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Hole relaxation in p-type In, Ga,_, As/Al,Ga,_,As quantum wells observed
by ultrafast midinfrared spectroscopy
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We have performed midinfrared pump-probe transmission measurements in p-type strained
Iny sGay sAs/Aly sGag sAs quantum wells at room temperature. The laser source was a midinfrared
free-electron laser generating subpicosecond pulses and tuned on resonance between the heavy-hole and
the light-hole subbands. The relaxation time is ~ 1 ps, which is shorter than for electrons in the conduc-
tion band. Interactions between the optical phonons and holes account for the measured relaxation.

The mechanism of intersubband relaxation in quantum
wells (QW?’s) is very important from a fundamental phys-
ics perspective and for device applications. Recent mea-
surements performed by infrared bleaching techniques in
n-type QW’s have revealed a relaxation time ranging
from 1 to 10 ps when the well is narrow enough to make
the intersubband transition energy larger than the LO-
phonon energy, so that electron—LO-phonon scattering is
allowed.! ~3 These relaxation times are longer than the
theoretical predictions.* This discrepancy is believed to
result from the complexity of the band structure and ex-
perimental conditions, such as the combined effects of
LO-phonon screening, intervalley scattering, and hot
phonons.>  Subpicosecond time-resolved anti-Stokes
Raman-scattering measurements give an intersubband re-
laxation time of less than 1 ps when a very low excitation
intensity was employed.® For p-type quantum wells, the
density of states and the band structure are different, and
it would be interesting to determine the roles of different
scattering mechanisms, such as LO-phonon scattering
and the optical deformation-potential scattering. A
determination of the cooling rate for holes performed by
time-resolved photoluminescence yielded a relaxation
time of 1 ps.7 However, these measurements are not
direct since both electrons and holes were present. A
direct determination requires that no electrons be photo-
generated. Free-electron lasers can generate infrared
pulses and are suitable for pump-probe experiments.® In
this paper, we report a direct measurement of the relaxa-
tion time of holes in p-type quantum wells by the pump-
probe technique using < 1-ps pulses generated by a
midinfrared free-electron laser.

The samples used in our experiments were strained
quantum wells grown by molecular-beam epitaxy (MBE).
Because of the significant lattice mismatch between
In,Ga,_,As and Al,Ga,;_,As, a 2-um-thick buffer lay-
er, in which the indium concentration varied linearly
from O to 30%, was grown between the QW layer and the
GaAs substrate in order to obtain high quality samples.’
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The substrate temperature during the growth of the
quantum wells was between 450 and 525°C. The QW lay-
er consists of 50 Iny sGay sAs/Al, sGa, sAs periods. The
Iny sGay sAs well was 4 nm wide, and the Al ;Gaj sAs
barrier was 8 nm wide. Thin 5.7-A-thick GaAs smooth-
ing layers were added at the interfaces for optimal
growth.” Two samples were grown: one in which the
whole quantum-well layer was doped by Be, and another
one which was undoped to provide a good reference in
the linear absorption measurement. The dopant concen-
tration is 10 cm™3, and the sheet density is thus
1.2X 10'* cm ™2 if the carriers are all transferred to the
wells.

The room-temperature Fourier transform infrared
(FTIR) spectrum is shown in Fig. 1. The signal for the
undoped sample was used as the reference. As a result
the etalon effects from the epitaxial layer could be elim-
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FIG. 1. Infrared absorption of the QW sample. The strong
absorption is due to the heavy-hole 1 to light-hole 1 transition
as indicated in the inset. A is the strain-induced energy split-
ting.
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inated and a clean absorption spectrum was obtained.!®
An absorption peak was observed at 5.25 um (220 meV)
with a full width at half maximum (FWHM) of 50 meV.
We attribute the absorption peak of Fig. 1 to the heavy-
hole 1 (HH1) to light-hole 1 (LH1) transition as indicated
in the inset. A simple effective-mass approximation mod-
el was used to estimate the absorption peak position. The
strain-induced energy splitting between the heavy-hole
state and the light-hole states is A=150 meV,'! while the
quantum-confinement-induced energy splitting is 90 meV
at k=0. As a result the total-energy difference between
the heavy- and light-hole states is estimated to be 240
meV, which is consistent with what we observed in the
absorption spectrum (220 meV). The absorption peak is
very wide compared to that in n-type quantum wells,
where typically the peak width is a few meV.!° The hole
gas in our sample is highly degenerate because of the high
doping level and the small in-plane effective mass of the
heavy-hole bands. Since the effective masses in the HH1
and LH1 bands are quite different, the absorption spec-
trum is expected to be very broad. State broadening due
to hole-hole scattering can also contribute to the width of
the absorption peak.'? We cannot exclude that inhomo-
geneities introduced during growth, i.e., fluctuations of
the well width and possible relaxation of the strain, may
play a secondary role. From our calculation, there is also
another state (heavy hole 2), which is located approxi-
mately 100 meV away from HH1. We cannot resolve this
transition in our FTIR spectrum because the Fermi ener-
gy is below the HH2 subband edge.'> The existence of
this state provides another channel of relaxation, which
increases the rate at which the holes can be scattered
from the LH]1 subband.

We performed equal-wavelength pump-probe measure-
ments at room temperature near 5 um. We used the
Stanford picosecond free-electron laser (FEL) as the laser
source. The output of the FEL was a macropulse train
with a repetition rate of either 10 or 20 Hz and a macro-
pulse duration of 3 ms. Each macropulse was made of a
micropulse train with individual pulses separated by 85
ns and of a duration that is less than 1 ps. The laser was
tunable from 4 to 6 um. A single-pulse selection tech-
nique was used to reduce the thermal effects during the
experiments. The pump and probe were focused to a spot
size of ~50 um. The peak intensity of the pump pulse
on the sample was varied from 0.1 to 10 GW/cm?. The
ratio of the intensities of the probe pulse and the pump
pulse on the sample was less than 1:5. The transmitted
probe light was detected by a fast detector. The
difference between the transmission of the sample with
and without the pump was measured as a function of the
delay time between the pump and the probe pulses.

The change of transmission measured at 5.05 pm with
a pump intensity of 1.5 GW/cm? is shown in Fig. 2 on a
linear scale. For the analysis of the data, we assumed a
two-level system and used the population equations as de-
scribed in Ref. 14:

sz__aI(t) N,
dt  hv (N1 =N2) T’ oY

where N is the population in the ground state, N, is the
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FIG. 2. Pump-induced transmission change of the probe
beam for a pump intensity of 1.5 GW/cm? measured at 5.05 um
as a function of the delay time, on a linear scale. The solid line
is the best fit using an exponential relaxation with 7=1.1 ps.
The dashed line is the autocorrelation signal.

population in the excited state,-o is the absorption cross
section, and 7 is the relaxation time. The induced
transmission change AT in the probe is

AT [ % It—1p)(N, =Nyt , 2

where t; is the delay time between the pump pulse and
the probe pulse. The above equations were solved numer-
ically and fit to the experimental data to extract the relax-
ation time 7. The solid line in Fig. 2 corresponds to a re-
laxation time 7=1.1 ps and is the best fit. The dashed
line is the pulse autocorrelation. It has a Gaussian shape
and the pulse duration is 0.7 ps. It must be noted that, in
this simple fit, the spatial profile of the beams was not
taken into account, which puts a limit on the accuracy of
the relaxation time we extracted.

In Fig. 3, we plot the same data on a logarithmic scale,
together with theoretical curves calculated using 7=0.5,
1.1, and 1.5 ps, to show our ability to extract with pre-
cision a relaxation time slightly longer than the pulse
duration. We also measured the signal at different excita-
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FIG. 3. Pump-induced transmission change of the probe
beam for a pump intensity of 1.5 GW/cm? measured at 5.05 um
as a function of the delay time, on a logarithmic scale. The fits
assumed an exponential relaxation with 7=0.5, 1.1, and 1.5 ps.
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FIG. 4. Peak value of the pump-induced transmission change
of the probe beam as a function of pump intensity at 5.05 um.
The solid line corresponds to the best fit with a saturation inten-
sity of 3 GW/cm? and a complete bleaching AT(I— o)
=3.6%.

tion intensities. Figure 4 shows the maximum induced
transmission as a function of the relative intensity. The
solid line is a best fit assuming a homogeneously
broadened two-level system. The saturation intensity ob-
tained in this way is 3 GW/cm?. The complete bleaching
is AT(I— 0 )=3.6%. This saturation intensity is
significantly higher than that in n-type quantum wells.!
There are at least two reasons for this difference. First,
the absorption cross section for our p-type sample is
much smaller (by about one order of magnitude) than
that for n-type quantum wells. Second, the saturation in-
tensity measured here is not exactly the saturation inten-
sity for a two-level system but rather the intensity neces-
sary to draw all of the carriers out of the two-level sys-
tem. This is shown more clearly below. The data in Figs.
2 and 3 were taken to at pump intensity of 1.5 GW/cm?.
We also performed pump-probe measurements as a func-
tion of pump intensity. The relaxation time increases
with increasing intensity, but in all cases it remains well
below 2 ps. Figure 5 shows relaxation times at different
excitation intensities. The data clearly show a trend to-
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FIG. 5. Relaxation time as a function of pump intensity at
5.05 um. The solid line is a guide to the eye.
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ward increasing relaxation times with increasing excita-
tion intensity. Finally we tuned the laser in the absorp-
tion band from 4.75 to 5.26 um. As is expected from a
homogeneously broadened system, the relaxation time
appeared to be wavelength independent within the accu-
racy of our measurements.

In order to explain our experimental results, we per-
formed calculations for both LO-phonon scattering and
optical deformation-potential scattering in the way indi-
cated in Refs. 4 and 15. A guided mode model is used to
describe the phonons.!* The matrix element for the
scattering process is proportional to I*(k,k’), where k
and k' are the wave vectors of the initial and final states,
respectively, and I%(k,k’) is the overlap term, which is
equal to (1+3 cos20k)/4 for intrasubband scattering, and
is equal to 3/4sin%g, for intersubband scattering, where
0, is defined as the angle between k and k’.!®* We simply
assume a parabolic band structure and ignore the mixing
between heavy-hole and light-hole bands resulting from
quantum confinement effects. Screening is included as
given by Asada.!? The screening length is calculated as-
suming a completely degenerate hole gas. At room tem-
perature scattering with photons is mainly through emis-
sion. The calculations show that the LO-phonon-
scattering rate is smaller than the optical deformation-
potential scattering rate for both intersubband (LHI1-
HH1 and LH1-HH2) and intrasubband (HH1-HHI)
scattering. The LH1-HH1 scattering rate due to defor-
mation potential scattering with screening is approxi-
mately 0.5 ps~!. It is smaller than the intrasubband
scattering rate by a factor of 2, and is significantly small-
er than that obtained by others with a larger effective
mass.!” The LH1-HH2 scattering rate is approximately 1
ps~!. Thus the total rate at which the holes are scattered
away from the excited subband (LH1) is 1.5 ps~'. The
HH2-HH1 scattering rate is approximately 2 ps~ ', which
is faster than all the other scattering processes mentioned
above.

Using these considerations as a guide, we can draw a
schematic diagram of the scattering processes as shown
in Fig. 6. The holes in the excited subband (LH1) relax to
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FIG. 6. Schematic diagram of the absorption and scattering
processes between two subbands in k space. The carriers are
excited to the upper subband (LH1) by the pump beam, and
scatter to the lower band through LO-phonon scattering
through two channels: LH1-HH1 and LH1-HH2-HH]1, are then
thermalized by hole-hole scattering, and finally cool down
through optical- and acoustic-phonon emission.
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the ground state (HH1) by two different routes. The first
is when they are scattered directly to the HH1 subband.
The second is when the holes relax in two steps, first to
the HH2 subband and then to the HH1 subband. In both
cases, relaxations are accomplished mainly by optical
phonon emission on a time scale of 1 ps or less. Subse-
quently, the hot holes in the HH1 subband cool down.
This step is more complicated since hole-hole scattering
can cool the hot holes by transferring energy to the cold
hole reservoir. This process is very efficient due to the
high degeneracy of the hole gas in our sample. However,
it is generally very fast'® and is out of reach of our pi-
cosecond time resolution experiments. This suggests that
the relaxation observed in our experiments is mainly due
to intersubband scattering. The relaxation time of ~0.6
ps calculated using our simple model is comparable to the
relaxation time we observed. Careful theoretical treat-
ments will be needed to provide a more quantitative com-
parison with our experimental results. Finally, the in-
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crease of the relaxation time as the excitation intensity in-
creases is probably not due to the hot phonons,!® because
they would increase the initial scattering rate. The in-
crease of the relaxation time may be caused by the fact
that at high injection levels, the ground state stays deplet-
ed for a longer time.

In conclusion, we report a measurement of the intra-
valence band relaxation in p-type quantum wells by the
infrared bleaching technique. Relaxation times in the 1-
ps range were observed. We attribute this relaxation time
to the intersubband scattering with optical phonons.
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