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Dynamics of carriers in resonantly excited quantum-well lasers studied
by intersubband absorption
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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. @000 American Institute of PhysidsS0003-695000)05221-9

The dynamics of charge carriers and the lasing mechaesonantly probed by a spectrally tuned mid-IR picosecond
nisms in semiconductor lasers have been very intensivelpulses at a repetition rate of 80 MHz. These frequency dif-
studied for many years:2 It is commonly accepted that in ference generated probe pulses are synchronized with the
bulk and heterostructure based semiconductor lasers, stimpump pulses. The temporal evolution of the ISBA after the
lated emission and gain is achieved by the creation of ele@xcitation pulse was studied by varying the probe delay time
tron and hole plasmas for which their individual quasi-Fermiwhile measuring the transmission through the IR waveguide
energies separation is larger than the semiconductor fundasing 4 MHz lock-in detectiof®** The setup temporal and
mental band gap.However, exciton related mechanisms, Spectral resolutions are 4 ps and 1 m@éth in the visible
such as stimulated emission through annihilation of localized@nd in the IR, respectively.

excitons>™’ exciton—exciton interaction or biexciton In Fig. 2 (left scale we display the emission spectrum
decay®® exciton-optical phonon interactidfi,and exciton along the laser cavity at 20 mW excitation intensity. Dashed
condensatioA*2were also considered. (dotted line shows the spontaneo(stimulated emission as

In this work, we use resonantly tuned visible picosecond
(ps) pulse in order to pump the laser sample while the dy- (a)
namics of the photoexcited electrons is probed by synchro-
nous infraredIR) pulse which is spectrally tuned into their IR detector
intersubband transitions. In this photoinduced absorption v.
(PIA) technique, the IR probe pulse induces optical transi-
tions only between photoexcited carrier levels. In marked
contrast with the commonly used interband probe ptitdé,
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/Al 3 Ga gAS semiconductor heterostructure laser de- S
vices are schematically described in Figh)l The active
region contains 25 periods @ 6 nmthick layer of GaAs

active layer

well and a 12 nm thick layer of AkdGa, ¢AS barrier. Two 1 b " .
. : : . L Growth directi
um thick layers of A} sGa, sAs surround the active region in ®) SR LLLL L Al composition
order to separately confine the optical mode. In Fig) fve
schematically present the device as prepared for the optical Al“fj;’fAs Al"flar;’:As

studies. The two edges of the sample were polished at 45° in
order to enable intersubband absorptid8BA) measure- Active layer 460 nm
ments using @-polarized infrared beart? The substrate was £0.33
then thinned and 60Q.m cavity length laser bars were S—
cleaved perpendicular to the 45° polished surfaces.

The lasers were optically pumped at various excitation Lo
densities| .., below and above their lasing threshold by an |
above band gap, spectrally tunable, cavity dumped ps dye 25x GaAs/Al,,Ga As 6/12nmm

laser at a repetition rate of 4 MHz. The induced ISBA was

FIG. 1. (a) Schematics of the optical experiment. A visible pump pulse
induces lasing along the cavity direction, while the PIA is probed by an IR
¥Electronic mail: itay@engineering.ucsb.edu pulse;(b) the layered structure.
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FIG. 2. Above threshold spontaneoigished ling and stimulateddotted Delay time (ps)

line) emission spectra of the laser samflkft scale together with its PIA

excitation(solid line) spectrum(right scalg. The inset presentfa;spdt. FIG. 3. f a;o,dE vs delay time for three pump intensities. The lefentey

panel describes the sample in nonlasilaging pumping configuration, and

) o the right panel describes our model simulations for the lasing configuration.
measured with the excitation spot elongated pargeipen-  The insets preserfte;,dtdE vs | oy.

diculan to the laser bar. The temporally integrated photoin-

duced ISBA.J asdt, spectrum of the lasefinset o Fig- 2 i gication that the electronic density is clamped to its thresh-
is dominated _l?y thee1-E2 electronic transition at 172, old level. After reaching its maximum, the absorption first
meV. The exciting photon energy dependence of the relative, 4y, grops, until it reaches a certain level below which it

intensity of this resonance is presented in Figs@lid line,  c,ntinyes to decay characteristically. Similar resuilts were ob-

right scal¢. The lowest energy heavy- and light-hole exci- (aineq for another sample and also for higher, nonresonant
tonic resonancesHH1 and LH1, respectivelyare clearly ., .itation energies

resolved; we note that the spontane@itsmulated emission The dynamic PIA measurements presented in Fig. 3 are
peaks at 1.6251.613 eV, 5(15) meV below the HH1 reso-  , yiract measure of the population®t as the time evolves.

nance. In the following measurements, the laser bars are ofg |asing conditions are reached, at or before the end of the
tically pumped at HH1 and are probed®t —E2. We mea- ;5 nyise £8 ps), E1 is forced to depopulate due to the

sure PIA transients at various intersubband spectigf,mense number of cavity photons during laser action.
positions, and then spectrally integrate them in order to fo"l’herefore, the maximum of the ISBA is almost unchanged

low the dynamics of the photoexcited electron population. ap,,ve threshold. After the electron density drops below
In the left (centej panel of Fig. 3 we display the Spec- yhreqhoid(at =50 ps), the depopulation @1 is still rapid
trally integrated ISBAJ a;s,dE, transients for three differ- 6 ¢4 yet quite strong stimulated emission. When the elec-

gntlex under nonlasinglasing pump spot or.ientation. The tron density drops furthefat =150 ps), the population in-
insets show the temporally and spectrally integrated ISBA,q jon as well as the photon density decrease, leading to

JaispdtdE, IVS lex. We not:e that in the nonlasing case, the g,ntaneous emission only during the last temporal decay
average electronic population &1, as measured by qia00 We have quantitatively simulated the transient behav-
J aispdtdE, grows sub-linearly with e, due to the bleaching o “of the short optical pulse pumped quantum well laser

Orf. the excitonic resonance at high'e|>|<cita'tiﬁn dgnsli‘t?dsrl] using a simple two coupled rate equations model. We have
this casef aispdE decays exponentially with a single char- »qqmed electron and hole plasmas with a single lasing mode
acteristic lifetime of=300 ps which is almost independent of _ 4 spatially independent densitids:

I ex-

Under lasing conditionécenter pang) the three ., val- dN/dt=R—N/7—vygny, 1)
ues correspond to threshole 0 mW, which we estimate to dne/di= — e/ 7+ To-an @)
be equivalent te=4.5x 10" cm~?), below threshold3 mW) ph ph/ Te 1 UgGMph,

and above (30 mW). We note that below lasing threshold whereN(t) [n,(t)] is theE1 electron(cavity photon den-

and at long time after the excitation, the ISBA decays withsity, andR(t) represents a Gaussian shaped pump pulse cen-
the same characteristic single lifetime, as under the nonlasingred at zero time with FWHM4 ps. The confinement fac-
conditions. Above threshold, the maximum absorption doesor, dictated by the well to barrier thickness ratio Iis

not change much with increasing intensity, which is a clear=0.33, and the group velocity of light in the active layer is
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