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We have investigated intersubband relaxation rates in a stepped quantum well at room temperature
using differential transmission spectroscopy with subpicosecond time resolution. The dynamics of
the subband populations are derived from the experimentally observed reduction of oscillator
strength of the corresponding exciton transitions. In the stepped quantum well the relaxation through
longitudinal optical-phonon emission from+=3 to 1(25 p9 is slower than that from 2 to 220 f9,

due to the reduced wave function overlap and larger wave vector required for intersubband
scattering. When the=3 state is pumped, a population inversion betwe8randn2 (which are
separated by 7 THis observed. ©1996 American Institute of Physi¢&0003-695(96)02404-3

The generation of coherent far-infrared radiati#iR)  the wave function overlap between levels 2 and 1 is larger
in superlattices or multiple-quantum wéNMQW) structures than the overlap between level 3 and 1, and a larger wave
has been a goal for many year§he use of intersubband vector is required for intersubband scattering from level 3 to
transitions to generate coherent far-infrared radiation watevel 1 than for 2 to 1. Thus carrier relaxation via LO-phonon
first successfully demonstrated by J. Faisal,? with a las-  emission frorm=2 to 1 will be much faster than from 3 to 1.
ing wavelength of 4um in quantum cascade lasers. How- From calculations of the intersubband relaxation rates
ever, new structures are needed to generate radiation in thecluding LO- and longitudinal acoustit-A-)phonon scat-
30—-300um regime(1-10 TH2. In this letter, we demon- tering, we find relaxation times/z'~15 ps, ys;~1 ns,
strate how a stepped quantum well structure can modify thg,,*~500 fs fork=0.* To measure these intersubband relax-
intersubband relaxation rates, allowing a population inveration times experimentally, we have used deferential trans-
sion between subbands to be achie¥&#Ve measured the mission spectroscopy with femtosecond resolution, pumping
intersubband relaxation rates in the stepped quantum weind probing across the band gafwo white-light con-
with femtosecond differential transmission spectroscopy anéinuum pulses are generated using a 250 kHz,/21585 fs
experimentally observed the population inversion. Ti:sapphire amplifiet? A fraction from one of the continua,

The stepped QW structure is shown in the inset of Fig. 1ranging from 1.4 to 1.65 eV is used as a broadband probe
The basic idea is to design the structure so that it can behayilse. The dispersion of the broadband probe was compen-
as a four-level laser system, with a population inversion besated by double-pass prism pairs so that transmission spectra
tween levels 3 and 2A pump laser(CO, laser or other IR
source would be used to excite a doped QW, pumping car-
riers from subband 1 to subband 4 or higher subbands. The
energy separation between subband 4 and subband 3
is designed to be greater than the longitudinal optical-
(LO)phonon energy; thus the excited carriers will relax very
fast (within 500 f9 to subband 377 The dominant relaxation
mechanism for relaxation from subband 4 to 3 is polar LO-
phonon scattering, which is proportional to the wave func-
tion overlap and inversely proportional to the square of the
phonon wave vector involvet Thus relaxation to subband
3 will be faster than to the other subbands 2 or 1. By tailor-
ing the well width, barrier width, and the Al composition of
the step region, we can design the energy separation between
subband 2 and 1 to be larger than the LO-phonon energy,
while the 3-2 separation is less than the LO-phonon energy. pump
The carriers in subband 2 will be depopulated very fast to O 5530 720 760 800 543 5a0 335 500
level 1 through LO-phonon relaxation; however, the 3 to 2 Wavelength (nm)
scattering rate will be significantly reduc&!! Furthermore,
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FIG. 1. Time-resolved DTS with resonant E2HH2 excitation at time delays
of 0.35, 0.55, 6, and 15 ps. The peaks correspond to the exciton transitions
dElectronic mail: chunyung@engin.umich.edu bleached by pump-induced carriers.
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of the entire near-band-edge region could be obtained with 0.12
120 fs resolution. A 10 nm bandwidth filter was used to )
select the pump pulse wavelength from the other continuum

. : 0.1
pulse. An optical multichannel analyz€0MA) was used to )
measure differential transmission spedfd'S).

The stepped quantum well sample, grown by molecular 0.08

beam epitaxy, consisted of 20 periods of 100 A GaAs wells
which are surrounded by 150 A MNGa, gsAs step layers
and 100 A A} ,Ga, ;sAs cladding layers. The GaAs sub-
strate was removed over an area~dx2 mm? by selective
etching to allow optical transmission measurements. The po-
sitions of the excitonic peaks in DTS agreed well with cal-
culated values. The calculated subband splitting between the
first and second electronic subband is about 68 meV, almost
equal to two times the LO-phonon energy. The second and
third electronic subband splitting is about 28 meV, smaller
than the LO-phonon energy.

In the valence band, the subbands are neither iSotropiEiG. 2. Time evolution of the spectrally integrated DTS changes at E2HH2
nor parabolic due to the band mixing. Thus the scatterin _nd E1HH1 Fransitions from Fig. 1. The inset shows the data at early time
rate expressions for holes are more complicated than in thides &€ guide to the eye
conduction band case. However, Hopéélal. have measured
a very long relaxation time from HH2 to HHHH, LH, and  attributed to the electronic relaxation between the second and
E mean heavy hole band, light hole band, and conductioffirst subband in the conduction band. This value is very close
band; the number represents subband ihdgout 130 ps to the LO-phonon-mediated scattering time we calculated for
when the heavy hole subband splitting is smaller than th@ur structure. The nonzero amplitude of the E2HH2 transi-
LO-phonon energ% Thus electronic relaxation in the con- tion after the initial decay we attribute to the residual hole
duction band will dominate the time evolution of the DTS population in the HH2 valence band leveThe hole relax-
signal at early time. Furthermore, the contribution to theation from HH2 to HH1 with 11 meV energy splitting is
DTS bleaching is much less than the electron due to théonger 100 ps. Due to poor interface quality in the stepped
much |arger density of states in the valence band. QW, we have interband carrier recombination rate faster than

We performed the measurement at room temperaturfypical value. Thus E2ZHH2 and E1HH1 peaks show slow
without doping or bias. In the case of low optical densitydecays(about 80 psafter the initial fast relaxation.
(—Aad<1), the normalized transmission changeE/ T, are In Fig. 3, we show a series of DTS where the pump has
approximate'y equa' tO‘ACEd The Changes of the reﬂectiv_ been tuned to the E3HH3 transition. |n|t|a”y, the E3HH3
ity are not included, since those changes which were megignal rises with the integral of the pump pulse. Carriers are
sured by differential reflection spectra were smaller than 59pumped directly intan1 contribute to the initial fast rise of
of the DTS signal? In Ref. 14, it has been demonstrated thatE1HH1. The spectrally integrated peak amplitudes are shown
the DTS integrated over the exciton peak associated with & Fig- 4. The fitting curves are obtained from solving the
given subband is proportional to the carrier density in thafollowing coupled rate equations.
subband when the carrier density is below?l@m 2. The AN,
differential transmission versus pumping fluence for our W:_731N3_732N3_7rN3+ N30(t),
sample is plotted in the inset of Fig. 4; the bleaching signal
integrated over one transition peak depends almost linearly dN,
on carrier density. Therefore, the integrated DTS can be used T v32N3— v21N>— ¥, No+ Nog(1),
as a direct measure of the subband population since the sig-
nal is proportional to the number density in each subdand. dN;,

In Fig. 1, we show a series of DTS, where the pump has 5~ = Y2iN2+ vaiNa— 7Ny + N109(t),
been tuned to resonantly excite the E2HH2 transition. Only a
small signal from the E3HHS3 transition is observable in thewhereg(t) is the pump pulse and;, is the initial population
DTS, since we directly pump the E2HH2 exciton. The smallin subband. The best fit to the data has been obtained with
bump at 830 nm, is calculated to be the E1HH3 transitionrelaxation timesyz;' =25 ps,y,; =0.22 ps,ys,; =31 ps, and
The E1HH1 exciton peak also includes a small contributiorthe carrier recombination timer’1=75 ps. Because of the
from E1LH1. A total carrier density 810" cm 2 is esti-  reduced intersubband scattering rate from level 3 to level 1,
mated from the pump power and spot size. The DTS show &;;' shows a much slower decay 25 ps compared with the
peak at E2HH2 which has a fast partial decay as the E1HH1/2_1l fats decay 220 fs. Since the subband split{id§ me\)
peak rises. The spectrally integrated peak amplitudes argetween 3 and 2 is smaller than the LO-phonon ené3gy
shown in Fig. 2. The inset gives a shorter time scale plot. TheneV), ygzl has a decay time 31 ps longer tha@f. How-

220 fs decay of E2HH2 and associated rise of EIHH1 arever, y5, is still faster than the calculated valég ns at
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FIG. 3. Time-resolved DTS with resonant E3HH3 excitation taken at timeF!G: 4. Time evolution of the spectrally integrated DTS changes at E3HHS3,

delays of 0, 0.1, 0.5, and 1 ps. The peaks correspond to exciton transitiofjs21H2, and E1HH1 transitions from Fig. 3. The inset shows spectrally

bleached by pump-induced carriers. integrated DTS values of E3HH3 transition vs pump density. The lines are
solutions to the coupled rate equations.

zone centerk,=0). We attribute this difference to the fast o

intersubband scattering ofk,#0) electrons in the high- to level 1, slow relaxation times 25 ps for-8l and 31 ps

energy tail of the thermal carrier distribution in tme-3 for 3—2. Those measured time constants are consistent with

subband at room temperatu(@,sz is strong|y reduced at low our calculated values. A pOpulation inversion between levels

temperature.Thus electrons scattering fron=3 to 2 main- N=3 and 2 separated by 7 THz has been observed for the first

tains a nonzero population im=2, which remains nearly flat time to our knowledge. Optical pumpin@O, or other IR

over the first 40 ps, as can be seen in Fig. 4. Since the totgourceyfrom n=1 ton=3 in doped structure should be able

E3HH3 decay is on the order of 15 ps, significantly longerto generate FIR radiation in this stepped quantum well struc-

than the E2HH2 deca220 f9, it is clear that the intersub- ture.
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