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The interlayer I'-X scattering rate of photoexcited electrons was measured in staggered-

alignment Alo.34GaossAs-AlAs ternary alloy multiple-quantum-well structures.

The scattering

process was directly probed by femtosecond pump-and-probe spectroscopy. The mean I'-X
scattering time of electrons across the interface between Alo34GaocsAs layers and AlAs layers at
4.2 K is determined to be 1.2 ps, which is longer than that observed recently in GaAs-AlAs
short-period superlattices and is 20 times longer than that observed in bulk GaAs at 295 K. The
slowing mechanism is ascribed to the small penetration of the evanescent I' electrons into the

AlAs barrier layers.

The recent femtosecond spectroscopy has opened the
possibility to explore the ultrafast relaxation processes of
photoexcited carriers in semiconductors. Especially, ul-
trafast intervalley scattering of photoexcited electrons in
bulk semiconductors, GaAs and Al,Ga; -, As, was investi-
gated by the state-of-the-art laser technology.! 4 One of
the next targets of the ultrafast laser technology is to ex-
tend its versatility to a variety of materials and to explore
new physics. In this work, we investigated the interlayer
I'-X scattering processes of electrons in staggered-
alignment Alg34Gag¢6As-AlAs ternary alloy multiple-
quantum-well structures. In Al,Ga;-,As-AlAs ternary
alloy multiple-quantum-well structures, the I' electron
state in the Al,Ga; —xAs well layer crosses the X electron
state in the AlAs layer at a certain value of x.°~% When
the Al,Ga;-,As layer thickness is 10 nm, the crossover
was expected to occur at the Al composition of 0.2 and
was verified experimentally.® Around the I'-X crossover,
interlayer I'-X scattering processes are expected to occur.
Therefore, we can study dynamically the interlayer I'-X
scattering processes of electrons by measuring the tem-
poral change of the number of photogenerated I'" electrons
in Al,Ga;-,As layers around the I'-X crossover. The
measured results are compared with the very recent work
by Feldmann et al. which studied the interlayer I'-X
scattering processes of electrons in GaAs-AlAs short-
period superlattices.’

In this work, two samples were mainly investigated.
One is 100 alternate layers of 11.8 nm Al ;2Gag gsAs and
4.2 nm AlAs. The other is 100 alternate layers of 9.2 nm
Alg 34Gage6As and 2.7 nm AlAs. Two subsidiary samples,
100 alternate layers of 9.6 nm GaAs and 9.1 nm AlAs and
those of 9.6 nm Al 4;Gag s9As and 2.8 nm AlAs, were also
used to ascertain the phenomena. The luminescence and
nonlinear absorption study of them were already reported
by one of us.® The study informed us of the band-offset
ratio and the relevant energy levels for our samples.
Energy-level diagrams corresponding to two samples are
schematically shown in Fig. 1. Two samples are represen-
tatives situated at both the sides of the interlayer I'-X
crossover. In the sample Al ;2GagssAs-AlAs, the I elec-
tron state in the Alg 12GagssAs layer is lower than the X,
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L, and T electron states in the AlAs layer. The sample is a
nested-alignment, type-I, multiple-quantum-well struc-
ture. In the Alg34GagesAs-AlAs sample, on the other
hand, the X electron state in the AlAs layer is lower than
the I electron state in the Alg34Gag¢sAs layer. The sam-
ple is a staggered-alignment, staggered type-II, multiple-
quantum-well structure. In fact, the sample shows two
distinct luminescence peaks, I'-I"' and X-I" recombination
peaks, at low temperatures.® Comparing the two samples,
the additional relaxation path, the interlayer transfer of I'
electron in the Alg34Gag¢sAs layer to the X state in the
AlAs layer, is expected for the electrons at the bottom of
the wells in the sample Alg 34Gag¢sAs-AlAs but not in the
sample Alg2Gao ssAs-AlAs. Therefore, our experiments
are motivated to clarify the difference in dynamics of pho-
toexcited electrons in the two samples and the mechanism
of the interlayer I'-X intervalley scattering.

Samples directly immersed in liquid helium or liquid ni-
trogen were investigated. The experiment was performed
using the femtosecond pump-and-probe spectrometer
developed by us. The laser system was composed of a cw
mode-locked Nd3*:YAG laser, the first-stage pulse
compressor, a second-harmonic generator, a synchronous-
ly pumped cavity-dumped dye laser, the second-stage
pulse compressor, and a dye amplifier pumped by a Q-
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FIG. 1. Schematic energy diagrams for two samples, type-1
Alo.12Gao ssAs-AlAs and staggered type-II Alp34GaoessAs-AlAs.
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switched Nd3*:YAG laser. The power of the laser pulses
(583 nm) was 400 uJ with the pulse duration of 260 fs,
which easily generates white continuum pulses. Pump-
and-probe experiments were performed by using 583-nm
pump pulses going through an optical delay and white-
continuum pulses. Pump pulses (583 nm) hit the sample
with a power density of 700 uJ/cm2 The white-
continuum probe pulses transmitted through the center of
the pumped region of the sample were spectrally analyzed
by a 25-cm monochromator, an optical multiple-channel
analyzer, and a computer. The temporal change of the
absorption was observed by the monochromator, a pho-
tomultiplier, and a boxcar integrator with the variation of
the optical delay controlled by the computer.

In the inset of Figs. 2 and 3, the absorption spectra
around the lowest-energy heavy-exciton resonance (I'-
I',n=1) are shown. As is shown, the exciton structure is
clearly observed without the pump. However, the struc-
ture is bleached under the pump. The temporal change of
the absorption coefficient —Aa around the lowest energy
exciton resonance for two samples at 4.2 K are plotted in
Figs. 2 and 3, respectively. In the sample Alg 2Gag ssAs-
AlAs, —Aa rises at a time constant of 1.7 ps, and then is
kept constant. The similar monotonous rise was also ob-
served at the lowest energy exciton resonance in the sam-
ple GaAs-AlAs. In the sample Alg34GagesAs-AlAs, on
the other hand, —Aa rises at a time of 1.2 ps, and then
decreases at a fast decay time of 1.2 ps with a successive
constant tail. The constant tail remains until 400 ps. The
fitting is a convoluted result with the convolution of
squares of sech functions, where the half width of the con-
volution is 400 fs. The results were not altered even at 77
K. The temporal change is the same for the lowest energy
light exciton resonance. Similar characteristics— fast rise
and successive fast recovery (1.0 ps) in the time-resolved
absorption—were also observed in another sample of
Alp.41Gag soAs-AlAs at 77 K. This observation is similar
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FIG. 2. Temporal change of the absorption change of the
lowest heavy excitons denoted by an arrow in the
Alo.12GagssAs-AlAs sample. The dashed line shows the fitting
by 1—exp(—1t/1,) convoluted by the convolution of the laser
pulse shape, where 7, = 1.7 ps. In the inset the absorption spec-
tra with and without pump pulses are shown by dashed and solid
lines, respectively.
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FIG. 3. Temporal change of the absorption change of the
lowest heavy excitons denoted by an arrow in the
Alo34GagesAs-AlAs sample. The dashed line shows the fitting
by [1 —exp(—1t/7,)llexp(—1t/74)+c] convoluted by the con-
volution of the laser pulse shape, where 7, =1.2 ps, 74 =1.2 ps,
and ¢=0.29. In the inset the absorption spectra with and
without pump pulses are shown by dashed and solid lines, re-
spectively.

to the results by Becker et al., if the time scale of their re-
sult is expanded by about 2 orders of magnitude. It is also
similar to the results by Feldmann ez al., although the fast
recovery time in our results is longer than that in their re-
sults.

Here, we must note the mechanism of the exciton
bleaching and what the bleaching intensity stands for. In
our experimental situation, the band-to-band excitation at
4.2 K, the exciton bleaching is considered to occur dom-
inantly as a result of phase-space filling and exchange
effects.'®!! Therefore, the bleaching intensity is mostly
proportional to the I" electron population at the bottom of
the well. The Coulomb screening by the electron-hole
plasma may work also to reduce the exciton absorption in
our experiments. Even if plasma screening works togeth-
er, the reduction of the exciton absorption is expected to
be proportional to the electron-hole plasma density, that
is, the I electron density. Therefore, the decrease in the
exciton absorption represents the I electron population.

In the sample Alp34Gag.66As-AlAs, the I' electron state
in Alg34GagesAs is higher than the X electron state in
AlAs by 100 meV. Therefore, the interlayer transfer of
the T electrons in the Al 34GaggsAs layer to the X elec-
tron state in the AlAs layer is possible. We estimated the
interlayer relaxation rate by the penetration of the I" elec-
tron wave function to the AlAs layer and the I'-X scatter-
ing rate of electrons in AlAs, as shown in the next para-
graph. Fortunately, the I'-X phonon scattering rate of
electrons in GaAs has been a current target of the state-
of-the-art ultrafast laser spectroscopy.! ~* The mean I'-X
scattering time of electrons in GaAs was measured to be
55 fs at 295 K by the femtosecond pump-and-probe spec-
troscopy.* The time almost agrees with the calculated one
on the model of the intervalley scattering with the emis-
sion and absorption of optical phonons.! The scattering
rate is governed by the deformation potential. Because
the deformation potential of AlAs is not known, the I'-X
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scattering rate of electrons in AlAs is assumed to be equal
to that in GaAs.!?

To interpret our observation, we estimated the inter-
layer I'-X transfer rate by the simplest method described
below. The penetration of the I electron wave function to
the AlAs layer, Pr, is estimated by the envelope-function
approximation of Bastard.!> We solved the effective-mass
equation

[—aVY2m* () —E—V()IF(z) =0,

where z is the direction of superlattice growth, F(z) is the
envelope function, V' (z) the potential profile, and m™*(z)
the electron effective mass. The boundary conditions are
given by the continuity of both F(z) and 1/m*(z)
x (8F/9z). Numerical calculations for Alg34GagecAs-
AlAs were carried out with the following parameters, the
electron effective mass in Alg34GagesAs 0.095m, that in
AlAs 0.15m,, the potential-energy gap 0.783 eV and the
well width 9.2 nm.»'>!* The potential-energy gaps for
our samples were determined by the band offset ratio of
0.66:0.34 obtained experimentally.® The estimated
penetration probability of the I'" electrons, Pr, that is the
square of the evanescent I' wave function in the AlAs lay-
er is 0.68% of the total. The small value of Pr comes from
the fairly large thickness of GaAs layers, 9.2 nm, which
prevents the miniband formation. The interlayer I'-X
scattering rate is estimated by the I'-X scattering rate in
AlAs divided by the probability of the I' electron wave
function in AlAs. Thus, the mean interlayer I'-X scatter-
ing time is estimated to be 4.9 ps by dividing 55 fs by
0.0068 and the ratio of the phonon factor [2N(295)
+11/[2N(4.2)+11=1.66, where N(T) is the
longitudinal-optical-phonon occupation number at tem-
perature 7. The observed fast decay time of the exciton
population agrees with the estimation within an order of
magnitude.

The penetration probability of the I' electrons in the
AlAs layer, Pr, and those of the X, and X , electrons in
the Al,Ga;-,As or GaAs layer, Py, for our samples,
Alp 34Gag ¢6As-AlAs and Alp41Gags9As-AlAs, and sam-
ples studied by Feldman et al. are listed in Table I. These
values were calculated in the same way as described in the
preceding paragraph. The calculated values on the basis
of the Kronig-Penney model are also listed.”!> Table I
shows that the essential difference between our samples
and samples studied by Feldmann ez al. lies in the values
of Pr which comes from the difference in the well layer
thickness. Comparing the penetration probability of the
wave functions and the fast recovery time constant z; ob-
served in the pump-and-probe spectroscopy, we can find a
correlation between Pr and 75 but cannot between Py and
74. Therefore, the observed results strongly suggest that
the interlayer I'-X scattering is dominated by the penetra-
tion of the evanescent I' electrons into the AlAs layers.
Although the envelope-function approximation is sim-
plest, we believe that it well describes the real situation at
the interface. The more sophisticated calculation, for ex-
ample, that on the basis of the interface matrix approach
may be useful for the better understanding of the inter-
layer I'-X intervalley scattering. '
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TABLE I. The penetration probability of the I' electrons in
the AlAs layer Pr, those of the X; and Xi,, electrons in the
AlxGa;-xAs or GaAs layer Px, and the fast recovery time con-
stant 74 observed in the pump-and-probe experiments. Proba-
bilities in the upper column are values calculated on the pro-
cedures described in the text. Probabilities in the lower column
are values calculated on the Kronig-Penney model (Refs. 9 and
15).

Pr Py Td

X Xx,y

Alo.34Gag esAs-AlAs 0.68% 1.5% 9.0% 1.2 ps
9.2 nm 2.7 nm 0.75% 3.0% 18%

Alp41Gag soAs-AlAs 0.62% 1.5% 8.9% 1.0 ps*
9.6 nm 2.8 nm 0.68% 3.0% 18%

GaAs-AlAs 10.6% 1.2% 7.4% 130 fs®
2.55 nm 2.55 nm 12% 2.4% 18%

GaAs-AlAs 7.6% 0.097% 0.94% 620 fs®
3.11 nm 6.79 nm 7.5% 0.25% 2.1%

2Measured value at 77 K.
bReference 9.

Comparing our results with those of the preceding au-
thors who investigated the ultrafast intervalley scatter-
ing,! ~* we can fully understand the rise as well as decay
of the exciton bleaching in two samples. In the sample
Alp.12Gag gsAs-AlAs, the X and L electron states in
Alp 12GaggsAs are higher than the I' electron state in
Alp 12Gag 33As by 0.34 and 0.21 eV, respectively. The X
electron state in AlAs is higher than the I electron state in
Alp12Gag g3As by 0.06 eV. The pump laser energy is 2.12
eV which is higher than the X electron state in
Alp.12Gag gsAs by 0.1 eV. Therefore, the electron-electron
scattering, Frohlich-type LO-phonon scattering, I'-X, I'-L,
I'-X-T', and I'-L-T intervalley scattering takes place fre-
quently in the Alg12GagssAs layer. The intervalley
scattering mechanism works to slow down the cooling of I"
electron temperature. Because the exciton bleaching is
proportional to the I' electron population at the bottom of
the well, the rise of the exciton bleaching at a time con-
stant of 1.7 ps is understood consistently with the results
by Shah et al.®> Then, the electron population slowly de-
creases as a result of the competition between the electron
cooling and the radiative and nonradiative annihilations.
In the sample Alp 34Gag¢sAs-AlAs, on the other hand, the
X electron state in AlAs is lower than the I electron state
in Alp 34GagesAs by 0.12 eV. The X and L electron states
in the Alg34Gao¢sAs layer is higher than the I' electron
state in the Alg34GagesAs layer by 0.111 and 0.078 eV,
respectively. The pump laser is higher than the I, L, and
X states in the Alg34Gag¢sAs layer. Therefore, the inter-
valley scattering also works. However, the additional de-
cay channel of the electron population, interlayer I'-X
scattering, arises. This additional decay process contrib-
utes the 1.2-ps decay of the electron population at the bot-
tom of the well. The slow tail part comes from the cooling
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of the electron system.

In summary, we observed the interlayer I'-X scattering
of electrons in the staggered-alignment Alg34Gag e6As-
AlAs ternary alloy multiple-quantum-well structures.
The interlayer I'-X scattering time was determined to be
1.2 ps by the femtosecond pump-and-probe experiments.
The scattering rate is explained by taking account of the
I'-X intervalley scattering rate and the penetration of the
I electron wave function into AlAs layers.
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