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Nonequilibrium phonon spectroscopy: A new technique for studying
intervalley scattering in semiconductors
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We present a new technique for studying intervalley scattering of hot carriers by phonons in
direct-band-gap semiconductors. This technique utilizes the nonequilibrium optical-phonon
population generated by the relaxation of photoexcited hot carriers as an internal probe of inter-
valley scattering of hot carriers. As an illustration of this technique the deformation potentials
of intervalley electron-phonon interactions in GaAs have been deduced. Our results are in good
agreement with values measured by other methods.

The ideas behind the generation of nonequilibrium
optical phonons by photoexcitation are fairly well
known. ' Electron-hole pairs can be created in a
direct-band-gap semiconductor by photons of energy,
teel, larger than the band gap Eg. If the kinetic ener-

gy of these photexcited carriers are much larger than
the thermal energy ksT (ks being the Boltzmann
constant and T being the lattice temperature) the car-
riers are known as hot carriers. Hot carriers typically
relax to the band extrema by emission of optical pho-
nons. In many polar semiconductors, such as GaAs,
this relaxation proceeds via emission of longitudinal
optical (LO) phonons in a very short time, typically—10 "sec (picosecond or psec). ' The LO phonons,
on the other hand, have lifetimes of the order of 10
psec. 3 If one excites the hot carriers with a pi-
cosecond laser pulse, the LO phonon population will
rise temporarily above the thermal equilibrium value.
This transient nonthermal equilibrium population of
phonons has been called "hot phonons" in the litera-
ture. 4 5 There are several ways to detect this none-
quilibrium phonon population. The simplest tech-
nique is to use the same excitation photons to probe
the phonons by Raman scattering. .It is well known
that o-As, the cross section for the anti-Stokes Raman
mode, is proportional to the phonon population N~
while Stokes Raman cross section cps is proportional
to 1+N, . The phonon population is given simply by
o As(o $ 0 A$) . The advantage of this technique is
that precise absolute measurements of Raman cross
sections are not necessary since N, depends only on
the ratio o As/o $. The limitation of this technique is
that Rarnan scattering probes the zone-center pho-
nons only. Hot phonons in several semiconductors
have been studied in this way using both cw and
pulsed lasers. 4 5 The lifetime of such optically excited
hot phonons in GaAs has recently been measured by
von der Linde et al.

In this Communication we propose to utilize the
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FIG. 1. Schematic band structure of GaAs. Arrows 1, 2,
and 3 represent, respectively, intravalley scattering of elec-
trons by LO phonons, intervalley scattering of electrons by
zone-edge phonons to the L and X conduction minima.

nonequilibrium phonon population as an internal
probe of any intervalley electron-phonon scatterings
which may compete with the intravalley scattering
processes responsible for the hot phonon generation.

Figure 1 shows schematically the band structure of
a direct-band-gap semiconductor like GaAs. We no-
tice that the conduction band contains higher-energy
minima at X and L points of the Brillouin zone. The
simple picture presented above is valid only when the
kinetic energy of the photoexcited hot electrons is
below these higher minima. When the electron ener-
gy is larger than these higher-energy minima the hot
electrons can be scattered into the X and L minima
by emission of zone-edge phonons. These interval-
ley scattering processes (indicated by arrows labeled 2
and 3 in Fig. 1) are often stronger than the intraval-
ley scattering processes (indicated by arrow 1) be-
cause of the larger density of final states. For exam-
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pie, transfer of hot electrons from the I' valley to the
X valley in GaAs is responsible for the Gunn effect. 2

Since intervalley scattering reduces the amount of hot
carriers generating the hot phonons one should ob-
serve a decrease in N, when the photon energy tao; is
larger than the indirect band gaps I'-I. and 1-Xas
shown in Fig. 1. Thus by monitoring N, as a func-
tion of flu& one can determine, in principle, the direct
band gaps and also intervalley electron-phonon in-
teractions. In the rest of this paper we demonstrate
the feasibility of this idea in GaAs.

Our experimental setup is shown schematically in
Fig. 2. The sample is a high purity (ND, Nz 10'4
cm '), 4-p, m-thick layer of GaAs grown by liquid
phase epitaxy. The sample surface orientation is
(100) and excited by a mode-locked dye laser beam
polarized along the [010] direction. The dye laser
consists of a train of & 4-psec-long pulses separated
from each other by —12 nsec. The dyes used were
R66 and DCM7 allowing the excitation photon ener-

gy to be tuned continuously from 1.75 to 2.15 eV.
The laser pulse lengths are monitored continuously
by an autocorrelation setup to ensure that pulse
lengths do not vary with photon energy and time.
The photoexcited LO phonon population is deter-
mined by Raman backscattering with the same dye
laser beam. From Raman selection rules the radia-
tion scattered by the LO phonon is polarized along
the [001) direction. The scattered photons are
analyzed with a double monochromator and photon
counting electronics. A microcomputer calculates N,
from the Stokes and anti-Stokes Raman intensities
after correction for spectral response of the system
and the variations in the penetration depth of the in-
cident and scattered radiations.

The average power of the dye laser incident on the
sample is typically & 80 mW. The laser is not very
tightly focused on the sample to minimize heating up
the sample which is cooled to —10 K by helium ex-
change gas. the density of photoexcited carriers is es-
timated to be between 10' to 10"cm '. At higher
excitation densities the Raman spectra are complicat-
ed by appearance of a strong luminescence back-
ground and screening of the LO phonon by photoex-
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cited carriers. ' The lattice temperature as deduced
from the photoluminescence spectra and the frequen-
cy of the LO phonons is & 15 K. At this tempera-
ture the thermally excited LO phonon population is
completely negligible. However, due to optical
pumping by the dye laser pulses we have observed N,
as large as 0.4. We have convinced ourselves that
this large LO phonon population is not due to heating
or other antifacts of the system by repeating the ex-
periments with the dye laser running cw and by
measuring the population of the TO phonons which
do not couple to electrons as strongly as the LO pho-
nons. ' In both cases no hot phonons were detect-
able, consistent with the fact that heating of the sam-
ple by the laser is minimal.

In Fig. 3 we plot the measured values of Nq as a
function of the excitation photon energy tee, (solid
circles). As expected, there is a sudden drop in N~
for leo; & 2.10 eV when the photoexcited electrons
have sufficient energy to be scattered into the X val-
leys. However, no decrease in N, was detectable
within experimental accuracy at leo& & 1.90 eV, where
intervalley scattering into the L valleys is expected to
occur.

To understand our results quantitatively we have
performed a model calculation based on Fig. 1 under
these assumptions: (1) Optical transitions from the
light- and split-off-hole bands are neglected compared
to transitions from the heavy-hole band (2) H. ot
phonons emitted by the hot holes are negligible by
comparison to those emitted by hot electrons. (3)
Only spontaneous emissions of LO phonons by the
hot carriers are included in the model. With these
assumptions the LO phonon population can be ob-
tained by solving the following rate equations".
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FIG. 2, Experimental setup for observing nonequilibrium
optical phonons in GaAs. The Brewster angle prisms are
used to filter the fluorescence from the dye laser.

FIG. 3. LO phonon population Nq in GaAs plotted as a
function of excitation photon energy. The solid circles are
experimental points while the solid curve is the result of a
model calculation discussed in the text. The arrows labeled
as I'-L and I -X represent, respectively, the photon energies
for the onset of I to L and I' to X intervalley scatterings ac-
cording to pseudopotential band-structure calculation.
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where fk is the distribution function of the electron
with wave vector k. (Bfk/Bt)~ stands for the optical
generation rate of electrons while (Bfk/Bt), ,» is the
rate at which electrons are scattered out of the state k
due to LO phonons. (BN,/8r ), » is the LO phonon
generation rate due to the hot-electron relaxation.
is the LO phonon lifetime. v k

' is the rate of decay of
electrons in state k due to any process not involving
the LO phonons. For electrons not energetic enough
to undergo intervalley scattering, 7.k is of the order of
nanoseconds due to radiative recombination so fq/Tk
is negligible compared to (Bfk/Br), „h. When the
electron is energetic enough to scatter into the X and
L valleys, Tk is determined by the intervalley scatter-
ing rates which can be calculated from the intervalley
deformation potentials Dr & and D& J.

The solid curve in Fig. 3 has been obtained by nu-
merical intergration of Eels. (l) and (2) using the
band structure of GaAs obtained by empirical pseu-
dopotential calculation. ' There are two adjustable
parameters in achieving the good agreement between
theory and experiment. The photoexcited carrier
density is adjusted to fit the experimental values of
N~ at f~; —2.0 eV. The carrier density of 3 x 10'
cm deduced is close to what we estimate from the
laser intensity and absorption coefficient of GaAs.
The value of the deformation potential Dr.~ is ad-
justed to 1.1 x 109 eV/cm to fit the decrease in N,
around 2.10 eV. This value of D& & is in excellent
agreement with the value deduced by Vinson et al. '

The fact that the theory reproduces the photon ener-

gy at which this drop occurs to within —10 meV is a

tribute to the accuracy of empirical pseudopotential
band-structure calculations. Since we did not observe
a drop in N~ due to the I"-L intervalley scattering we
have placed an upper limit of —1.4 x 10 eV/cm on
Dr I. in GaAs. Although this value of D& L is small-
er than the Gunn effect measurement, it is consistent
with the value of -1.5 x 10 eV/cm recently deduced
by Koch et al. ' from laser action in optically pumped
GaAs.

In conclusion, we have shown that optically gen-
erated nonequilibrium phonons can be used to study
intervalley electron-phonon scatterings which are im-
portant in devices such as Gunn oscillators and as a
spectroscopic technique for determining indirect ener-

gy gaps in direct band-gap semiconductors. For these
reasons we have labeled this new technique: none-
quilibrium phonon spectroscopy. As a spectroscopic
technique it can be regarded as an optical-phonon
analog of the well-established photoacoustic spectros-
copy 15
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