different I ex under nonlasing 共lasing兲 pump spot orientation. The
insets show the temporally and spectrally integrated ISBA,
兰 ␣ isb dtdE, vs I ex . We note that in the nonlasing case, the
average electronic population at E1, as measured by
兰 ␣ isb dtdE, grows sub-linearly with I ex due to the bleaching
of the excitonic resonance at high excitation densities.15 In
this case, 兰 ␣ isb dE decays exponentially with a single characteristic lifetime of ⯝300 ps which is almost independent of
I ex .
Under lasing conditions 共center panel兲, the three I ex values correspond to threshold (⯝10 mW, which we estimate to
be equivalent to ⯝4.5⫻1011 cm⫺2), below threshold 共3 mW兲
and above it 共30 mW兲. We note that below lasing threshold
and at long time after the excitation, the ISBA decays with
the same characteristic single lifetime, as under the nonlasing
conditions. Above threshold, the maximum absorption does
not change much with increasing intensity, which is a clear
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FIG. 3. 兰 ␣ isb dE vs delay time for three pump intensities. The left 共center兲
panel describes the sample in nonlasing 共lasing兲 pumping configuration, and
the right panel describes our model simulations for the lasing configuration.
The insets present 兰 ␣ isb dtdE vs I ex .

indication that the electronic density is clamped to its threshold level. After reaching its maximum, the absorption first
rapidly drops, until it reaches a certain level below which it
continues to decay characteristically. Similar results were obtained for another sample and also for higher, nonresonant
excitation energies.
The dynamic PIA measurements presented in Fig. 3 are
a direct measure of the population of E1 as the time evolves.
As lasing conditions are reached, at or before the end of the
pump pulse (⯝8 ps), E1 is forced to depopulate due to the
immense number of cavity photons during laser action.
Therefore, the maximum of the ISBA is almost unchanged
above threshold. After the electron density drops below
threshold 共at ⯝50 ps), the depopulation of E1 is still rapid
due to yet quite strong stimulated emission. When the electron density drops further 共at ⯝150 ps), the population inversion as well as the photon density decrease, leading to
spontaneous emission only during the last temporal decay
stage. We have quantitatively simulated the transient behavior of the short optical pulse pumped quantum well laser
using a simple two coupled rate equations model. We have
assumed electron and hole plasmas with a single lasing mode
and spatially independent densities:16
dN/dt⫽R⫺N/  ⫺ v g gn ph ,

共1兲

dn ph /dt⫽⫺n ph /  c ⫹⌫ v g gn ph ,

共2兲

where N(t) 关 n ph(t) 兴 is the E1 electron 共cavity photon兲 density, and R(t) represents a Gaussian shaped pump pulse centered at zero time with FWHM⫽4 ps. The confinement factor, dictated by the well to barrier thickness ratio is ⌫
⫽0.33, and the group velocity of light in the active layer is
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v g ⫽0.66⫻1010cm/s. 16 The gain, g(N), as a function of the
carrier density at 10 K is calculated using an eight band k"p
model.17 The E1 electron population spontaneous lifetime is
 ⫽300 ps, as directly deduced from our measurements 共Fig.
3兲.  c is the photon lifetime in the cavity. It depends on the
photon round-trip time, T⫽2nL/c, and on the mirror reflections (R 1 ,R 2 ) and cavity loss ( ␣ 0 ):  c ⫽T/ 关 2 ␣ 0 L
⫺ln(R1R2)兴⫽6 ps.
The calculated electron density as a function of time for
the estimated experimental I ex is presented in Fig. 3 共right
panel兲. In general, our simple model calculations quantitatively describe the experimental measurements. In particular
the ‘‘clamping’’ of the carrier density to its threshold density
by the stimulated emission18 is quantitatively reproduced
共see inset兲. In one detail, however, there is a significant deviation between the experiment and model. The calculations
give a temporally short (⯝1 ps) significant increase in the
carrier density when it reaches threshold, and before the increasing photon density force it back to its threshold value.
This behavior was not observed experimentally, probably
due to lack of temporal resolution.
In summary, using a unique time-resolved optical technique, we are able to directly measure the dynamics of carriers in resonantly optically pumped GaAs/AlGaAs quantum
well lasers. We find that lasing starts at the end of the resonant excitation pulse and that it lasts for about 40 ps. During
lasing the carrier density is almost clamped to its threshold
value. Our theoretical analysis yields that even at the favorable conditions of cryogenic temperature and resonant excitonic excitation, there is no indication for excitonic gain in
these devices.
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