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We calculate, using the Born approximation, the finite-temperature scattering rate for hot electrons
injected into n-type doped GaAs for various doping densities and injected-electron energies. We treat
the base region as a three-dimensional coupled electron-phonon system, so that the Coulomb and
Frohlich interactions with the injected electron are put on an equal footing. For moderate to high dop-
ing densities (n X 8 X 107 cm ™) and injection energies of E —Ey X 100 meV, our results indicate that (1)
the increase in the scattering rate from 7'=0 K to 7"=300 K is typically less than a factor of 2, and (2)
the scattering rates decrease with increasing doping density.

Recently there has been considerable interest in fabri-
cating hot-electron transistors, in which electrons are in-
jected from an emitter into a thin, doped, base region and
collected at a collector on the other side of the base.!™*
Typically, the base region is made of a high-mobility
semiconductor such as GaAs. Because the base regions
of these transistors are extremely thin, the electrons can
be transferred from the emitter to the collector in a very
short time. This fast response time makes this device an
attractive candidate for a high-speed transistor of the fu-
ture.

For this device to be viable as a practical transistor, the
fraction of electrons a that traverse the base region bal-
listically (i.e., without scattering) must be close to unity.
If the thickness of the GaAs layer is d, and the mean free
path of the injected electron is /, then a~e 4/l For the
hot-electron transistor to be viable, one must have [ >>d,
which can be achieved either by making / large or d small
(or a combination of both).

Unfortunately, the base region must be doped to a fair-
ly high density and must be of 2 minimum width (approx-
imately 500 A) for technological reasons (e.g., so that
electrical contacts to the base can be made). The
minimum width of the case sets a lower bound on d,
while the presence of conduction electrons contributed by
dopants in the base typically increases electron-electron
scattering, which decreases /. With these restrictions, it
is important to have a quantitative determination of the
electron mean free path to determine if a hot-electron
transistor is in fact technologically feasible.

Recently, the inelastic-scattering rates of such a doped
base region in GaAs for zero temperature have been cal-
culated.>® However, for the hot-electron transistor to be
a viable transistor in practical situations, its characteris-
tics at finite temperature must be known. The typical en-
ergy scales for doped GaAs are given by the Fermi ener-
gy (~30-3000 K in the doping density range
10'°-10' cm™3), the longitudinal-optic phonon energy
(~400 K), and the plasmon energy (~50-1600 K in the
doping density range from 10'°-10!° cm™3) so that a
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temperature variation of 7’=0-300 K may be quantita-
tively significant for electronic scattering rates (unlike in
bulk metals, where E f,cop~104 K). Rorison and Her-
bert’ calculated the finite-temperature inelastic-scattering
rates of electrons in n-type GaAs, using the plasmon-pole
approximation for the dielectric function and assuming a
Maxwell-Boltzmann distribution for the electrons. In
contrast, the calculation reported here uses the exact
finite-temperature dielectric and electron distribution
functions (within the random-phase approximation) to
obtain the finite-temperature inelastic-scattering rates.

As in Ref. 5 we assume the following. (1) The electrons
are in a parabolic band corresponding to the I' valley in
GaAs, so that E(k)=k?2/2m*, where m* is 0.067 times
the bare electron mass (%=1 throughout this paper). (2)
The electrons interact with each other via the direct
Coulomb interaction and with bulk longitudinal-optic
phonons of GaAs via the long-range Frohlich interaction.
The electrons and longitudinal-optic phonons in the base
combine to form a coupled electron-phonon system with
which the injected electrons interact. (3) The system is
effectively three dimensional.® We calculate the scatter-
ing within the Born approximation,’ in which the proba-
bility that an electron transfers a momentum q and ener-
gy o to the coupled electron-phonon system is given by
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where B=(kzT)"! is the inverse of the lattice tempera-
ture and €, is the total dielectric function of the coupled
electron-phonon system. The total scattering rate of an
electron with momentum k, y(E(k)), is given by an in-
tegral of P(q,w) over all q and » which are consistent
with energy-momentum conservation and the Pauli ex-
clusion principle:
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where f,, (k) is the finite-temperature Fermi-Dirac distri-
bution. The y(E(k)) obtained in this manner is
equivalent to the scattering rate given by the many-body
theory in which the electron self-energy is calculated to
leading order in the total effective (i.e., screened) dynami-
cal interaction, as was calculated in Ref. 5 for the zero-
temperature case.

The €,(q,»), which determines the scattering probabil-
ity through Eq. (1), is obtained by assuming that the po-
larizability of the coupled electron-phonon system is
given by the sum of the polarizabilities of the electron
and the phonons. This assumption implies that the total
dielectric function is given by'°

et=€e+eph_6w ’ (3)

where €, (€,;) is the bare electron (bare phonon) part of
the dielectric function, and €, is the optical (high-
frequency) dielectric constant at the material. Here, the
optical dielectric constant simply renormalizes the
Coulomb interaction by a factor of €_! because the
relevant frequencies in this problem are much lower than
optical frequencies.

The standard dispersionless form for the phonon
dielectric in a polar material st
() =€ (0’ — i) /(' —wio) Where wrg (010) are
the bare longitudinal (transverse) polar optic-phonon fre-
quencies. The electron dielectric function is given by
€. =€, —V,Iy(q,0), where V,=4me?/q* is the Fourier
transform of the Coulomb interaction and II, is the
finite-temperature random-phase approximation (Lind-
hard) form for electron polarizability'!

dk
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With these forms for €pn and €, the total dielectric func-
tion is
2

-—————%‘0 —V, I ( ) (5)
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The dielectric function of this form can be rigorously de-
rived from a many-body formalism in which the bare
Coulomb and phonon interaction lines are screened by
the electron gas within the random-phase approxima-
tion.!!

For finite temperatures, I1;(q,®) was numerically eval-
uated using a formula given by Maldague.!? This gave us
P(q,w), the scattering probability, which we then numer-
ically integrated, using Eq. (2), to obtain y(E(k)).

In Fig. 1 we show the scattering rate and the corre-
sponding inelastic mean free path of electrons as a func-
tion of their injected electron density and of temperature,
for a density of n=8X10'"" cm 3. As the temperature
increases, the scattering rate typically rises because of the
increase in the number of thermally excited quasiparti-
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cles. The presence of these thermally excited quasiparti-
cles enhances the scattering rates by opening up another
channel for the scattering of injected electrons; i.e.,
scattering by absorption of a quasiparticle. However, the
scattering rate at fixed k does not always necessarily in-
crease monotonically as a function of temperature be-
cause the scattering rate P(q,w) also changes with tem-
perature, since IIy(q,®) varies with temperature through
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FIG. 1. (a) Scattering rates and (b) mean free path of injected
electrons in n-type GaAs doped at n=8X10'7 cm™* as a func-
tion of injection energies and temperature. For this density, the
Fermi energy and plasma frequency are Ep =47 meV (~ 550 K)
and o, =38 meV (~440 K), respectively. The scattering rates
are calculated from the Born approximation, using a dielectric
function which describes the doped GaAs as a coupled
electron-phonon system. The mean free paths are given by
I(E)=v(E)/v(E), where v(E)=(2E /m*)!/? is the electron ve-
locity. As the temperature increases, the scattering rate typical-
ly increases because electrons absorb thermally excited quasi-
particles. The cusps in the scattering rate that are present at
T=0 are smeared out as the temperature increases because the
quasiparticle peaks of the coupled electron-phonon system are
thermally broadened by Landau damping. For E R 150 meV,
the scattering rate increases by approximately 30% when the
temperature is changed from O to 300 K.
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the change in f,, (k). In Fig. 2 we show the scattering
rate as a function of temperature for a lower
(n=4X%10' cm™?) and for a higher (n =1X10" cm™?)
doping density.

We note the following salient features. (1) As the tem-
perature increases, the cusps in the scattering rates as a
function of energy become rounded. This rounding
occurs because the collective modes become increasingly
broadened due to Landau damping as f,,(k) is thermally
smeared. Therefore, the sharp emission and absorption
thresholds in the scattering rates that occur at low tem-
peratures, when the collective modes are undamped, be-
come less sharp and distinct as the collective modes
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FIG. 2. Scattering rates ¥ of a coupled electron-phonon sys-
tem for electron densities of (a) 4X10'* cm™* and (b) 1X10"
cm™3, as a function of energy, for various temperatures. For
n=4X10'" cm™3, Er=6 meV (~70 K) and w,=8.5 meV
(~100 K), and for n=1X10" cm ™3, E =250 meV (~2900 K)
and w, =135 meV (~ 1600 K). The scattering rates for E <300
meV in the n=1X10'° cm ™3 case is much smaller than that for
the n=4X10'® and 8 X 10'"® cm ™3 cases. The y decreases when
the electron density is increased in spite of the increase in the
number of quasiparticles with which the injected electron can
scatter, because at high electron density (1) screening becomes
more effective, weakening the electron-phonon and electron-
electron interactions and (2) the number of states to which the
injected electrons can be scattered is reduced because these
states are already occupied by other electrons and hence are ex-
cluded by the Pauli principle.
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broaden with increasing temperature. (2) Typically as the
temperature is increased from O to 300 K, the scattering
rate at the typical energies at which the electrons are in-
jected (R 100 meV above the Fermi energy) increases by
a factor of <2 for the moderate to high densities
(n28X107 cm™3). At these densities, since
Ep, 0,> 300 K, and thermal effects at 300 K do not alter
the scattering substantially. (3) The scattering rate at the
high doping density of n=10' cm™3 is significantly
smaller (~5 ps~!) than at the lower doping densities of
n=4X10'" and 8X10" cm™3 (~10-25 ps™!). This de-
crease in Y(E(k)) with increasing density might seem
surprising at first, since at higher densities there are more
quasiparticles available to scatter the electron. However,
there are two other competing effects that play an impor-
tant role: screening and degeneracy. At higher densities,
the electron gas can screen more effectively, reducing the
strength of the electron-electron and electron-phonon in-
teractions. Also, as more states are filled by the electron
gas, the phase space available to which an electron can be
scattered decreases because of the Pauli exclusion princi-
ple. At lower energies, these two effects dominate, result-
ing in a decrease in ¥ with increasing density. A decreas-
ing scattering rate with increasing dopant density has
also been theoretically predicted in p-type bases!? (i.e., in
the presence of holes) and in high electric-field situa-
tions.!* Our results indicate that this reduction in
scattering rate persists even to room temperatures.
Therefore, by increasing the dopant density considerably,
one might be able to decrease the scattering rate and in-
crease the transfer ratio a.

It may be worthwhile to point out that for the doping
densities considered in this paper, the effective r, parame-
ter (r,=[3/(4mna*)]'’?, where a*=¢€,/(e’m*) is the
effective Bohr radius) for GaAs is quite small (; < 1) and
the random-phase approximation should be quite valid
for treating the electron-electron interaction.!! Since the
Frohlich electron-phonon coupling is quite weak in GaAs
(Ref. 15) (the Frohlich coupling constant is around 0.07),
we expect our leading-order calculation to be quite good
for the electron-phonon interaction as well. Thus, from a
theoretical viewpoint, the leading-order  Born-
approximation calculation as carried out in this paper is
quite justified for obtaining the inelastic-scattering rate in
doped GaAs.

In conclusion, using the Born approximation, we have
calculated the finite-temperature inelastic-scattering rate
of hot electrons in doped GaAs by including both
electron-electron and electron—optic-phonon interactions
on an equal footing. Our results indicate that, for typical
injection energies and base doping densities, increasing
the temperature from 7=0 to 300 K increases the
scattering rate by a factor of <2. Finally, at moderate to
high doping densities, the scattering rates for typical in-
jection energies decrease with an increase in the doping
density.
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