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Self-Gating Effect in the Electron Y-Branch Switch
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In an electron waveguide Y-branch switch the electrostatic field applied between two gates switche
a current into either of two branches. A novel mode of operation is proposed. For finite source-drain
potentials, the switching field is shown to be strongly influenced by the electrochemical potentials in
the waveguides. For certain biasing schemes this can be used to achieve gain without external ga
and theirRC constants. This allows switching up into the THz range in this new class of gateless
mesoscopic devices. Conditions for bistability and oscillation are derived. [S0031-9007(99)08629-9]
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The electron Y-branch switch (YBS) [1] is a so-calle
electron waveguide device (EWD), which has been co
sidered as a candidate for future very low power, hig
speed electronics. As an advantage versus other EW
such as the Aharonov-Bohm interferometer [2], the d
rectional coupler [3], and the quantum stub transistor, [
the YBS benefits from a monotonic response facilitatin
the implementation of logic functions [5]. In an electro
Y-branch switch (Fig. 1), an electric field can direct elec
trons, into either of two branches, while the other bran
is cut off. In simulations [6,7] it has been shown tha
if the waveguides of the YBS have only one populate
subband, a sufficient lateral field is created by applyin
a voltage of a few mV between the gates on both sid
and that the switching is very efficient for a wide rang
of electron energies. This somewhat surprising behav
is due to the fact that the electrons do not have to
stopped by a barrier. The device does not have to
depleted anywhere. Instead, the electrons are merely
flected into either of the arms by the lateral field. Th
same phenomenon is predicted to yield the interesti
possibility of using switching voltages belowkBTye, of-
fering low power consumption. At the cryogenic tem
peratures typical of present day mesoscopic experime
however, the switching voltage is larger than the ve
low kBTye due to a quantum limitation [Eq. (3)]. The
electric field in these simulations was, however, calc
lated in the absence of voltages between the reservo
As Landauer pointed out [8] the fields created at a sc
terer are often important, when we leave equilibrium
The present Letter therefore estimates the effects of fin
differences between the electrochemical potentials in t
reservoirs including the effects of induced space char
inside the device and comes to the conclusion that the
affect the lateral field and thus the switching much mo
than the gate voltages do.

The simulations showed that the reflections in the ste
waveguide were very small. Neglecting these and maki
use of the unitarity and reciprocity of coherent transpo
in the absence of magnetic fields [9], the transmissi
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d
n-
h
Ds
i-
4]
g

n
-

ch
t
d
g
es
e
ior
be
be
de-
e
ng

-
nts,
ry

u-
irs.
at-
.
ite
he
ge
se

re

m
ng
rt

on

probability matrix takes the form

TY ­

2664 0 11g
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2
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2
s12gd2

4
12g2

4
12g

2
12g2

4
s11gd2

4

3775 , (1)

as reported in [5]. Neglecting the potential differenc
between the reservoirs, the switching parameterg had a
dependence on the field between the gates which can
simplicity be approximated by

g ­ tanh
hgDVg

DVs
, (2)

whereDVg is the voltage between the gates. The gatin
efficiency hg, estimated in this Letter, is a measure
of how well the electrostatic potential differencein the
waveguidesDV23 follows the gate voltage. The switching
voltageDVs is a measure of how large a change inDV23
is required to affectg. It is fundamentally limited by the
Heisenberg relation between interaction time and energ

eDVs ø
h̄yF

Li
, (3)

whereyF is the Fermi velocity andLi is the interaction
length (Fig. 1).
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FIG. 1. (a) In the Y-branch switch an electric field deflect
the electrons from the stem (1) into either of the branches (2
3). The field is caused by a voltage applied between extern
gates, or by the potential difference between the waveguid
themselves. (b) The transmission probabilities Eq. (1) va
with the electrostatic potential difference between the tw
waveguides.
© 1999 The American Physical Society
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The difference in electrochemical potential betwee
waveguides 2 and 3,Dm23, creates a charge buildup
which in turn creates a difference in electrostatic potentia
DV23, between the waveguides, which corresponds
a lateral field superposed to the one from the ga
electrodes. The resulting field controls the switchin
parameterg.

g ­ tanh
hgDVg 1 hsg

Dm23

2e

DVs
. (4)

Before discussing the resulting nonlinearity in conduc
tance and some interesting applications for this self-gati
effect, we will first attempt to assess the value of both th
gate efficiencieshg andhsg, and argue that the self-gating
is the dominant gating mechanism.

In a metal structure with a high density of state
(DOS), a variation of the electrochemical potential implie
a corresponding change in the electrostatic potenti
DV ­ Dmy2e. The question is what happens in singl
mode electron waveguides with a limited DOS. We wi
assesshg andhsg by estimating the electrostatic potentia
difference between the waveguidesDV23 ­ DV2 2 DV3
as a function of the electrochemical potential differenc
Dm23 ­ Dm2 2 Dm3 between the waveguides and of th
applied gate voltageDVg ­ DVg2 2 DVg3. To simplify,
the only capacitive couplings taken into account are tho
between a gate and the waveguide closest to it,Cg2 and
Cg3, and the one between the two waveguidesC23. The
device is symmetric soCg2 ­ Cg3 ­ Cg. The charge
induced in waveguide 2 is

Dr2 ­ C23sDV23d 1 Cg2sDV2 2 DVg2d . (5)

For the electrochemical potentials in the waveguid
we have

Dm2 ­ 2e

µ
DV2 1

Dr2

CQ

∂
, (6)

where CQ ­ e2 3 DOS is the “quantum capacitance.”
From the above equations and the corresponding eq
tions for waveguide 3, it is straightforward to expres
DV23 in terms of the gate voltageDVg and the difference
in electrochemical potential in the waveguidesDm23

DV23 ­
CgDVg 1 CQ

Dm23

2e

CQ 1 Cg 1 2C23
. (7)

We can now identifyhg andhsg

hg ­
Cg

CQ 1 Cg 1 2C23
,

hsg ­
CQ

CQ 1 Cg 1 2C23
.

(8)

For single-mode electron waveguides, the quantum c
pacitances are usually larger than the geometric on
We have

CQ ­
e2mp

h̄pkF
­

2
yFR0

, (9)
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wherekF is the Fermi wave vector andmp is the effective
electron mass. R0 ­ p h̄ye2 ø 13 kV. The ordinary,
geometry dependent capacitances per unit length
seldom more than a small factorA from the dielectric
constant of the material,

Cgeo ­ Ae0er . (10)

The ratio between these types of capacitances can th
fore be expressed as

CQ

Cgeo
­

8a

Aer

c
yF

, (11)

wherea ø 1y137 is the fine-structure constant andc is
the velocity of light. This means that for realistic pa
rameters, for exampleA ­ 2, er ­ 10, the capacitance
ratio [Eq. (11)] is larger than unity up to Fermi ve
locities aroundyF ø 106 mys. It also means that ac
cording to Eq. (8) self-gating is the dominant gatin
mechanism up to this velocity andhsg is close to unity
up to yF ø 3 3 105 mys, so the electrostatic potentia
differenceDV23 closely follows the electrochemical po
tentials in the waveguides, implying that we can expl
the low fundamental limit on switching voltage [Eq. (3)
Numerical simulations will, however, be necessary to c
culate the geometry-dependent self-consistent charge
field distributions for finite potentials between the rese
voirs, from which we more accurately may deducehg,
hsg, and DVs. The conclusion from this brief analysi
must, however, be that the difference in electrochemi
potential between waveguides 2 and 3 affects the swit
ing more than the gate potentials.

The phenomenon creates a nonlinearity in the cond
tance between the three leads, and we will now exam
how this can be exploited without a gate voltage or if t
gate electrodes are excluded from the deviceDVg ­ 0.

First, we note that the self-switching is governed
Dm23, that is the electrochemical potential differen
between the electron waveguides 2 and 3 close to
junction. This may differ from the difference in potentia
between the reservoirs. The conductance matrix [9]

Gr ­
1

R0
sE 2 TY d , (12)

whereE is the identity matrix, relates the currentsĪ into
the waveguides with the potentials̄mr in the reservoirs.
Ī ­ Grm̄ry2e. By discounting the contact resistanc
of R0y2 between each waveguide and its reservoir, we
a relation between the current and the potentialm̄ in the
waveguides.

G ­
2

R0
sE 1 TY d21sE 2 TY d . (13)

In [10] it was shown that this conductance relation is va
for frequenciesv ø 1yttr , wherettr is the transit time
for an electron between the points close to the junct
where the potentials̄m are considered. Separating th
2565



VOLUME 82, NUMBER 12 P H Y S I C A L R E V I E W L E T T E R S 22 MARCH 1999

n
in
et.
e
l,
of
n,
tial
is

tive
ic
lay
he
es.
se

ves
s in
C.
int

to
ns

s
e

e
qual
to

-

l-
d
re
contact resistances from the conductance matrix of t
actual junction it is thus possible to model theI-V
characteristics of the device with an equivalent circuit,
in Fig. 2. Inserting the transmission probability matrixTY

[Eq. (4)] and simplifying, we obtain

G ­
2

R0s1 2 g2d

3

24 2s1 1 g2d 2s1 1 gd2 2s1 2 gd2

2s1 1 gd2 s1 1 gd2 0
2s1 2 gd2 0 s1 2 gd2

35 .

(14)

We will now examine the behavior of the device whe
the biasing is symmetric, i.e., the potentials of reservoirs
and 3 are the same. For convenience, we set the poten
of the reservoirs tomr

2 ­ m
r
3 ­ 0 and m

r
1 , 0. Then a

positive current will flow into waveguide 1. This curren
will be partitioned into waveguides 2 and 3, depending o
the switching parameterg. Because of the contact resis
tance (Fig. 2), a difference in current will create a diffe
ence in electrochemical potential between waveguide
and 3,Dm23. This will in turn affectg through Eq. (4)
so that the current is directed to the waveguide withlower
electrochemial potential, which further reduces that p
tential. The result is a bistability, where the current is d
rected to either of the branches depending on the state
the device. Whether the bistability occurs or not depen
on the value ofmr

1. According to Eqs. (1) and (12), the
current into lead 2 becomess1 1 gdmr

1y2eR0. Because
of the contact resistance a potential in waveguide 2
m2 ­ s1 1 gdmr

1y4 is produced. In the same mannerm3
can be calculated, yielding

Dm23 ­ Dm2 2 Dm3 ­ gmr
1y2 . (15)

If we plot this relation along with Eq. (4), as in Fig. 3
we see that we get three solutions,g ­ 0 andg ø 61, if
m

r
1 , 22eVsyhsg. According to the intuitive arguments

above,g ø 61 are stable solutions whileg ­ 0 is not.
For m

r
1 . 22eVsyhsg there is only one solution. A

useful hydrodynamical analogy, where the bistability
evident, is given in Fig. 3(b).

FIG. 2. Since we need to consider the electrochemical p
tentials inside the waveguides, it is convenient to separate th
contact resistances ofR0y2 from the conductance of the actua
junction G.
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An alternative to bistability, however, is that, for certai
conditions, the flap may start oscillating, like the reed
the mouthpiece of a woodwind instrument, e.g., a clarin
The same thing is true for the self-gated YBS. Th
counterintuitive fact that a lower electrochemical potentia
for example in waveguide 2, may lead to an increase
the current from the junction into that waveguides ca
as we will see, be represented by a negative differen
conductance (NDC) between waveguides 2 and 3. It
well known that an NDC may yield an oscillation if the
load has appropriate reactive properties and a dissipa
component that is not too high. For the hydrodynam
analogy, this is accomplished by the propagation de
of the sound waves in tubes 2 and 3, together with t
negative reflection coefficient at the ends of those tub
We will see that under some conditions this is also the ca
for the device under consideration, since the sound wa
have an equivalent in the one-dimensional plasma wave
the electron waveguides, but first we investigate the ND

To estimate the NDC, we linearize around a bias po
wherem2 ­ m3 andg ­ 0, i.e., the unstable solution. To
find the operating point we first note that we, according
Eq. (1), have no reflection in waveguide 1. This mea
that the current into that waveguide ism

r
1ys2eR0d. From

(Fig. 2) we immediately getm1 ­ m
r
1y2 andm2 ­ m3 ­

m
r
1y4 since this current is split in two equal halve

when g ­ 0. We now investigate the current when w
introduce a small deviationm2 ­ m

r
1y4 1 dm, m3 ­

m
r
1y4 2 dm. The excitation is antisymmetric since th

loads (e.g., the contact resistances) are assumed e
and I2 1 I3 is constant. Inserting these potentials in
Eq. (14), we obtain

I2 ­
2

R0

1 1 g

1 2 g

µ
dm

2e
2

m
r
1

24e

∂
, (16)

where g is given by Eq. (4) withDm23 ­ 2dm and
DVg ­ 0. Linearizing we obtain the differential conduc
tanceGn,

Gn ­
2edI2

dm
­

2
R0

µ
1 1

hsgm
r
1

eDVs

∂
. (17)

FIG. 3. (a) Equations (4) and (15). (b) Hydrodynamic ana
ogy of the self-gated Y-branch switch. A water flow is directe
by the flap, which in turn is bent by the difference in pressu
between the pipes.
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This constitutes a NDC already atm
r
1 , 2eDVsyhsg.

We will now see how waveguides 2 and 3 may act a
resonators for an oscillation. In [11], the high frequenc
properties of electron waveguides were described in ter
of propagating plasma waves. A microwave-engineerin
approach, where the plasma waves were modeled as v
age waves on equivalent transmission lines, was dev
oped. The Fermi velocityyF and the screening by a
nearby metallic plane, e.g., the commonly used split gat
were found to be the main parameters influencing th
plasma wave propagation velocityu . yF and a charac-
teristic impedance,ZQ . R0y2, in the transmission-line
model. Also, the boundary condition for these waves
the interfaces to the reservoirs was calculated. In t
transmission-line model, it was represented by a series
sistance ofR0y2. Using these results from [11] we obtain
a model of waveguides 2 and 3, as in Fig. 4. At an osc
lation frequency of

f ­ uys4Ld , (18)

the length of the waveguidesL corresponds to a quarter
wave, and the waveguides can be considered as quar
wave transformers, well known from microwave eng
neering. The load impedance at the reservoirR0y2 can
then be transformed to an impedance at the juncti
Zj ­ Z2

QysR0y2d, which will be connected in parallel
with the negative conductance of the junction. The r
quirement for oscillation to start is that the total conduc
tanceGn 1 Z21

j , 0. This can be expressed as

hsgm
r
1

2eDVs
. 1 1

√
R0y2
ZQ

!2

. (19)

For a plasma velocity ofu ­ 4 3 105 mys and a wave-
guide length of L ­ 1 3 1027 m, the oscillation fre-
quency becomesf ­ 1 THz. Reducing the length of the
waveguides used as resonators,f increases, but another
time constant, the transit time through the junction limit
the maximum frequency, since the electron has to trav
through the whole interaction lengthLi in the same field,
to be deflected properly. The Fermi velocity is limited
in a single-mode waveguide, since a higher Fermi ener
would populate the second subband. If we for simplicit
assume an infinite rectangular potential profile we obta
a maximum Fermi velocity ofyF ,

p
3p h̄ywmp before

the second subband is populated. The width of the wav
guide is denotedw. For the transit time we then obtain

ttr ­
Li

yF
.

Liwmp
p

3p h̄
, (20)

implying a square dependence on the length scale. A
ready atLi ­ 70 nm, andw ­ 20 nm this corresponds to
ttr ø 0.1 ps assuming an effective mass ofmp ­ 0.04m0.
The main reason for the high frequency is the absence
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FIG. 4. The small-signal high-frequency properties of wav
guides 2 and 3 may be represented by a transmission
analogy, where the extra wire is a representation of the me
ground plane. The high frequency impedance of the volta
supplies are represented by shorts since they are assumed
very low in comparison withR0y2.

gates and the largeRC constants intrinsic to the highly
resistive EWDs.

Experimentally, the high frequency oscillations may b
difficult to detect inside a cryostat. The bistability is a d
effect and easier to study by, for example, monitoring th
currents while the potential differencem

r
2 2 m

r
3 is swept.

The oscillations must then, however, be suppressed
reducingZQ, placing the screening metal plane close
the waveguides [11].

Another interesting possibility is to leave reservoir
floating and measuremr

1 while m
r
2 andm

r
3 are varied. From

the analogy of Fig. 3(b) we then see that waveguide 1 w
connect in a resistanceless fashion to the branch with low
m, andm

r
1 will tend to take the lower value ofmr

2 andm
r
3.

This can also be used as a primitive logic gate (m
r
1 ­ m

r
2

OR m
r
3). By dynamically connecting waveguide 1 to eithe

of the branch waveguides depending on which one mom
tarily has the lower electrochemical potential, we can al
overcome a fundamental difficulty associated with ele
tron waveguides; it is impossible to connect three sing
moded electron waveguides in a resistanceless junct
(even if we discount the contact resistances). This adv
tage should have applications in future electron-wavegu
circuits, along with the bistability and oscillatory behavio
discussed in this Letter.
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