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Using the new experimental technique of hot-electron spectroscopy we have, for the first time,
observed electrons in extreme nonequilibrium. When the transit-region width is comparable to the
calculated hot-electron mean free path, two peaks are observed in the measured spectrum. The
high-energy peak corresponds to quasiballistic electrons suffering few, if any, collisions in the tran-
sit region. The low-energy peak is due to excitation of the Fermi sea by the injected hot electrons.

PACS numbers: 72.20.Jv

Modern fabrication techniques allow one to con-
struct semiconductor devices with dimensions compar-
able to the mean free path of charge carriers. Trans-
port in such systems is nondiffusive in character, being
determined by only a few scattering events. In this re-
gime charge carriers may attain a nonthermal ‘‘hot”’
energy distribution in which they are in equilibrium
neither with the lattice nor with themselves. Of partic-
ular interest is the case of charge carriers injected into
a semiconductor with energy significantly in excess of
the Fermi energy, as it is in this regime that one may
gain insight into the physics of hot-electron transport.
In this Letter we present new experimental results on
the dynamics of injected, nonequilibrium, electrons in
GaAs and we develop a theory with which to interpret
the measurements.

New experimental information on hot electrons in
GaAs was obtained by use of the technique of hot-
electron spectroscopy.l’? This technique utilizes two
bulk triangular potential barriers placed in a single
crystal of GaAs grown by molecular-beam epitaxy.
Each triangular barrger is made by the placement of an
approximately 100-A-thick p* (Be impurity) layer in a
region of low carrier concentration (< 1x10715
cm™3) bounded on either side by »* (Si impurity)
layers.® In an ideal case (see the energy-band diagram
in the inset of Fig. 1) hot electrons are injected over
one barrier into a short transit region where scattering
takes place. A second triangular barrier placed at the
other end of the transit region is used as a hot-electron
analyzer. The analyzer energy may be varied by appli-
cation of a bias voltage between the transit region at
ground potential and the collector arm of the analyzer.
In this way spectroscopic information on the current
flow across the barrier may be measured. The deriva-
tive of this current with respect to the analyzer barrier
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energy is proportional to » (p ), the number of extra
electrons with sufficient momentum perpendicular to
the analyzer barrier, p,, to just surmount the barrier.2
Measurements were performed with the sample at a
temperature of 4.2 K to avoid the possibility of any
thermal smearing effects.

In a previous Letter we outlined the experimental
technique of hot-electron spectroscopy? and obtained
spectra for GaAs samples having a degenerate-electron
concentration of 1x10® c¢m™® and transit-region
widths greater than 1200 A. The spectra had a broad
peak at low energies (high voltage biases) with no evi-
dence of the initial injected distribution. In order to
investigate the extreme nonequilibrium limit the tran-
sit region was narrowed so that the injected distribu-
tion could be probed. In Fig. 1 a typical hot-eloectron
spectrum is shown for a sample having a 650-A-wide
transit region, carrier concentration » =1x 10'® cm™3,
and an injection energy of 250 meV. The spectrum
shown in Fig. 1 has two main features, a broad peak at
high barrier energy ( ~ 0.1-V bias) and a sharp peak at
low barrier energy ( ~ 0.7-V bias) near the Fermi en-
ergy, Ef, of the transit region. The peak at low ener-
gies ( ~ 0.7-V bias) is seen in all samples with varying
transit-region widths. The high-energy peak, close to
the injection energy, is only detectable in samples hav-
ing narrow (less than ~ 850 A) tranmsit regions. We
shall for the moment assign this high-energy peak to
quasiballistic electrons, i.e., high-energy electrons hav-
ing suffered few if any elastic or inelastic collisions. In
order to give this assignment a sound foundation and
to interpret the low-energy feature in the spectrum it is
necessary to develop a theory which describes the
dynamics of injected hot elecirons.

When the injected electron is inelastically scattered
it loses energy #w and changes momentum by #gq. In
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the Born approximation the differential rate is given and e, is the high-frequency dielectric constant. The
by* first term in Eq. (3) is the long-wavelength phonon
contribution and the second term, X(q, @), comes

dR ipetastic = 87re S(q,w)——q—s, (1) from the conduction electrons. The loss of energy of
(2w) hot electrons to the coupled plasmon-phonon modes

where in doped GaAs?® is described by Egs. (1)-(3). Ulti-
mately this energy is dissipated as heat in the sample,

S(g0)=—Iml[l/e(q, w)]. (2) but in the linear regime, where the experiments were

performed, the details of this process are unimportant.
In our experiments the carrier conceniration of elec-
trons in the transit region is high (n =1x10'% cm™3)

The frequency- and wave-vector—-dependent dielectric
function e(q, w) may be written as

elq,®) = e (w2—wlo)/ (w?—wiy) +Xx(q,w), (3) and the effective electron mass is low (m, =0.07m;)
b d he 1 L so that Coulomb interactions among electrons are
where w;g and wrg are the longitudinal- and weak, ie., 7, = (3/47m)1/3(me92/ﬁzem) =0.7. In this

transverse-optical phonon frequencies, respectively, case we can assume the noninteracting form of

X(q, ), Xo(qw),® where

2 2
£ _ll 2 Yy—x{x+2) _il Ly —y—x{(x+2)
Xo(q, @) x3{2x+ 1-7lx x] In Py b Ly el B AL — —x—2 |I 4)

in which |
/3 ergy conservation to obtain a total inelastic rate 1/7 for

an electron of energy p%/2m,. In Fig. 2 we plot the to-
tal inelastic scattering rate 1/r as a function of the
hot-electron energy measured from the bottom of the
conduction band for several different carrier densities

vector. in GaAs. We note that our definition of total inelastic

S (‘,1"") in Eq. _(1) contains an energy-conserving 3 scattering rate does not weight 1/7 with the energy
function. Assuming that the injected electron has loss. As can be seen the scattering rates are, as expect-

2 .
momentum p and energy p / 2m,, we can integrate ed, zero below the Fermi energy for a finite carrier
dR jenasic Over all g consistent with momentum and en- concentration and zero below Fwy o for n =0.
At density n =1%10'® cm™3 the inelastic scattering
rate increases, attaining a maximum value of approxi-

x=q/kg, and y =fw/Ep, where ky is the Fermi wave

mately 2x10!3 s~! at incident electron energies of
o around 250 meV The velocity of such an electron is
-1!‘_7\ /\\__ ~ 1x10®% cm s™! giving a mean free path of 500 A an
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FIG 1. Hot-electron spectrum for a sample having a .
650-A transit region and n = 1x 10'® cm~3. The Fermi en- NP AT
ergy, Er, is indicated. Inset: schematlc of the conduction- o " 3 100 200 © 300
band edge of the hot-electron injector, the transit region, “wLo ENERGY (meV)
and the hot-electron analyzer. The broken lines indicate the FIG. 2. Total inelastic scattering rate as a function of
conduction-band edge of the structure when biased with hot-electron energy measured from the bottom of the con-
voltage — V; at the injector and + Vat the analyzer. duction band for the indicated carrier densities in GaAs.
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average scattering angle 6,,~ 30°, and an average en-
ergy loss of — 40 meV. At incident electron energies
greater than 300 meV complications associated with in-
tervalley scattering and with details of Bloch wave
functions arise because of the subsidiary L minimum’
in GaAs. We therefore restrict our calculation to ener-
gies below 300 meV.

In addition, there is an elastic contribution to the
scattering rate from donor ions screened by conduction
electrons. Elastic scattering is specified by momentum
transfer g =2k; sin(6/2) where @ is the scattering an-
gle. In the Born approximation the differential rate is

27Tnimee4 n dfn
BiP [n%(2km,0)12’

where #; is the density of ionized impurities (n,=n)
and n=sin(6/2). Evaluation of the total rate gives a
mean free path of around 1300 A for electron density
n=1x10® ¢m~3 and hot-electron energy E,=250
meV. We note that our definition of total elastic
scattering rate does not weight the rate with scattering
angle. However, the major contribution to the elastic
rate comes from small-angle scattering (average
scattering angle 6,,~20° for £ =250 meV). We
therefore conclude that elastic scattering at these den-
sities does not play a dominant role, the mean free
path of hot electrons essentially being determined by
inelastic scattering events.

Since the transit-region width for the data shown in
Fig. 1 is comparable to the calculated hot-electron
mean free path it is apparent that our initial assign-
ment of this peak is correct and it arises from quasi-
ballistic electrons. The broadness of this high-energy
peak may, in part, be due to fluctuations in the
analyzer barrier energy caused by the random position
of p-type impurities used to form the planar triangular
barrier. This could be overcome once compositionally
graded AlGaAs barriers of sufficient quality can be
fabricated. With use of Eq. (1), it can be shown that
the low-energy feature in Fig. 1 arises because elec-
trons are excited from the Fermi sea by the injected
hot electrons. While the detailed shape of the low-
energy peak in the spectrum can be calculated by use
of the single-scattering Born approximation we do not
present the results of such a calculation here. Howev-
er, if multiple-scattering events are included then we
must take into account the important role, at these low
energies, of elastic scattering and the modification of
the inelastic scattering rate due to the exchange in-
teraction between excited electrons and the Fermi sea.

AR e1astic = (%)

In addition, it should be noted that if such detailed
analysis is undertaken, the role played by multiple
guantum reflections at the injector and analyzer bar-
riers, in shaping the spectra, must be considered.

In conclusion, we have measured hot-electron spec-
tra of GaAs samples having narrow transit-region
widths. The measured spectra differ dramatically from
previous spectroscopic studies of hot electrons which
have exclusively used photoluminescence.? Such stud-
ies are invariably interpreted in terms of an effective
electron temperature inferred from an assumed
Maxwell-Boltzmann distribution. Although deviations
from the effective-electron-temperature concept have
been commented on before, we have observed a
double-peaked, extreme nonequilibrium, electron dis-
tribution highlighting the inadequacy of the tempera-
ture concept. Our measured spectra show a peak at
high energies, close to injection energy, that we attrib-
ute to quasiballistic electrons. A second peak observed
at low energies we identify with excitations of the Fer-
mi sea. Finally, our theory of injected-hot-electron
transport in GaAs indicates that inelastic electron
scattering dominates the transport process at the car-
rier concentrations of interest.
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