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An Induced Base Hot-Electron Transistor

S. LURYI, MEMBEk, IEEE

Abstract—A novel three-terminal device is proposed in which the
base represents an undoped quantum well in a graded-gap heterostruc-
ture. The base conductivity is provided by a two-dimensional electron
gas induced by the collector field. The intrinsic délay time is estimated
to be about 1 ps at room temperature with a common-base current gain
close to unity.

HE DEVICE PROPOSED in this work bears a concep-

tual similarity to the well-known metal base transistor
(MBT) [1]-[3], with an important difference being that the
base ‘‘metal’’ is two-dimensional. The base is formed by a
degenerate electron gas induced at a heterojunction interface
by an electric field emanating from the collector electrode,
hence the name: induced base transistor (IBT).

I will describe the IBT concept assuming its implementa-
tion in GaAs/GaAlAs heterojunction technology. Fig. 1
schematically shows the cross section of the proposed
structure and its energy-band diagram. The only doped layers
in the structure are the emitter and the collector made of
n*-GaAs. The base layer is an undoped GaAs quantum well
(QW) of thickness d ~ 10~ cm. The base is separated from
the emitter by a graded AlGaAs triangular barrier of
thickness L; and from the collector by a rectangular barrier
of thickness L,. Electrical contacts are provided to the
emitter, base, and collector layers.

In equilibrium the base may not be conducting. This is
emphasized in Fig. 1 by drawing the Fermi level below the
bottom of the lowest subband E, in the QW. Conducting
electron sheet is induced in the base by applying a positive
bias V,, to the collector. This situation is illustrated in Fig. 2.
First, let the base-emitter voltage V,. = 0 and consider the
energy-band diagram in a section of the device under the
emitter. As V, is increased, the energy level E, moves
downward with respect to the Fermi level Er and the number

of electrons in the QW rises exponentially. This may be

called the subthreshold regime of the IBT. As the base
becomes conducting, it shields the emitter from the collector
field and the electron concentration in the base becomes a
linear function of V,,

o=e(Voo— V7)/L, (4))
where ¢ is the sheet charge density in the base and e the
dielectric permittivity. The threshold voltage V7 for the base
conduction depends on the geometry of the device (L,, L3, d)
and the doping levels in the emitter and the collector. In
principle, one can have a ‘‘normally-on’’ base, i.e., Vr < 0.

At V. = 0 the collector current will be determined by
thermionic emission over the rectangular potential barrier.
The height of this barrier ® is a weak function of V. In
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Fig. 1. Cross section of the proposed device structure and the
conduction-band diagram along line S. The diagram is very schematic
and serves only to illustrate the concept of IBT. Device is assumed to be
symmetric about S to minimize the base resistance. A thin (depleted) cap
layer protects the base from the surface field. Some modulation doping
may be provided in the collector barrier to ensure a ‘‘normally-on’’ base
and help lower the base contact resistance. For higher mobility in the
base it may be advantageous to place the emitter on the substrate side of
the QW and the collector on the top of the structure. :

Fig. 2. Band diagram of the IBT in the operating regime. In order to
achieve an optimum &y, the equilibfium height of the collector barrier
can be made lower than the emitter barrier. The electron injection
energy can be enhanced by incorporating a planar-doped sheet of
acceptors near the top of the emitter barrier.

addition to the familiar Schottky image force lowering [4],
the dependence ®(V,;) results from two quantum effects
[5]—the zero-point-motion energy E, and the Fermi energy
of a two-dimensional metal, Er. — Ey = wh? o/em, both of
which are subtracted from the barrier height. To a good
approximation, E, varies as F>/3, where F is the electric field
in the collector barrier. Using the - variational approach of
Fang and Howard [5, p. 466] and the parameters m, ¢ of
GaAs, we find Ey = (0/0¢)** X 21 meV, where g5 = 101
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e/cm?, Expressing ¢ from (1), we have

®=2&r—(ea/AL)(Veo— V) 05

where &, = ®;, — E,, with ®, being the conduction band
discontinuity between GaAs and AlGaAs at the collector
interface, and @ = 4wehi?/me? = 103.5 A is the Bohr radius
in GaAs. We see that for L, > a the charge injection due to
barrier lowering is unimportant. This ensures a
quasi-saturation of the collector current characteristics with
respect to V.

Transistor action results when V,, > 0 (emitter biased
negatively relative to the base). In this case the triangular
barrier between the emitter and the base is biased in the
forward direction. This gives rise to a charge injection
controlled by V.. The injected carriers (‘‘hot electrons’’)
travel through the thin base and pass over the collector
barrier. Of course, a fraction of them will be lost in the base
because of scattering and barrier reflection which thus
diminish the transistor common-base current gain «. These
processes are considered below. First, however, let us make
simple small-signal estimates of the IBT speed of operation,
assuming an ideal transfer ratio o« = 1. The graded-gap
triangular barriers have been studied in detail over recent
years [6]. At not too high current densities J < 10* A/cm?
their forward characteristics obeys a diode law J oc exp
(eVye/kT). At higher currents the exponential characteristics
of a triangular barrier saturates and is eventually replaced by
a linear law. This occurs [7], [8] because of: 1) slowing down
of the effective diffusion velocity on the uphill slope; and 2)
screening of the applied field by the mobile charge on the
downhill slope. These effects limit the maximum achievable
transconductance g,, per unit area and thus impose speed
limitations [8]. Effect 1) gives g,, < evg/L%, where vg =
(kT/2wm)"? is the mean thermal velocity in a given
direction, and leads to a delay 7, = L,/vg. Effect 2) leads to
a collector drift delay time 7, = L,/v; where v, is the
saturation velocity. Another delay occurs due to a finite base
charging time. This effect is rather peculiar in IBT: the base
responds to a variation 8V}, like an FET channel to a
variation in the gate voltage, viz. 80 = €6V;./L,. This does
not lead, however, to a characteristic time-of-flight delay
L/v of an FET. (Here L is the lateral base dimension, i.e.,
the distance from one of the source contacts to the middle of
the base, Fig. 1.) A straightforward RC estimate gives 7, =
eL2/poLy, where y is the low-field mobility in the base. It is
interesting to note that the IBT takes a direct advantage of the
high electron mobility in a two-dimensional metal at an
undoped heterojunction interface (see the reviews [5] and [9]
and references therein). ‘

Which of the above delay times (7, 7., 75) will dominate,
depends on the ambient temperature and the device geome-
try. Without pushing the limits of technology, e.g. using the

rules already employed in fabricating the charge injection -

transistor at Bell Labs [10] (taking L; ~ L, ~ 10~3cm, L ~
104 cm, and of V5 = 2 V] ~ 10'2 e/cm?), we estimate that
each of the three delays can be made of the order of 1 ps at

room temperature.
The above estimates were made assuming an ideal static
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common-base current gain o = 1. Let us now estimate this
very important factor. Electrons injected into the base at high
energy E (say, 0.36 eV, counting from Ep) will travel
initially with a ballistic velocity vy = 10® cm/s (the highest
group velocity in GaAs), traversing the base in time d/vp.
They are losing energy atthe rate r = 1.6 X 10! eV/s due to
the emission of polar optic phonons [11]. Ignoring (for a
moment) quantum mechanical (QM) reflections above the
collector barrier, we can estimate the fraction 5 of electrons
lost in the base as follows:

n=rd/vg(E—®7)~0.01. A3)

In estimate (3) I assumed £ — &7 = (.16 eV; a hot electron
needs about 1 ps on average to lose this amount of energy,
while it spends only ~0.01 ps traversing the base.

Next, the probability of a QM reflection off a rectangular
barrier (Fig. 3(a)) is given by [12]

e
TLisvice

where ¢ = &;/E. Taking ¢ = 0.5, e.g., E = 0.36 ¢V and
& = 0.18 eV, we have R = 0.03. A more realistic model
(Fig. 3(b)) for our collector barrier of a triangular shape also
admits an exact solution [13], expressed in terms of Hankel
functions. In the limit &7 > (/#2e2F2/2m)'3 and ¢ < 0.8 the
exact solution reduces to (4). For the above values of E and
&, taking the triangular barrier thickness / = 200 A
(corresponding to F = 2 X 10° V/cm), it gives a still lower
(by about a factor of 2) value of R. It should be noted that
estimates based on (4) are valid only for heterojunction
barriers in which the bottom of the conduction band lies in
the same valley of the Brillouin zone in both semiconductors.
If this condition is not fulfilled, the QM transmission
probability will be substantially reduced.

We conclude that in an IBT one can realistically expect o
=(1 - 9)(1 — R) = 0.96. For comparison, the recent data
for a metal-base transistor, achieved with an epitaxial
Si/Co8Si,/Si structure [14], correspond to o =< 0.02. The
crucial difference lies in the QM reflection which is much
higher in the case of a metal, in part because the values of ¢
one must use in (4) in this case are typically close to unity
(the energies are counted from the bottom of the conduction
band [15]). The problem of QM reflections becomes even
worse if one accurately takes into account the different band
structures of the metal and the semiconductor.

Like in the case of IBT, the above-barrier reflection is not
a serious problem in other semiconductor analogs of the
MBT, such as the monolithic hot-electron transistors based
on camel [16], planar-doped [17], or tunnel-emitter [18]
barriers. In those devices, however, the doped base layer
cannot be made thin because of the increasing resistance.
Here is where our two-dimensional metal comes in handy!
The induced-base sheet resistance can be easily made less
than R = (o)~ '<400 Q at room temperature (taking the
phonon-limited mobility [9] p=28500 cm?/V-s), and still
much lower at 77 K. The value of the induced charge sheet
density is limited by the breakdown field in the AlGaAs
barrier, giving [10] o = 2 X 10'2 e/cm?. The induced
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(a) ®)
Fig. 3. Exactly calculable models for estimating the above-barrier
quantum-mechanical reflection of ballistic electrons. (a) Rectangular
barrier. (b) Triangular barrier: [ = ®,/eF. -

base resistance is independent of the base thickness d,
provided the latter is larger than the characteristic extent in
the tranverse direction of the wave function of
two-dimensional electrons [5].

The fundamental limitations of the IBT appear to be
similar to those of a bipolar transistor with a thin graded-gap
base [19]. The latter device does not benefit from an
enhanced mobility in the base, but it compensates by offering
the possibility of a larger sheet carrier concentration. It is
premature to discuss at this point which of the two
devices—the bipolar [19] or the present unipolar—will prove
more practical.

To summarize, I have proposed a novel hot-electron
transistor which preserves the main attractive feature (high
speed) of a metal-base transistor, while avoiding its inherent
drawback of a low «. Compared to previous
all-semiconductor hot-electron transistors, the key new idea
is that of an induced—rather than doped—base, which allows
one to design a base layer as thin as 100 A without a loss in
its sheet conductance. Although I discussed it only in the
instance of a graded-barrier AlGaAs/GaAs system, the idea
can be implemented in a variety of materials. The absence of
doping in the barrier structure is an advantage of the IBT, as
it should minimize the variations in the potential barrier
height owing to dopant fluctuations. However, for certain
applications it may be useful to incorporate some modulation
doping in the collector barrier. This would provide a base
conductance at V, = 0. Moreover, the presence of a
positive donor charge in the vicinity of the base may help
lower the base contact resistance, and the resultant concave
form of the potential barrier can be expected to ease the
space-charge limitation of the collector current. One can also
incorporate a planar-doped negative charge sheet in the
emitter barrier and thus increase the energy at which
electrons are injected into the base. Higher injection energy
may be desirable, provided this does not lead to a high rate of
intervalley scattering. In this regard, it may be advantageous
to use materials such as InGaAs/InAlAs which have a higher
energy separation of the satellite valleys.

ACKNOWLEDGMENT

I wish to thank G. E. Derkits, D. Kahng, A. Kastalsky,
R. F. Kazarinov, G. L. Miller, and S. M. Sze for helpful
discussions and comments on the manuscript.

[l

12
3]

4]

[61

Y]

(8}

9]

[10]

[11]

[12]

[13]

[14]

{15}

[16]
[17]

[18]

(9]

IEEE ELECTRON DEVICE LETTERS, VOL. EDL-6, NO. 4, APRIL 1985

REFERENCES

M. M. Atalla and D. Kahng, ‘‘A new hot-clectron triode structure
with semiconductor-metal emitter,”” in Proc. IRE-AIEE Solid
State DRC, University of New Hampshire, Durham, NH, July 1962.
D. V. Geppert, ‘A metal base transistor,”” Proc. IRE, vol. 50, p.
1527, 1962.

S. M. Sze and H. K. Gummel, ‘‘Appraisal of
semiconductor-metal-semiconductor transistors,’” Solid State Elec-
tron., vol. 9, pp. 751-769, 1966.

S. M. Sze, Physics of Semiconductor Devices, 2nd ed. New
York: Wiley, 1981, p. 250.

T. Ando, A. B. Fowler, and F. Stern, ‘‘Electronic properties of
two-dimensional systems,”” Rev. Mod. Phys., vol. 54, pp. 437-672,
1982.

C. L. Allyn, A. C. Gossard, and W. Wiegmann, ‘‘New rectifying
semiconductor structure by molecular beam epitaxy,”” Appl. Phys.
Lett., vol. 36, pp. 373-376, 1980; A. C. Gossard, W. Brown, C. L.
Allyn, and W. Wiegmann, ‘‘Molecular beam cpitaxial growth and
electrical transport of graded barriers for nonlinear current conduc-
tion,”” J. Vac. Sci. Technol., vol. 20, pp. 694-700, 1982; also R. F.
Kazarinov and S. Luryi, ‘“Charge injection over triangular barriers
in unipolar semiconductor structures,”” Appl. Phys. Lett., vol. 38,
pp- 810-812, 1981.

S. Luryi and R. F. Kazarinov, ‘‘Charge injection over barriers in
unipolar semiconductor structures,”” IEEE Trans. Electron De-
vices, vol. ED-28, pp. 1242-1243, 1981.

R. F. Kazarinov and S. Luryi, ‘‘Majority carrier transistor based on
voltage-controlled thermionic emission,”” Appl. Phys., vol. A28,
pp- 151-160, 1982.

P. M. Solomon and H. Morkog, ‘‘Modulation-doped GaAs/AlGaAs
heterojunction field-effect transistor (MODFET), ultrahigh-speed
device for supercomputers,”” IEEE Trans. Electron Devices, vol.
ED-31, pp. 1015-1027, 1984.

S. Luryi, A. Kastalsky, A. C. Gossard, and R. H. Hendel, **Charge
injector transistor based on real-space hot electron transfer,”” IEEE
Trans. Electron Devices, vol. ED-31, pp. 832-839, 1984.

T. J. Maloney and J. Frey, ‘‘Transient and steady-state electron
transport properties of GaAs and InP,”” J. Appl. Phys., vol. 48, pp.
781-787, 1980; T. J. Maloney, *‘Polar mode scattering in ballistic
transport GaAs devices,”” IEEE Electron Device Lett., vol. 1, p.
54, 1980.

L. D. Landau and E. M. Lifshitz, Quantum Mechanics:
Non-Relativistic Theory, 3rd ed. London: Pergamon, 1977.

V. M. Galitskii, B. M. Karnakov, and V. 1. Kogan, Problem book
in quantum mechanics for undergraduates (with solutions).
Moscow, Russia: Nauka, 1981, problem 2.53, (in Russian).

E. Rosencher, S. Delage, Y. Campidelli, and F. A. d’Avitaya,
““Transistor effect in monolithic Si/CoSi,/Si epitaxial structures,”’
Electron. Lett., vol. 20, pp. 762-764, 1984.

C. R. Crowell and S. M. Sze, ‘‘Quantum-mechanical reflection of
electrons at metal-semiconductor barriers: Electron transport in
semiconductor-metal-semiconductor structures,”” J. Appl. Phys.,
vol. 37, pp. 2683-2689, 1966.

J. M. Shannon, ““Hot electron diodes and transistors,”” in Proc. Inst.
Phys. Conf., Ser. no. 69, 1984, pp. 45-62.

R. J. Malik, M. A. Hollis, L. F. Eastman, C. E. C. Wood, D. W.
Woodard, and T. R. AuCoin, ‘‘GaAs planar-doped barrier transis-
tors grown by molecular beam epitaxy,”’ in Proc. 8th Biennial
Cornell Conf. on Active Microwave Semicond. Devices and
Circuits, Aug. 1981.

N. Yokoyama, K. Imamura, T. Ohshima, H. Nishi, S. Muto, K.
Kondo, and S. Hiyamizu, ‘‘Tunncling hot electron transistor using
GaAs/AlGaAs heterojunctions,”’ Japan. J. Appl. Phys., vol. 23,
pp- L311-L312, 1984; also IEDM-84 Tech. Dig., 1984, pp.
532-535, and references therein.

H. Kroemer, ‘‘Quasi-electric and quasi-magnetic fields in nonuni-
form semiconductors,”” RCA Rev., vol. 18, pp. 332-342, 1957; for
recent results see D. L. Miller, P. M. Asbeck, R. J. Anderson, and
F. H. Eisen, ‘‘(GaAl)As/GaAs heterojunction bipolar transistors
with graded composition in the base,”” Electron. Lett., vol. 19, pp.
367-368, 1983 and J. R. Hayes, F. Capasso, A. C. Gossard, R. J.
Malik, and W. Wiegmann, *‘Bipolar transistor with graded band-gap
base,”’ Electron. Lett., vol. 19, pp. 410-411, 1983.




