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Two-dimensional electron gas (2DEG) in a quantum well or inversion layer, untike an
ordinary grounded metallic plane, does not completely screen an applied transverse electric
field. Owing to its Fermi degeneracy energy, a 2DEG manifests itself as a capacitor in series,
whose capacitance per unit area equals C, = me’/m#’, where m is the effective electron mass
in the direction transverse to the quantum well. Partial penetration of an external field through
a highly conducting 2DEG allows the implementation of several novel high-speed devices,
including a three-terminal rescnant-tunneling transistor and a gate-controlled thermionic

emission transistor.

It is well known that a grounded metal plate completely
shields the quasistatic electric fields emanating from charges
cn one side of the plate from penetrating into the other side.
Thus, in a three-plate capacitor, illustrated in Fig. 1{a), ap-
plication of a voltage to the node 1 changes the electric field
only in the space filied with the dielectric €,. The situation is
different if the middie plate @ is made of a fwo-dimensional
(2D) metal, like the electron gas (2DEG) in a guantum weil
(QW) or an inversion layer. In this case, quite generally, the
field due to charges on plate 1 partiaily penetrates through @
and induces charges on plate 2. As will be shown beiow, the
capacitance O, seen at the node 1 is given by the equivalent
circuit of Fig. 1(b), where C, and C, are the geometric capa-
citances:

£,
Ci=—, i=12, (1)
4ard,
and C, the “quantum capacitance” per unit area:
&y me’ e 7 —1
C, = =g, —X600x10 em™". (2)
i § mg

Here m is the effective electron mass in the direction perpen-
dicular to the QW plane, and g, is the valley degeneracy
factor.! Thus defined, C, coincides with the strong-inver-
sion limit of the so-called inversion-layer capacitance, dis-
cussed by Nicollian and Brews? and other authors® in con-
nection with the carrier-density fluctuations induced by
interface charges in a metal-oxide-semiconductor (MOS)
system. The guantum capacitance is a consequence of the
Pauli principle, which reguires an extra energy for filling a
QW with electrons. In the classical limit, i—~QOorm — o0, One
has Cy, — w0, and the capacitances C, and C, drop out, as
they should. For MOS structures on a Si (100) surface, one
hasg, =2 and m =m, = 0.98m,, so that Cy, > C,=C 4.
at all realistic oxide thicknesses. On the other hand, for a
small 1 one can expect interesting effects when C,, becomes
comparable to the geometric capacitances. Partial penetra-
tion of an external field through a highly conducting 2DEG
ailows the implementation of several novel high-speed de-
vices. Before discussing these devices, it may be worthwhile
to go through a derivation® of the above equivalent circuit
and Egs. (1} and (2).

Let o, 05, and 0 be the charge densities, respectively,
on electrodes | and 2 and in the quantum well. The neutra-
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lity condition o, + &, + 0, = 0 can be written in the form

0, = — ¢, sin’(d), (3a)

o = — oy co8 (@), {35)

where ¢ Is a variational parameter tc be determined by mini-
mizing the total energy £, of the system. The latter in-
cludes the field energies

E =

¥

z , =12, 4
0 87 €; )

1

J“Ir‘ Fidx  2rde;

where £ = 4mo /€, and F, = — 4rp,/€, are the electric
fields in regions 1 and 2, and the Fermi-degeneracy energy

E, = n#0l/2g,me" . (5}
(Corrections due to electron interaction® have been neglect-
ed.) Yarying 6E, , (¢) = 0, we find

tan’(P) = #’e,/4mg,d, e’ =C,/C, , (6)

which proves the equivalent circuit of Fig. 1. In particular,
the charge induced on the ground metal plate eguals

o= —o |G/ (G, +Cp) b (7

For possible applications an important consideration is by
how much does the electrostatic potential @, of the QW
vary in response to a variation of the voltage on electrode 1,
at fixed voltages on the QW and electrode 2. This can be
described by an “ideality factor,”

64’? —1 ' C
E(___%) =14 Lot tr (8)
a V}l ¥ — const Cl
L I

€, ds T Cy
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FIG. 1. (a) Schematic illustration of a three-plate capacitor in which the
middle plate represents a two-dimensional metal. The space between the
plates is assumed filled with dielectrics of permittivity €, and &,. (b) Equiva-
lent circuit for the capacitance seen at node 1.
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It should be clearly understood that the quantum capaci-
tance has a different origin from the inversion-layer capaci-
tance in the weak-inversion (subthreshold) regime of a field-
effect transistor.” The latter capscitance, associated with
partial occupation of the inversion-layer states at a finite
temperature, vanishes at 7' = 0. Motion of the depletion
boundary in a subthreshold MOS system corresponds to a
trivial penetration of the electric field through an “insula-
tor,” whereas the quantum-capacitance effect is a property
of a 2D Fermi system.” It corresponds tc the field penetra-
tion through a highly conducting 2D metal.

Let us now discuss possible device applications of this
property. Consider a three-terminal device illustrated in Fig.
2, assuming a GaAs/AlGaAs heterostructure implementa-
tion. In this structure an undoped GaAs QW is separated by
an undoped AlAs barrier of thickness 2, from a heavily
doped n-GaAs gate layer and by a graded undoped
Al Ga, _, As layer of thickness 4, from an #n-doped GaAs
emitter layer. { Alternatively, the emitter can be organized as
an undoped AlAs layer of thickness 4, on top of a keavily
doped n-AlAs fayer. ) Electrical contacts are provided to ail
three layers. For concreteness, let us consider a common-
collector configuration. Application of a positive bias ¥ to
the gate induces ZDEG in the QW, which will serve as a
coliector. The Fermi level in the QW is fixed at the commom
ground level, E /e=V, = V. = 0. Application of a nega-
tive emitter bias ¥ gives rise to a thermionic current into
the QW over the emitter triangular barrier. Because of the
above-discussed penetration of the field through the QW,
the thermionic current is controlled by V,,. Like in all “po-
tential effect” transistors,® the mutual conductance

¢ e [ % el
8m = = ( ) = (%)
(; EIG V¢ — const 5(1) 3 VG ¥¢ = const nkT

is proportional to the current (J. is the collector current
density) so long as the J. (¥, ) characteristic is exponential.
Neglecting variation of the potential across the narrow QW,
we can identify the potential barrier height & with the QW
potential @, and use (8) for the evaluation of n. The small-
signal transistor delay 7 is then limited by
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FIG. 2. Cross section of a thermionic quantum-capacitance transistor. In-
sert shows an equivalent circuit for determining the stored charges in a
three-terminal arrangement (neglecting the current flow). The “voltage”
drop across the quantum capacitor C, equals £, /e.
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Ctot . (CQ+C2)kT . (Z2 (CQ

= + .) ., (10}
gx:;ax e“’mnx vT CZ

where v, = (kT /27m)"/?, and I used the expression®
J&(ekT /dmed,) (v /dr) =T, (1D

for the current at which the Jo (V) and J. (¥ ) character-
istics lose their exponential nature because of the slowing
down of the diffusion velocity on the uphilt slope.

The expected performance of the described device
should be virtually identical to a conceptually similar device,
recently proposed by Kastalsky and Grinberg’ and called
the QW emission transistor or QWET. The structure of
QWET is similar to that shown in Fig. 2, but the QW serves
as an emitter and the electrode 2 as a collector of thermionic
current controlled by the gate via its raising or lowering the
QW Fermi level relative to the barrier top. Although the
authors of Ref. 7 chose not to discuss their device in terms of
the field penetration, it is clear that QWET should work
precisely because of this effect. Accordingly, the figure of
merit for QWET is similar to that described by Eq. (10), the
only difference being that v, must be replaced by the scatter-
ing-limnited saturated velocity vy on the—now downhill—
slope d,. At low temperatures, when vy < vy =~ 107 cm/s, the
QWET configuration may be preferable. The most optimis-
tic estimate foor GaAs(Cpy = 4X 10° cm ™'} is obtained tak-
ing &,~300 A, which gives 7, ~4 ps. Further improve-
ment in speed of the thermionic guantum-capacitance
devices is possible if materials with lower effective mass are
used for the QW.

Next, consider a three-terminal resonant tunneling
(RT) device illustrated in Fig. 3. Again for concreteness, |
assume an implementation with the AlGaAs/GaAs hetero-
structure technology. The structure is similar to my inter-
pretation (Ref. 8, p. 555) of the so-called Stark-effect tran-
sistor (SET) propesed by Bonnefoi er al.,” but the
conceptual principle of operation is quite different. The dif-
ference is in the effect used for the gate field to control the
RT of electrons from the doped emitter layer into the QW
collector. In the SET the control is effected via the shift by
the gate field of the position of 2D subbands, which are sensi-
tive to the shape of the QW (the Stark effect). For a narrow
well, that effect is relatively small compared to the field-
penetration effect that [ presently propose to utilize.

The structure contains an undoped QW collector, sepa-
rated by a thin (d,~30 A) undoped Al, Ga, _, As tunnel-
ing barrier from an n-doped GaAs emitter, and by a slightly
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FIG. 3. Cross section of a three-terminal resonant-tunneling device based

on the incomplete screening of an external field by a two-dimensional metal.
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thicker (d,~60 A) undoped AlAs rnontunneling barrier
from an n-doped GaAs gate layer. First, an application of a
positive gate bias ¥V, induces a 2DEG in the QW; subse-
quently, application of an emitter bias ¥, <G gives rise to
characteristics typical of a QW diode.’® As above, the gate
field controls the tunneling characteristics because of the
field-penetration effect through the QW. The effectiveness of
the gate control depends on an ideality factor # of the struc-
ture [Eq. (8)1. The expected transconductance characteris-
tic is well approximated by the current-voltage characteris-
tic of a symmetric double-barrier RT diode, with barriers of
thickness d, but the voltage axis must be scaled by a factor
E=n/2. With the assumed geometrical parameters, £ =~2.6;
again the performance can be improved by using materials
with smaller effective mass for the QW. Ideally, asm -0, one
has &£ — (d, +d.}/2d,.

From these considerations both the collector and trans-
conductance characteristics can be constructed in a straight-
forward manner. It is clear that the device will exhibit re-
gions of both positive and negative transconductance. As
discussed before,'® such a property can have important ap-
plications. Indeed, the celebrated usefulness of complemen-
tary MOS (CMOS) logic circuits resuits mainly from the
fact that transconductances of p- and n-channel transistors
are of opposite sign, which aliows high-speed switching com-
bined with low-power dissipation in the steady state. Similar
circuits can be obtained from the described RT transistor.
For exampie, a pair of such transistors can perform the logic
functions of a CMOS inverter pair.

I wish to express my gratitude tc J. R. Brews for useful
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