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We have directly observed hot-electron energy loss through the emission of phonon-plasmon coupled
modes in n-type Si-doped GaAs. The self-compensation of silicon in GaAs was exploited to allow obser-
vation of hot-electron recombination with neutral Si acceptors in a high background concentration of
free electrons. We have obtained hot-luminescence data which exhibit a peak due to the initial unre-
laxed hot electrons followed by a peak lower in energy by the L * coupled-mode energy. The lower-
energy peak corresponds to hot-electron relaxation via emission of a phonon-plasmon coupled mode. The
observed peak agrees well with energy-loss calculations.

PACS numbers: 72.10.Di, 71.45.Gm, 73.20.Mf

Hot carrier relaxation via phonon emission in semicon-
ductors, especially GaAs and GaAs/AlGaAs heterostruc-
tures, has been well studied. In particular, the emission
of longitudinal-optical (LO) phonons by extreme non-
equilibrium electrons and by hot thermal distributions of
electrons has been measured by a variety of steady-state
(cw) and time-resolved techniques.!~!! Attention has re-
cently turned towards understanding the thermalization
of hot electrons in the presence of a sea of cold elec-
trons'>"'* where, analogous to metals, the collective
(plasmon) modes should play a major role in the
energy-relaxation process.

In GaAs the LO phonons mix with the plasmons and
hence energy loss through emission of phonon-plasmon
coupled modes is expected. Coupled modes are well
documented in GaAs and were first observed experimen-
tally using Raman scattering.'> Surface-plasmon emis-
sion has been seen in tunneling experimcnts,16 but evi-
dence for plasmon emission by energetic carriers in semi-
conductors has thus far been indirect. Phonon-plasmon
coupled modes have been invoked to explain hot-electron
cooling in two-dimensional structures.'”!® Coupled
modes have also been suggested as the primary energy-
loss mechanism of ballistically injected carriers in hot-
electron transistors and may be the reason the devices
have often not met expectations. '*-?!

We report the direct observation of hot-electron ener-
gy loss to phonon-plasmon coupled modes in n-type
GaAs. Coupled-mode emission is found to dominate the
initial energy loss of 280-meV electrons injected into a
background electron density of n~7x10'" cm ~3. At
lower electron densities (3x10'® ¢cm 73), LO phonon
scattering still dominates and coupled-mode emission is
not seen. Our experimental observations are in good
agreement with a calculation including both phonons and
a Lindhard dielectric function for the electron gas.

The present experiments are based upon the technique
of Dymnikov,* Mirlin et al.,*> and Zakharchenya et al.®
where hot electrons are optically injected into p-type
GaAs held at liquid-helium temperatures. At these tem-
peratures the acceptors are largely neutral and provide a
well-defined energy for holes which can then radiatively

recombine with energetic electrons. Since the highest-
energy peak of the luminescence is offset from the exci-
tation energy by the sum of both the neutral acceptor en-
ergy and the kinetic energy of the hole created in the ab-
sorption process, the hot luminescence can be unambigu-
ously separated from Raman scattering and other sig-
nals.?? Relaxation rates due to LO phonon emission and
intervalley scattering have been obtained by measuring
the depolarization of the hot luminescence in a magnetic
field.** Ulbrich, Kash, and Tsang?® have also used this
hot luminescence (without the magnetic field) to mea-
sure intervalley scattering times, while Fasol and
Hughes?* have used the technique to investigate the
valence-band structure of GaAs.

A typical spectra obtained from a Be-doped (p~1.1
x10'7 cm %) sample is shown as the upper curve in Fig.
1. The highest-energy peak (at 1.85 eV) corresponds to
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FIG. 1. Luminescence spectra of hot electrons recombining
with neutral acceptors in GaAs. The upper curve depicts a
spectrum from a Be-doped (p=1.1x10'7 cm %) sample. The
lower curve was obtained from a Si-doped sample with an elec-
tron concentration of 3.1x10' cm ~3. The intensity scales and
zeros are different in each case. The two-stage spectrometer
used produces artifacts at the laser energy and short-
wavelength bandpass cutoff (see text).
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the dye laser wavelength and is an artifact of the two-
stage (a bandpass filter stage followed by a single spec-
trograph stage) spectrometer used in these experiments.
Below the laser energy by 36 meV is a small peak due to
Raman scattering, and below this is a larger peak which
corresponds to the initial (unrelaxed) hot electrons
recombining with neutral acceptors. Following the unre-
laxed peak is a series of lower-energy peaks separated by
one LO phonon energy which arises from those electrons
that have relaxed via successive LO phonon emission be-
fore recombining with neutral acceptors. These peaks
are typically many orders of magnitude (~6-9) weaker
in intensity than the band-gap signal, primarily because
phonon emission is much faster than the radiative recom-
bination. The lower curve in Fig. 1 was obtained in a
Si-doped sample with n~3x10'6 cm 73, Here we have
used the fact that silicon is incorporated into GaAs as
both donor and acceptor, donors being predominant for
our samples. This allows us to study the hot-
electron-neutral-acceptor recombination in the presence
of a Fermi sea of electrons. As in the upper curve, the
highest-energy feature (at 1.858 eV) corresponds to the
dye laser wavelength. Visible also is a second artifact of
the spectrometer (at 1.837 eV) which is only apparent at
low signal intensities and is caused by the short-
wavelength cutoff of the bandpass stage. Below the
bandpass artifact are the peaks due to Raman scattering
and the hot-electron photoluminescence, similar to the
upper curve. The hot luminescence is much weaker in
n-type GaAs than in p-type GaAs mainly because only a
very small fraction of the Si acceptors are neutral. In
addition, the peak-to-background ratio of the hot
luminescence in GaAs:Si is less than GaAs:Be which has
been interpreted as implying that electron-electron
scattering is becoming important even at this low elec-
tron density'® (note that the absolute intensity scales and
zeros are different for each case). Recent experiments'2
(using relatively hot plasmas) have quantified this more
precisely and suggest that the rates of energy loss to elec-
trons and LO phonons become equal at a plasma density
of about 8x10'¢ cm 3.

The nature of the hot luminescence in n-type samples
differs in several important respects from that in the p-
type case. First, since the only holes available for trap-
ping on acceptor sites are photogenerated, the lumines-
cence intensity depends on the square of the incident in-
tensity rather than the simple linear dependence in p-
type materials. However, the incident intensity cannot
be increased without bound since the injected carriers
heat the electron gas which causes the high-energy tail of
the band-gap luminescence to increase, obscuring the
hot-luminescence signal. The incident laser photon ener-
gy can be increased to avoid the high-energy tail, but
another limit becomes manifest near the energy at which
holes can be excited from the split-off band (~1.86 eV
in GaAs). At this laser wavelength, recombination with
hot holes in the split-off band and resonantly enhanced

second-order Raman scattering dominate the hot
luminescence. We found that excitation energies be-
tween 1.83 and 1.86 eV were optimal.

The doping concentration must also be carefully
chosen in order to observe phonon-plasmon coupled-
mode emission. There should be enough free electrons
present so that the coupled-mode energy is clearly distin-
guishable from the LO phonon energy; because of
broadening arising from valence-band warping this re-
quires a shift of ~5 meV or more in our experiments.
Too large a shift, however, would again push the hot-
luminescence signal into the high-energy tail of the
band-gap signal. A charge-coupled device array detector
was utilized in conjunction with a high-throughput spec-
trometer in order to detect the weak hot-luminescence
signal.

The data obtained from a sample with n~7x10"!7
cm 3 excited by the 676.4-nm line (1.833 eV) from a
Kr* laser are shown as the upper curve in Fig. 2. As be-
fore, the two highest-energy features are artifacts and
correspond to the laser energy and bandpass cutoff, re-
spectively. Below these artifacts are peaks due to Ra-
man processes. The two main Raman peaks are labeled
in Fig. 2 and correspond to LO phonons within the sur-
face depletion region and the L * phonon-plasmon cou-
pled mode arising from the bulk region. Slightly higher
in energy than the LO modes are two small features (not
labeled) corresponding to a weak, forbidden, transverse-
optical (TO) phonon and the L ~ mode.

Below the Raman lines is a peak at 1.762 eV due to
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FIG. 2. Hot-luminescence spectra obtained from a Si-doped
sample with a carrier concentration of 7x10'” cm ~3. The
upper curve was obtained using the 676.4-nm line (1.833 eV)
of a Kr* laser. Peaks due to Raman scattering and the spec-
trometer artifacts are indicated. The unrelaxed hot-electron
peak is at 1.762 eV and AE below this is a peak due to scat-
tered hot electrons at 1.718 eV. The relevant scattering ener-
gies (L*, LO, L ™) are indicated on the horizontal axis just
below the unrelaxed peak (see text). The lower curve was ob-
tained using a dye laser operating at 1.852 eV, and it can be
seen that the hot-luminescence peaks track with the laser.
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unrelaxed hot electrons recombining with neutral accep-
tors. A broad, weak feature AE (~44 meV) below the
unrelaxed peak is seen at 1.718 eV. Further peaks can-
not be resolved due to the rapidly increasing band-gap
signal.

To ensure that the peak at 1.718 eV is associated with
the scattered hot electrons and not an extraneous signal
coincidentally at the expected energy, we varied the in-
cident laser wavelength. True hot luminescence should
move with the laser. An Art pumped DCM (Ref. 25)
dye laser operating in the range from 1.8 to 1.9 eV was
used for the excitation. Data obtained using Avjser
=1.85 eV are shown as the lower curve of Fig. 2. It can
be seen that both the unrelaxed peak and the 1.718-eV
feature shift with the laser energy. The separation be-
tween these peaks, AE (~46 meV in this case), is
equivalent to AE obtained from the upper curve to within
the experimental uncertainty.

The origin of this new peak can be understood by
evaluating the energy and wave-vector-dependent
scattering rate. Since the initial electron kinetic energy
is an order of magnitude larger than either the Fermi en-
ergy or the experimentally accessible scattering energies,
only single scattering is considered. The differential

scattering rate dR (@) is given by 26?7
2e¢’mX k,+kg -1 |dg
= I N L) 1
dR(w) Th 2k; dwﬁ.-k/ M eq.0 | ¢ ()

where q is the wave-vector transfer between the initial
wave vector k; and the final wave vector ks, mS* is the
electron effective mass, e is the electronic charge, and
ho is the scattered energy loss. The dielectric function
e(g,») contains contributions from both phonons and
electrons,

wz—(wLo+i/r)2
w?—(wro+i/1)?

where w1 o and @t are the respective phonon frequen-
cies, and the complex quantity i/t has been added to
give the experimentally observed exponential time decay
with a lifetime of 7 ps.?® The noninteracting Lindhard
(random phase approximation) form of y.(q,®) is ap-
plicable since we have a weakly coupled plasma, and is
given by?¢
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(3)

where B=mre’k;/nh?q?, x=gq/kr, and y=ho/EF,
where kr and Efr are the Fermi wave vector and energy,
respectively.

The integral in (1) has been evaluated by integrating
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over the final density of states consistent with momen-
tum and energy conservation within the effective-mass
approximation. To account for the broadening of the in-
itial (unrelaxed) energy distribution caused by valence-
band anisotropy in the real crystal structure, a Gaussian
distribution of unrelaxed electrons with a full width at
half maximum of 12 meV (the observed value of the un-
relaxed peak) was used in the calculations. The result-
ing energy-dependent scattering rate for a free-electron
density of n~7%10'7 cm ~3 and laser excitation energy
of 1.833 eV is shown in Fig. 3. The contribution from
each of the individual scattering mechanisms is also
shown, and it can be clearly seen that the L * plasmon-
phonon coupled mode is the dominant energy-loss mech-
anism while the L ~ and LO phonon modes contribute
only a weak low-energy tail to the scattered distribution
of electrons. The LO phonon mode exists only at long
wave vector (where the scattering is sharply reduced due
to the Coulombic interaction) since the coupled modes
are strongly damped in the region where single-pair exci-
tations are allowed (inset of Fig. 3). From the Raman
scattering we obtain the L * coupled-mode energy (44
meV), the LO phonon energy (36 meV), and also the
L ~ energy (30 meV). These energies are indicated rela-
tive to the unrelaxed peak on Fig. 2, and it can be seen
that AE corresponds to the L *-mode energy. This leads
us to conclude that the low-energy peak arises from hot
electrons that have relaxed via emission of a phonon-
plasmon coupled mode.

The magnitudes of the peak heights provide a good es-
timate of the scattering rates although obtaining precise,
quantitative results is difficult in the present experiments.
Based on the relatively low intensity of the observed
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FIG. 3. The differential scattering rate dR(w), calculated
for n=7%10"" cm 73 and A Viaser =1.833 €V, is shown. The ini-
tial electron distribution was taken as Gaussian with a full
width at half maximum of 12 meV (see text). The individual
contributions to the scattering from the L ~, LO, and the L *
modes are indicated. Inset: Dispersion of all three modes.
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peaks, we would expect that coupled-mode scattering in
our energy and density regime is at least as fast as
scattering due to LO phonons in undoped GaAs which
has been measured to be in the range of 100-200
fs.22930 The total scattering rate, given an initial elec-
tron energy of 280 meV and n=7x%10'7 cm ~3, has been
calculated to be nearly 3 times that of undoped GaAs.
Using a scattering time of ~ 35 fs and an electron veloci-
ty of 1.2x10% cm/s, a mean free path of ~400 A is
found. This is in good agreement with a previous, in-
dependent, determination!® of the inelastic-scattering
length of ~380 A (for n=7%10"'" ¢cm ~3) in the same
sample.

In summary, we have used cw photoluminescence to
study the relaxation of highly nonequilibrium electrons
in n-type GaAs. In lightly doped samples (n~3x10'¢
cm ~3) we find that the luminescence peaks characteris-
tic of hot-electron relaxation via LO phonon emission are
reduced in magnitude indicating that electron-electron
scattering is becoming important. At higher electron
densities (n~7x10'7 cm ~%) we find a luminescence
peak due to relaxation by the emission of a phonon-
plasmon coupled mode. The width and energy of the
luminescence peak is in good agreement with calcula-
tions of the scattering.
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