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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 switches
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 gates
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]

PACS numbers: 73.50.Mx, 72.15.—v

The electron Y-branch switch (YBS) [1] is a so-called probability matrix takes the form

electron waveguide device (EWD), which has been con- 0 1+y 1-y
sidered as a candidate for future very low power, high 2, 2,
: Ty = | By 0y 1oy (1)
speed electronics. As an advantage versus other EWDs Y 2 4 i
such as the Aharonov-Bohm interferometer [2], the di- Ly Ly @47

rectional coupler [3], and the quantum stub transistor, [4]aS reported in [5]. Neglecting the potential difference

the YBS benefits from a monotonic response facmtatingoetween the reservoirs, the switching parametetad a

the implementation of logic functions [5]. In an electron : X
Y-branch switch (Fig. 1), an electric field can direct elec-depenqence on the_fleld between the gates which can for
simplicity be approximated by

trons, into either of two branches, while the other branch
is cut off. In simulations [6,7] it has been shown that y = tanh ngAV, )

if the waveguides of the YBS have only one populated AV

subband, a sufficient lateral field is created by applyingyhereAv. is the voltage between the gates. The gating
a voltage of a few mV between the gates on both sideggficienc #

o " | y mg, estimated in this Letter, is a measure
and that the switching is very efficient for a wide range ¢ now well the electrostatic potential differene the

of electron energies. This somewhat surprising beha"'%aveguidesxvzg follows the gate voltage. The switching
is due to the fact that the electrons do not have to b?/oltageAV? is a measure of how large a changeAifry;
stopped by a barrier. The device does not have o bg required to affecy. It is fundamentally limited by the

depleted anywhere. Instead, the electrons are merely dgpsisenberg relation between interaction time and energy,
flected into either of the arms by the lateral field. The

same phenomenon is predicted to yield the interesting eAV, ~ ﬁﬂ’ 3)

possibility of using switching voltages belokgT /e, of- ‘ L;

fering low power consumption. At the cryogenic tem-wherev; is the Fermi velocity and.; is the interaction
peratures typical of present day mesoscopic experimentisngth (Fig. 1).

however, the switching voltage is larger than the very

low kT /e due to a quantum limitation [Eq. (3)]. The -

electric field in these simulations was, however, calcu- probability

lated in the absence of voltages between the reservoirs. 1 :
As Landauer pointed out [8] the fields created at a scat- T13 -
terer are often important, when we leave equilibrium. '—iI /5\E T\

The present Letter therefore estimates the effects of finite 5 3 }
differences between the electrochemical potentials in the

reservoirs including the effects of induced space charge @) (b) AVa3
inside the device and comes to the conclusion that these

affect the lateral field and thus the switching much moreFIG. 1. (a) In the Y-branch switch an electric field deflects
than the gate voltages do the electrons from the stem (1) into either of the branches (2 or

The simulations showed that the reflections in the steny): The field is caused by a voltage applied between external
ates, or by the potential difference between the waveguides

waveguide were very small. Neglecting these and rT"akin&emselves. (b) The transmission probabilities Eg. (1) vary

use of the unitarity and reciprocity of coherent transportyith the electrostatic potential difference between the two
in the absence of magnetic fields [9], the transmissiomwaveguides.
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The difference in electrochemical potential betweernwherekr is the Fermi wave vector and® is the effective
waveguides 2 and 3Awuy;, creates a charge buildup electron mass.Ry = w/i/e* = 13 k(). The ordinary,
which in turn creates a difference in electrostatic potentialgeometry dependent capacitances per unit length are
AV,y;, between the waveguides, which corresponds teseldom more than a small facter from the dielectric
a lateral field superposed to the one from the gateonstant of the material,
electrodes. The resulting field controls the switching

Cgeo = A€p€, . (20)

parametery.

AV, + Aps The ratio between these types of capacitances can there-
. N Ve Msg—e
vy = tanh NG . (4)  fore be expressed as
N
Before discussing the resulting nonlinearity in conduc- Co _ 8a L’ (11)
tance and some interesting applications for this self-gating Ceeo A€y VF

effect, we will first attempt to assess the value of both the, (e,

o =~ 1/137 is the fine-structure constant amdis
gate efficiencies), andn,,, and argue that the self-

e dom \ . 9ating the yelocity of light. This means that for realistic pa-
Is the dominant gating mechanism. rameters, for exampld = 2, €, = 10, the capacitance

In a metal structure with a high density of states,.: ; : :
" , o 2= ratio [Eq. (11)] is larger than unity up to Fermi ve-
(DOS), a variation of the electrochemical potential |mpI|es‘3 [Eq. (11)] g y up

) : i “Slocities aroundvy =~ 10° m/s. It also means that ac-

EZ correAsp(/)ndlng hchange in the r(;:tlecrfrostatlc potentlla ording to Eq. (8) self-gating is the dominant gating
V = Ap/—e. The question is what happens in single o ohanism up to this velocity and, is close to unit
mode electron waveguides with a limited DOS. We will P y = y

o ; "up to vp = 3 X 10° m/s, so the electrostatic potential
assess, andn;, by estimating the electrostatic potential iterence AV, closely follows the electrochemical po-
difference between the waveguidas/,; = AV, — AV;

: , 2 tentials in the waveguides, implying that we can exploit
as a function of the electrochemical potgntlal dn‘ferencethe low fundamental limit on switching voltage [Eq. (3)].
Apas = Auz — Aus between the waveguides and of the \ merical simulations will, however, be necessary to cal-

"’Lpp“e? gate voltaga Ve |= AVng_ AVgs. To S|mpI|fy,h culate the geometry-dependent self-consistent charge and
the only capacitive couplings taken into account are thosgg 4 gistributions for finite potentials between the reser-

betvveeg ahgate atr;d the war\]/egmde closesjc tdéli’_?ﬂd voirs, from which we more accurately may dedugeg,
Cy3, and the one between the two waveguidgs. e Nsg, and AV, The conclusion from this brief analysis

_d%vicedis_ symmetr_ic(j: Szcc.gz = Cy3 = Cg. The charge must, however, be that the difference in electrochemical
induced in waveguide = 1S potential between waveguides 2 and 3 affects the switch-
Apy = Cx3(AVy3) + Ce2(AV, — AVy)). (5)  ing more than the gate potentials.

For the electrochemical potentials in the waveguide, 'he phenomenon creates a nonlinearity in the conduc-

we have tance between the three leads, and we will now examine
A how this can be exploited without a gate voltage or if the
Ap, = —6<Av2 + ﬂ), (6) gate electrodes are excluded from the devidg = 0.
Co First, we note that the self-switching is governed by

where Cy = ¢> X DOS is the “quantum capacitance.” Apuos, that is the electrochemical potential difference
From the above equations and the corresponding equ&etween the electron waveguides 2 and 3 close to the
tions for waveguide 3, it is straightforward to expressjunction. This may c!iffer from the difference in potential
AVa; in terms of the gate voltagaV, and the difference between the reservoirs. The conductance matrix [9]

in electrochemical potential in the waveguideg »; 1
A G =_—(E—-Ty)), (12)

AV23 _ CgAVg + CQ——e . (7) RO
Co + Cp +2Cx whereE is the identity matrix, relates the currertsnto
We can now identifyy, and s, t_he waveguides with _the pot_entia,ts’ in the reser_voirs

C, I =G a"/—e. By discounting the contact resistances
= eI 20 of R0/2_ between each waveguide and its reservoir, we get
0 8 23 (8)  arelation between the current and the potengiah the
_ Co waveguides
Tse Co + Cg + 2Cy 2 .

For single-mode electron waveguides, the quantum ca- G= Ro (E + Ty) (E = Ty). (13)

pacitances are usually larger than the geometric N [10] it was shown that this conductance relation is valid

We have ) for frequenciesw <« 1/7, wherer, is the transit time
0= eem” 2 (9) for an electron between the points close to the junction
hrkp vrRy’ where the potentialgz are considered. Separating the
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contact resistances from the conductance matrix of the An alternative to bistability, however, is that, for certain
actual junction it is thus possible to model the/  conditions, the flap may start oscillating, like the reed in
characteristics of the device with an equivalent circuit, aghe mouthpiece of a woodwind instrument, e.g., a clarinet.
in Fig. 2. Inserting the transmission probability maffix =~ The same thing is true for the self-gated YBS. The

[EqQ. (4)] and simplifying, we obtain counterintuitive fact that a lower electrochemical potential,
) for example in waveguide 2, may lead to an increase of
G = Rl — 2 the current from the junction into that waveguides can,
o 7?) as we will see, be represented by a negative differential
20+ 9% —(1+7y)? —(1—y)2 conductance (NDC) between waveguides 2 and 3. It is
X | —(1+y)? (1+7y)7 0 . well known that an NDC may yield an oscillation if the
-1 =) 0 (1 -7 load has appropriate reactive properties and a dissipative

(14)  component that is not too high. For the hydrodynamic

We will now examine the behavior of the device when@nalogy, this is accomplished by the propagation delay
the biasing is symmetric, i.e., the potentials of reservoirs 2f the sound waves in tubes 2 and 3, together with the

of the reservoirs tquj = w5 = 0 and u} < 0. Then a We will see that under some conditions this is also the case

positive current will flow into waveguide 1. This current for the device under consideration, since the sound waves
will be partitioned into waveguides 2 and 3, depending orhave an equivalent in the one—(_jlmens[onal plasma waves in
the switching parametey. Because of the contact resis- the electron waveguides, but flrst we investigate t'he ND_C.
tance (Fig. 2), a difference in current will create a differ- 10 estimate the NDC, we linearize around a bias point
ence in electrochemical potential between waveguides E_/hereﬂz = M3 andy_= 0,1.e., the unstable squt|on._ To
and 3,Au»;. This will in turn affecty through Eq. (4) find the operating point we f!rst note thgt we, acc_ordlng to
so that the current is directed to the waveguide wither ~ EG- (1), have no reflection in waveguide 1. This means
electrochemial potential, which further reduces that pothat the current into that waveguides /(—eRo). From
tential. The result is a bistability, where the current is di-(Fig. 2) we immediately gef, = u1/2 andu, = ps =
rected to either of the branches depending on the state #f1/4 since this current is split in two equal halves
the device. Whether the bistability occurs or not depend¥/nény = 0. We now investigate the current when we
on the value ofuf. According to Egs. (1) and (12), the infroduce a small deviationuy = u1/4 + du, ps =
current into lead 2 becomés + y)u}/2¢R,. Because ni/4 — du. The excitation is antisymmetric since the
of the contact resistance a potential in waveguide 2 ofo2ds (e.g., the contact resistances) are assumed equal
wr = (1 + y)u}/4is produced. In the same manney and I, + I; is constant. Inserting these potentials into

can be calculated, yielding Eq. (14), we obtain
; _ 21ty (op _ m
Apxy = Apy — Aus = yui/2. (15) I = Rol—y <_—e - _—4e>, (16)

If we plot this relation along with Eq. (4), as in Fig. 3, where y is given by Eq. (4) withAu,; =286u and
we see that we get three solutions= 0 andy =~ =1,if AV, = 0. Linearizing we obtain the differential conduc-
w1 < —2eV/ms. According to the intuitive arguments tanceG,,

above,y = =1 are stable solutions whilg = 0 is not. —esl 2 r
For uy > —2¢V,/n, there is only one solution. A G, = Tz = R—(l nSAg"il). a7
useful hydrodynamical analogy, where the bistability is K 0 eaVs
evident, is given in Fig. 3(b).
AY P
reservoir [ ,S I
waveguidet u+ - Auz3
M1r
7
Y
P2 P3
(a) (b)

FIG. 2. Since we need to consider the electrochemical poFIG. 3. (a) Equations (4) and (15). (b) Hydrodynamic anal-
tentialsinside the waveguides, it is convenient to separate theogy of the self-gated Y-branch switch. A water flow is directed
contact resistances &,/2 from the conductance of the actual by the flap, which in turn is bent by the difference in pressure
junctionG. between the pipes.
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This constitutes a NDC already at] < —eAV /7.
We will now see how waveguides 2 and 3 may act as Short
resonators for an oscillation. In [11], the high frequency
properties of electron waveguides were described in terms
of propagating plasma waves. A microwave-engineering
approach, where the plasma waves were modeled as volt-
age waves on equivalent transmission lines, was devel- 0
oped. The Fermi velocitwyr and the screening by a
nearby metallic plane, e.g., the commonly used split gategsi. 4. The small-signal high-frequency properties of wave-
were found to be the main parameters influencing theuides 2 and 3 may be represented by a transmission line
plasma wave propagation velocity> v and a charac- analogy, where the extra wire is a representation of the metal
teristic impedanceZQ > Ry/2, in the transmission-line ground plane. The high frequency .lmpedance of the voltage
model. Also, the boundary condition for these waves aflgfpll'es are represented by shorts since they are assumed to be
R K Yy IOW In comparison Wltm0/2.

the interfaces to the reservoirs was calculated. In the
transmission-line model, it was represented by a series re-
sistance ofRo/2. Using these results from [11] we obtain gates and the larg8C constants intrinsic to the highly
a model of waveguides 2 and 3, as in Fig. 4. At an oscilyesjstive EWDs.
lation frequency of Experimentally, the high frequency oscillations may be

f = u/@L) (18) difficult to dete_ct inside a cryostat. The bistabili_ty i_s adc

‘ ’ effect and easier to study by, for example, monitoring the

the length of the waveguides corresponds to a quarter currents while the potential differenggy — w3 is swept.
wave, and the waveguides can be considered as quartdr® oscillations must then, however, be suppressed by
wave transformers, well known from microwave engi-"educingZo, placing the screening metal plane close to
neering. The load impedance at the resen®yjy2 can the waveguides [11]. o _
then be transformed to an impedance at the junction Another interesting possibility is to leave reservoir 1
Z; = Z3/(Ro/2), which will be connected in parallel floating and measure; while w3 andu; are varied. From

with the negative conductance of the junction. The reihe analogy of Fig. 3(b) we then see that waveguide 1 will
quirement for oscillation to start is that the total conduc-connectin aresistanceless fashion to the branch with lower

tanceG, + Z; ' < 0. This can be expressed as w, andu will tend to take the lower value qi; and,ugr.
This can also be used as a primitive logic gaig¢ & w5
Nsg M1 Ro/2 2 OR u3). By dynamica!ly connectin_g Wavegu_ide 1to either
—eAV > 1+ Zo (19)  ofthe branch waveguides depending on which one momen-

tarily has the lower electrochemical potential, we can also
For a plasma velocity of = 4 X 105 m/s and a wave- overcome a fundamental difficulty associated with elec-
guide length of L = 1 X 10~7 m, the oscillation fre- tron waveguides; it is impossible to connect three single-

quency becomeg = 1 THz. Reducing the length of the moded_ electron waveguides in a resistancelesg junction
waveguides used as resonatofsincreases, but another (even if we discount the contact resistances). This advgn—
time constant, the transit time through the junction limitst&g€ should have applications in future electron-waveguide
the maximum frequency, since the electron has to travefircuits, alqng Wlth the bistability and oscillatory behavior
through the whole interaction lengthy in the same field, discussed in this Letter.

to be deflected properly. The Fermi velocity is limited
in a single-mode waveguide, since a higher Fermi energy
would populate the second subband. If we for simplicity
assume an infinite rectangular potential profile we obtain
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