High-field transport in GaAs transisiors
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Resonant tunneling is used to explore the dynamics of electron transport in the electric field of
reverse-biased GaAs n-p-# hetercjunction bipolar transistor collectors. Extreme velocity
overshoot is observed in a fraction of a percent of electrons which are accelerated ballistically
in the [ valley to energies greater than 1.5 eV, In addition, we show that I'—X valley transfer is
the dominant scattering mechanism for high-energy I valley electrons.

In 2 “ballistic” electron transistor charge transport
across the base and collector depletion region involves little
or no inelastic scattering. Recently we were able to demon-
strate’ that, in agreement with theory,” nonequilibrium con-
duction-band electrons can traverse the base of a GaAs n-p-n
hetercjunction bipolar transistor without suffering signifi-
cant scattering. The purpose of this letter is to show that
electrons can transverse the collector depletion region ballis-
tically and that there exists an optimum base/collector bias
above which intervalley scattering dominates collector
transport.

The transistor structures used in this study were grown
by molecular beam epitaxy on semi-insulating {001) orient-
ed GaAs substrates at a substrate temperature of 600°C.
Minimally As-stabilized growth conditions were optimized
to vield smooth and abrupt GaAs/AlAs interfaces as deter-
mined by reflection high energy electron diffraction
(RHEED). The absolute growth rates were monitcred
in situ using RHEED intensity oscillations.

Figure ! shows a schematic band diagram of a typical
structure under bias. Electrons in the n-type (3 X 107 cm
Siimpurity ) Al ; Ga,, As emitter are injected into the 1500-
A-thick p-type (3 X 10" ¢m > Be impurity ) GaAs base. The
injected electrons rapidly scatter, lose energy, and diffuse
across the thick base with an average energy a few meV
above the conduction-band minimum. After traversing the
base, the electrons are transmitted through the coliector via
quantized electronic states due to the presence of a resonant
tunnel structure in the undoped collector depletion region.
The 20-A-thick AlAs tunnel barrier close to the p-type base
is separated by a 100 A <Z_<600 A thick layer of GaAs
from 2 45-A-thick AlAs barrier. The 45-A-thick AlAs bar-
rier is grown adjacent to the n-type (3 X 10" cm~ ? $i impu-
rity ) collector contact layer.

The wafers were fabricated into two level mesa struc-
tures using photolithographic and wet chemical etching
techniques. Separate ohmic electrical contact to emitter and
collector was achieved by rapid thermal annealing of a
NiGeAu alloy and base contact was made by using a AuBe
alloy. The smallest completed transistor structures had an
emitter area of 6 X 18 ¢ cm? and the largest had an emitter
area of 8 X 107 ° cm?

In Fig. 2 we show typical common base and common
emitter current-voltage characteristics for the device
sketched in Fig. 1 with Z,. = 150 A. As may be seen in Fig.
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2(b), breakdown occurs for ¥, ~4 ¥V which corresponds to
an eleciric field ~ 10° V cm ! in the collector. These high
breakdown fields are possible because small Z, reduces the
ionization velume. In similar structures with Z, 2 1000 A
we observe breakdown at electric fields of less than 3 x 10°
Voem L

In Fig. 2 rescnances in the current-voltage characteris-
tics are indicated by arrows and are clearly visible over a
wide range of voltage bias. In Fig. 2(a) the derivative of the
collector current, df_ /dV,, indicates the presence of reson-
ances for ¥, = + 1.3 V. Careful modeling, taking into ac-
count depletion in the p-type base and n-type collector, al-
lows an accurate value for the maximum energy E ™
attained by the I" valley electron inregion Z, tobe plotted on
the upper horizontal axis in Fig. 2(a). As may be scen from
the figure, the highest energy resonance occurs for K1
greater than 1.5 eV. This is direct evidence that a few
( ~0.29%) of the initially injected electrons can be acceler-
ated in strong electric fields (~8 X 10°V em ') to energies
of around 1.5 eV without scattering. Qualitatively similar
results (with less pronounced structure) are obtained when
the sample is maintained at a temperature 7" = 300 K. Other
samples with wider well width, 150 A < Z, S450 A, afso
show resonances for EM 5 1.3 eV,

f

Our results demonstrate that exireme velocity over-
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FIG. 1. Schematic band diagram of an #-p-» heterojunction bipolar transis-
tar with a resonant tunnel collector under bias. The conduction-band mini-
mum CB,,,,, the base collector bias voltage ¥, and the resonant tunnel
well width Z, are indicated.
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FIG. 2. (a) Common base and (b) conimon emitter current gain character-
istics at T'== 77 K of the device shown schematically in Fig. 1. Emitter area
is 6 < 10~ *cm?. The arrows indicate the position of resonances in the collec-
tor current .. The resonant tunnel well width Z_ emitter current 7, and
base current f, are indicated.

shoot (v > 1.2 X 10% cm s ') is possible for a small frac-
tion of electrons accelerated in a large electric field. How-
ever, we think the most surprising fact is that electrons can
be accelerated ballistically to energies greater than 1.5 eV
which is almost the width in energy of the GaAs conduction
band, £,, = 1.85 eV. £, is the absolute maximum kinetic
energy a conduction-band electron can be accelerated to
without scattering.” Our experiments show that nonequilib-
rinm electrons can approach this fundamental limit 1o ballis-
tic transport.

It is clear from Fig. 2(a) that with increasing £ 7 the
resonant amplitude increases, reaches a maximum, and then
decreases. To explore this phenomenon in more detail we
measured conductance oscillations as a function of base/cotl-
lector bias® ¥, for a number of our samples. In Fig. 3 we
show results obtained for a typical sample with Z, = 600 A
measured at a temperature of 77 K. For the purpose of dis-
cussion, in Fig. 4 we plot the oscillation amplitude as a func-
tion of £ 7% The initial increase ir amplitude with increas-
ing ET may be understood as due to 2 decrease in the
average time spent by an electron in the guantum well of
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FIG. 3. Conductance df /dV,, as a function of base/coliector bias ¥, fora
sample with Z, = 600 A. Measurements were taken in the common base
configuration with emitter currents 7, = 0 gA and §, = 100 gA (emiiter
current density /, = 17 Acm %), The sample was maintained at 4 tempera-
ture of T'-= 77 K.

width, Z,, and consequent reduction in probability of being
scattered by longitudinal optical phonons. The average time
the electron spends in the well decreases because the tunnel-
ing probability through the collector barrier increases and
the average velocity through the structure increases with in-
creasing E .

For a maximum electron energy, ET 2 K, ~03 eV
scattering from: the I valiley to the L valley is possible but has
a small effect on the oscillation amplitude. However, when
EPs Eoy ~0.5 eV the oscillation amplitude is significant-
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FIG. 4. Oscillation amplitude as a fanction of £ for a sample with Z,

= 600 A. Measurements were taken in the common base configuration
with an emitter current, I, = 100 gA (emitter current density j, = 17
A cm ?). The sample was maintained at a temperature of 7'~ 77 K.
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ly damped. This immediately suggests that I'-X valley scat-
tering is the dominant mechanism responsible for the ob-
served suppression in amplitude. We have calculated the
curve shown in Fig. 4 using the known bulk values of longi-
tudinal optic phonon scattering rate, 1/7,,, and the func-
tional form of I to X intervalley scattering rate and I to L
intervalley scattering rate,” with relative scattering strength
as a variable. The most sensitive parameter in the model is
the ratic of intervalley scattering strengths (1/7px3/
{(1/7r ). Agreement with our experimenta! data is obtained
if the ratio of intervalley scattering rates for an electron of
energy 0.58 eV is (/75 )/ (1/7r, ) ~3. We note that this
ratic of intervalley scattering rates for nonequilibrium elec-
tron transport is close to the value obtained from recent opti-
cal experiments.®

Our results have consequences for the design of bipolar
transistors which utilize ballistic electron transport in the
collector and field-effect transistors using velocity overshoot
between source and drain. Since /7, is much more impor-
tant than 1/7.,, optimum ballistic transport occurs for
small Z_ and in an electric field such that EM™* 2 E,. In
addition, and in qualitative agreement with Monte Carlo cal-
culations,” other semiconducters with larger E.., such as
In, s, Gag s As (Ery = 1.1 eV) and InAs (B = 1.8 eV},
will exhibit improved high-field ballistic transport/velocity
overshoot compared to GaAs.

Finally, we note that there have been reports of hystere-
sis in the position of peaks in the current-voltage characteris-
tics of resonant tunnel junctions.®® This hysteresic may be
due to a space charging effect® and so should depend on
current density, or the hysteresis may arise from the external
measurement circuit.’ Unlike previous resonant tunnel
structures, we can alter the collector current density inde-
pendently of the base/collector bias, V.. For collector cur-
rent densities greater than around 100 A cm ~? we observed
hysteresis in: the position of resonant peaks. However, the
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wagnitude of the hysteresis (area inside the hysteresis loop)
varied nonmonotonically with increasing current density
and depended on external circuit measurement parameters
such as voltage sweep rate. This suggests that the dominant
cause of the hysteresis we observe is due to the external mea-
surement circuit.

In summary, a small nomber of the initially accelerated
electrons in the conduction band of GaAs can attain energies
greater than §.5 eV without scattering. However, because I'-
X scattering is the dominant inelastic mechanism in GaAs,
most electrons transfer into the X valley when they have an
energy £, > Er .

We wish to thank J. N. Hollenhorst and §. Shah for
useful discussions.
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