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The mobility of hot electrons in gallium arsenide has been measured with subpicosecond time resolu-
tion, following injection by 2-eV femtosecond pulses. The mobility immediately after injection was mea-
sured to be less than 500 cm?2/V-s, indicating efficient electron transfer into the satellite L valleys. The
electron mobility then rose to a quasiequilibrium value of 4200 cm?/V-s, limited by electron-hole
scattering. The rise time was observed to be between 1.8 and 3.2 ps depending on injected carrier densi-

ty.

PACS numbers: 72.20.Ht, 42.65.Re, 71.38.+i

Measurements of the dynamics of hot electrons in
semiconductors are extremely important for advancing
our knowledge of the physics of nonequilibrium phenom-
ena in these materials. They yield information about
carrier-phonon and carrier-carrier interactions, being of
fundamental interest in semiconductor physics. On the
other hand, knowledge of hot-electron dynamics is cru-
cial for the understanding of the physical basis of high-
field phenomena like velocity overshoot, ballistic trans-
port, and resonant tunneling. Previous measurements
have used either electronic or optical techniques to mea-
sure hot-electron relaxation. In the first case, direct elec-
tronic measurements of the drift velocity have been made
by microwave and time-of-flight techniques.'? The time
resolution of these approaches is not, however, sufficient
to resolve directly the relaxation processes occurring on a
time scale varying from tens of femtoseconds to several
picoseconds.  All-optical techniques which measure
transmission or luminescence’ can readily be applied to
the observation of carrier relaxation phenomena and
have subpicosecond time resolution.*~® Unfortunately,
optical probes do not measure electronic transport pa-
rameters, which can only be inferred indirectly from the
optical properties with exact knowledge of the band
structure.

In this paper, we describe an experiment which com-
bines the speed advantage of optical excitation with
direct subpicosecond electrical measurements of the drift
mobility. The use of subpicosecond electrical pulses
which are synchronized to the optical excitation pulse
has made possible the first direct measurements of non-
equilibrium electronic transport on a subpicosecond time
scale. In addition, the measurement does not require
electrodes on the sample and can be calibrated to give
absolute values of the mobility. Our results give direct
experimental evidence for relaxation of hot electrons
from the L valley to the central I valley.

Our experiment uses femtosecond electrical pulses
generated by optical rectification of femtosecond laser
pulses in the electro-optic crystal LiTaO;.”7 These pulses

consist of a single cycle of electromagnetic radiation with
a duration as short as 300 fs and a spectrum that peaks
in the far-infrared range of the electromagnetic spectrum
(=1 THz). A schematic of the experimental setup is
depicted in Fig. 1. Optical pulses of 60 fs duration are
generated in a colliding-pulse mode-locked (CPM) laser
(A =625 nm) and amplified by a copper vapor laser to
=1 ulJ energy per pulse at 8-kHz repetition rate. A
small portion of this beam (=4%) is split off to derive
two beams for the generation and probing of the fem-
tosecond electrical pulse. Both beams are focused in
parallel to spot sizes of 8 um diameter into the 1-mm-
thick LiTaOjs crystal, separated by 20 um (Fig. 1). The
electrical pulse evolves from the generating beam in the
form of a conical Cherenkov shock wave.” The second,
much weaker, probe beam serves to measure the propa-
gating electrical pulse via electro-optic sampling. The
complete waveform can be mapped out by a change of
the time delay 7p0pe between generating and probing
beams.

The GaAs sample is optically contacted to a polished
crystal face of the LiTaO; crystal. The intrinsic sample
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FIG. 1. Schematic of the experimental arrangement.
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is grown by molecular-beam epitaxy on a semi-insulating
GaAs substrate and consists of a 9300-A-thick buffer
layer of GaAs followed by a 1900-A-thick Algs2Gag.sAs
layer, a 4600-A-thick GaAs, and a 105-A-thick
Alp33Gage7As cap layer. The conical wave of the fem-
tosecond electrical pulse sweeps across the surface of the
sample, is reflected, and crosses the probe beam again
after a certain delay time. From the face of the LiTaO3
crystal opposite the GaAs crystal, the remaining 96% of
the 60-fs optical pulse illuminates the sample after pass-
ing through a transmission echelon. The echelon pro-
vides a tilted wave front of the optical pumping beam in
synchronism with the conical wave of the electrical pulse.
The optical excitation pulse creates carriers with a densi-
ty between 5%x10'7 and 1.2x10'" cm ~? within the
2500-A absorption depth with an excess energy of 500
meV for the electrons and 70 meV for the holes.

For each delay Tex of the optical carrier excitation
pulse, the reflected electrical pulse is now recorded. A
series of traces obtained this way is plotted in Fig. 2.
Time zero of the delay T and the time resolution of the
plot is determined by a cross-correlation experiment of
the optical excitation pulse and the optical probe pulse
using the third-order nonlinear susceptibility *® of the
LiTaO; crystal and has a FWHM of 290 fs. The
reflected electrical pulse shape plotted in the rear of the
figure is recorded without optical excitation and repre-
sents the dielectric response of the GaAs crystal without
free carriers. As we go towards the front of the set, the
phase as well as the amplitude changes dramatically. In
particular, the phase changes by 180° as expected for an
insulator-to-conductor transition.

The electric field of the reflected femtosecond electri-
cal pulse E, can be derived from the boundary condition
at the thin conducting layer at the interface between
LiTaO; and GaAs:

E.(t)=roE;(1) =Y U (1), (1)

Time Delay, tprope [PS]

FIG. 2. Reflected electrical pulses for different settings of
the optical pump delay Tex. The dashed line marks the probe
delay at which the data of Fig. 3 were taken.
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where ro is the reflection coefficient of the interface
without the presence of free carriers, J; the sheet current
in the thin conducting layer, and Y =~ (e/uo)'?
x (¢!?cosb; + €3/ cosh,) with 6;, 6, being the angles of
incidence and transmission and €;,¢; the dielectric con-
stants of LiTaOj; and GaAs, respectively. As can be seen
from Fig. 2, only for the short time of carrier injection
around T, =0 does the phase of the reflected electrical
pulse change; it remains nearly constant during the sub-
sequent cooling of the hot carriers. This means that the
sheet current J; follows the electric field E(z) directly
without phase change, so that Ohm’s law is instantane-
ous in time: J;(t) =c(:)E(z). Ohm’s law is valid here
even for hot carriers, since the electric field of the prob-
ing pulse is small (=100 V/ecm). E() =E;(t)+E, (1) is
the driving field of the carriers in the conducting sheet.
We then gain an expression for the reflected electric field
E,:

E,={r0—(l+r0)~i— E,‘=I‘(I)E,'(l), (2)

Y+o,

The expression in braces is the reflection coefficient r(z).
With the reflection coefficient known, the conductivity
o;=Y(ro—r)/(1+r) can be obtained. Our technique
provides at the same time a calibration of the injected
carrier density by comparison of the reflectivity after
complete cooling with the reflectivity estimated from a
Drude model.® Therefore, except for the short time
(=290 fs) during which the carriers are injected, the
mobility of the electron gas can be derived from the ex-
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FIG. 3. The right-hand side of Eq. (3) obtained from the
reflection coefficient r(¢) as function of delay time Tex after
carrier injection. For Tex > 0.3 ps, this parameter is identical
to the carrier mobility 4. The traces a—c correspond to inject-
ed carrier densities of 5x10'7, 5x10'® and 1.2x10' cm 73,
respectively.
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pression

u(t)=C(os/ne)1+r()], (3)

where n; is the sheet carrier density and e the electronic
charge. The mobility u(z) obtained according to Eq. (3)
from the reflection coefficient at fixed probe delay
(marked by a dashed line in Fig. 2) is plotted in Fig. 3.
Since the mobility for the holes is much lower than for
the electrons, the data shown in Fig. 3 represent essen-
tially the electron mobility.

The change of the mobility as a function of delay time
Tex of the optical excitation pulse is shown for three
different injected carrier densities in Fig. 3. The tran-
sient mobility data of Fig. 3 show three extremely in-
teresting features:

(i) The electron mobility immediately after injection is
<500 cm?/V-s. This low value cannot be explained ex-
clusively by the hot-electron distribution in the central I'
valley. For excess energies above the intervalley separa-
tion of 0.31 eV, intervalley scattering must be taken into
account. At 500 meV excess energy, the intervalley
scattering rates are extremely high (zr; =40 fs°), so
that a substantial fraction of the injected electrons will
scatter into the L valley, having a very low mobility of
=250 cm?/V-s.' Monte Carlo simulations show that
under similar conditions, almost 80% of the injected elec-
trons have scattered into the L valley within 200 fs.!!
Therefore, the measured rise time of the mobility can be
attributed largely to the intervalley transfer from the
low-mobility L valley back to the high-mobility T" valley.
These estimates are corroborated by the low initial mo-
bility measured directly after the carrier injection. The
measured time constant of =2 ps for this transfer is
much slower than the initial I'— L intervalley scattering
time, as expected from the difference in the densities of
the final states. The fraction of the electrons remaining
in the central valley evolves rapidly (within < 100 fs)
into a Boltzmann distribution with an electron tempera-
ture 7,> T,. This distribution cools down to the lattice
temperature 7; by LO-phonon emission with a time con-
stant of several picoseconds. Since the mobility changes
associated with this cooling process are small compared
to the intervalley transfer,! the contribution to our mo-
bility data is small.

(ii) The maximum mobility for long delay times
(> 10 ps), when the electron temperature has reached
the lattice temperature, decreases from 4200 cm?/V-s at
a carrier density of 5%10'7 cm ™3 t0 3500 cm?/V-s at
n=5x%10'"" cm 73 and to 2900 cm?/V-s at n=1.2x10"
cm ~3 and even at the lowest carrier density is much less
than the maximum electron mobility of =7000 cm?/V-s
of the sample grown by molecular-beam epitaxy. Be-
cause of the sandwiching of the GaAs between two
AlGaAs layers, surface scattering should be negligible.
Polar optical scattering actually decreases with increas-
ing electron density and yields mobilities at least two

times higher than observed in our measurements.'?
However, photoexcitation injects both electrons and
holes of equal density. Since the holes are much heavier
than the electrons (m, =0.067mo, my =0.5Tmy), they
act as nearly elastic scattering centers for the electrons,
thereby reducing the electron mobility.!> At 300 K the
electron-hole scattering can be adequately described by
the equation for ionized-impurity scattering with the
electron mass replaced by the reduced mass.!* The
agreement of the calculated mobilities with our experi-
mental data is within 20% for the lowest carrier density,
but predicts too low mobilities for the higher electron
densities. This is probably due to the electron gas not
being completely nondegenerate at the highest densities.
Electron-electron scattering, however, is not effective in
reducing the carrier mobility, since the average momen-
tum of the electron gas is conserved during collisions.

(iii) The mobility rise time is strongly affected by the
number of injected carriers. A fit to the data in Fig. 3
reveals an exponential time constant of 1.8 ps at a carrier
density of n=5x10"" cm 73, which increases to 2.6 ps at
n=5x10"" cm ™3 and to 3.2 ps at n=1.2x10" cm 3.
We believe that the dependence of the mobility rise time
on carrier density observed in our experiment is due to
the generation of nonequilibrium LO phonons during the
cooling process. This effect has been shown to decrease
the cooling rate of a highly excited semiconductor plas-
ma considerably*'>16 and will also reduce the intervalley
transfer rate, since LO phonons are emitted during this
process.

In conclusion, we have determined the mobility of hot
photoinjected carriers in GaAs directly with < 300-fs
time resolution using femtosecond electrical pulses. We
find very low electron mobilities (<500 cm?/V-s) im-
mediately after injection as a result of efficient interval-
ley scattering into the L valley. The mobility then in-
creases with a time constant between 1.4 and 3.2 ps for
injected carrier densities ranging between 5x10!7 and
1.2x10'" cm 73, respectively. The measured time con-
stant is largely determined by the intervalley relaxation
process from the low-mobility L valley back into the
high-mobility central valley. To our knowledge, this is
the first direct measurement of this intervalley relaxation
process in GaAs. We find that the equilibrium mobility
(after > 10 ps) decreases with increasing density and is
limited by electron-hole scattering.
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sard, J. H. English, and J. M. Parsey for the expert
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