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Capacitive-Coupling-Enhanced Switching Gain in an Electron Y-Branch Switch
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We have fabricated electron Y-branch switches (YBS) on modulation doped GaAs/AlGaAs hetero-
structures. The Y branch consists of a one-dimensional source, which is split along the branching
section into two one-dimensional drains. In addition to source drain voltages, external electric fields
can be applied via gates along the branches.In the nonlinear transport regime sweeps of the side-gate
voltages lead to a voltage difference between the drain reservoirs with gain. This switching gain
increases superlinearly with the bias voltage applied between the source and the drains of the YBS. We
explain the bias voltage enhanced switching by a capacitive coupling of the branches.
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Switching of electrons in nanoelectronic junctions is of
interest both from a basic physics point of view as well as
for future applications [1-5]. Gate induced switching
depends sensitively on the capacitance, which relates
changes in charge density of the switch to the voltage
sweep of the gate [6,7]. For switching important struc-
tural parameters are, for example, the separation length
between the gate and the conducting channel or the length
of the gate. Nowadays modern semiconductor fabrication
technologies are successfully used to realize switching
devices with gate lengths in the order of 10—100 nm [8].
However, with decreasing gate length the electric field
built up by voltage differences between the source and the
drain increases, which in turn influences more and more
the switching field.

A device of special interest is an electron Y-branch
switch (YBS), as it is based on the smallest transport
zone of a three terminal junction [9]. In a YBS a one-
dimensional source is split into two one-dimensional
drains. In the linear transport regime with small
bias voltages applied between the source and the drains
pronounced switching has been demonstrated [4,10].
Switching is then due to a side-gate controlled lateral
switching field, which directs electrons from the stem
into either of the branches [9,11,12]. However, when the
switching length of the YBS is in the order of the gate
distance, sufficient large voltage differences between the
source and the drains or between the branches themselves
lead to intrinsic electric fields which modify the effective
switching field. Using a simple way of argumentation the
electron path in a YBS along which a larger voltage bias
exists is expected to carry a larger current. On the other
side, it is well known that, with increasing current scat-
tering leads to a randomization of electron momentum
[13,14]. It has also been stated that intrinsic gating effects
may play an important role when we leave equilibrium
[15]. Recently, Wesstrom predicted a self-gating mecha-
nism due to a capacitive coupling of the branches in a
YBS, dominating the switching field [1]. Despite the
fundamental issues for switching properties of gate con-
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trolled, ultrashort junctions, experimental studies of the
capacitive coupling between different channels and their
influence in the switching characteristics have to our
knowledge not been performed up to now.

Here we present results on a capacitive coupling en-
hanced switching effect of an electron Y-branch switch in
the nonlinear transport regime. It is found that voltage
sweeps applied to the side-gates of the YBS lead to
pronounced voltage differences between the branches
resulting in gain. The switching gain increases super-
linearly with the bias voltage between the source and the
drains. The enhanced switching is interpreted in terms of
a capacitive coupling of the branches. Our results provide
new insights in the switching mechanisms of nanoelec-
tronic junctions.

The samples were fabricated by electron beam
lithography and wet etching of modulation doped
GaAs/AlGaAs heterostructures with a two-dimensional
electron gas (2DEG) located 80 nm below the surface.
From Hall measurements it was determined that the mean
free path of the electrons exceeds 10 um for the unpro-
cessed wafer at T = 4.2 K in the dark. A scanning elec-
tron microscope graph of a YBS similar to that
investigated is shown in the center part of Fig. 1. The
stem splits along the branching section with a length of
70 nm into a left and a right branch. Trenches 180 nm
wide and 90 nm deep define the YBS as well as two lateral
side-gates further used to control the switching of elec-
trons into either of the branches. The side-gate voltages
define the working-point of the Y branch, which was
adjusted to achieve single-mode operation in the linear
transport regime [10].

Switching characteristics of the YBS were analyzed
using the setup schematically sketched in Fig. 1. The
bias voltage Vi;,; was applied between the source and
the drains in series with resistors R, = 10 M{). High
impedance voltmeters were used to detect the voltages
V,; and V,, at the reservoirs of the left branch and
the right branch, respectively. The stem reservoir was
connected to ground via a resistor R, = 120 k). All
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FIG. 1. Scanning electron microscope (SEM) image of a YBS
with a length / = 70 nm of the branching section and a sche-
matic view of the measurement configuration. Separated by
etched trenches from the nanojunction the left and the right
side-gate allow one to direct electrons into either of the
branches. The bias voltage Vy;,, was applied via two resistors
(R, = 10 MQ) to the left and the right branch of the YBS, with
the stem coupled to ground via R, = 120 k(). High impedance
voltmeters were used to measure the voltage V,, at the stem as
well as the voltages V;; and V,, at the left and the right branch,
respectively. All voltages are related to ground.

measurements were performed at 4.2 K by immersing the
samples in liquid helium.

In order to investigate switching of electrons in the
YBS we have detected the voltage differences V,; — V,,
for voltage sweeps at the side-gates in push-pull fashion,
ie., 8V, = —6V,,, with voltages V,; and V,, applied to
the left and the right side-gate, respectively. In Fig. 2(a)
Vi, and V,, are plotted versus AV, = Vo =V, + Vo oom
for different bias voltages. For the sake of clarity we have
shifted the gate voltage difference by V, ,ym = —0.38 V,
which we relate to an unintended asymmetry of the YBS.
For AV, < —0.2 V and V},s = 1.75 V electrons are di-
rected effectively into the right branch and the current
into the left branch vanishes. Thus the voltage V,, =
Viias — I-Rp. In contrast, the voltage at the left branch
Vi = Viias — 1R, tends towards Vi, as I; is negligibly
small. With increasing AV, the current through the right
branch /, decreases and I; simultaneously increases. For
AV, > 0.2V the right branch is pinched off (V,, =
Vbias)- As one can see in Fig. 2(a) the described switching

226804-2

behavior is in fact similar for Vy;,, = 1.00 and 0.50 V.
However, the voltages V;; and V,,. do not reach the applied
bias voltage for [AV,| < 0.2 V, indicating that for smaller
Viias the switching of electrons is less efficient.

We have been able to observe voltage gain for the
present YBS. As depicted in Fig. 2(b), for IAVgl <
0.1 V and Vi, = 1.75 V changes in the voltage differ-
ence V;,; — V,, exceed by far the gate voltage variation. In
order to demonstrate that the switching efficiency of the
YBS depends on the applied bias voltage we have plotted
in the inset of Fig. 2(b) the minimum voltage sweep V,, iy
requested for switching AV, from 0.5V, to —0.5Vy;,
versus bias voltages ranging from Vi;,, = 0.1 to 1.75 V.
Vo min decreases with increasing Vi, reflecting the en-
hanced switching properties for higher bias voltages; e.g.,
Vomin = 65 mV for Vi, = 175V, whereas V, i, =
225 mV is required in the case of Vi;,, = 0.5 V. Thus,
the switching is demonstrated to depend sensitively on
the bias voltage V-

In order to describe the observed switching we intro-
duce two switching parameters y; and vy,. Using these
parameters the currents /; and /, through the left and the
right branch can then be described by the voltage differ-
ences between the left branch and the stem and the right
branch and the stem:

I, =G + y)(V, — Vy,) and
I, =%G(1 - Yr)(Vbr - Vst)’ (D

with G a constant, which corresponds to the maximum
conductance of the YBS for a given working-point. From
the observed switching behavior it is clear that the
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FIG. 2. (a) Voltages V,,, detected at the left and the right
branch reservoir vs the voltage difference AV, = V,; — V,, +
Vgasym varied in push-pull fashion, ie., 8V, = —48V,,.
(b) Voltage difference AV, = V,;, — V,, at the branches versus
AV, and the gate voltage AV, .;, needed to switch from AV, =
0.5V}, to AV, = —0.5Vy,,s as a function of Vi, (inset). The
calculated curve corresponds to 7,/V, =10.0 V7!, 7, /V, =

-036 V',G=116x10"° Q7! and Viyp = 0.10 V.
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switching field increases with the applied bias voltage and V =175V —) /V =-0.45/V]

thus y; and 7, are functions not only of the gate voltage 40 | Voias — _beiggg%
—n/V=-0.

difference AV,, but also of the voltage difference be-
tween the branches AV,. Very good fitting to the experi-
mental data was possible using the following short
analytic expressions for the switching parameters:

v, = tanh{ng(AVg - pr) + nbAVb}

l it o
y, = tanh{ng(AVg + pr) + nbAVb]'

' Vs ’

with 7, and 7, referred to as the gate efficiencies of the
side-gate and of the branches, respectively. The switching
voltage V, is a measure of how large a change in the
effective switching voltage V is required to affect y; and
v,. It is noteworthy that 7y, and 7, differ only by a
constant shift 2V,,, of the side-gate voltage difference.
V., 1s the working-point voltage and considers that the
crossing-point Vy; = V;, can be tuned by V,,, =V, +
V,, when the gate voltages are swept in push-pull fashion.
For example, with increasing V,,, the crossing-point is
shifted towards smaller values of V,. Taking into account
that the voltage at the stem can be expressed by V, =
(I; + 1)R, with I}, = (Viis — Vipy,,)/Rp, Eqs. (1) can be
rewritten in the form

1+
(Voias — Vi)/Ry, =G i’
R,
X {Vbl — (2Viias — Vi — Vbr)R_},
b
(3a)
11—,
(Voias — Vur)/R, =G 27
R,
X {Vbr — (2Viias = Vi — Vbr)R_}-
b
(3b)

We have solved these coupled equations iteratively for
varying fitting parameters 7,/V,, 1,/V,, and V,,,. In
Fig. 2(b) a calculated AV), versus AV, characteristic is
shown for Vs =175V with 75,/V,=10.0 V™!,
n,/Vy = —036 V'1,G = 1.16 X lO_GgQ_l, and V,,, =
0.10 V. It can be seen that the calculated AV, (AV,) trace
fits very well to the experimentally observed curve. This
result indicates that the voltage differences between the
branches influence the effective switching voltage.

In order to estimate the bias voltage induced enhanced
switching we have determined the differential voltage
gain g = d(AV,)/d(AV,). In Fig. 3 the dependence of g
on AV, is shown. |g| increases with decreasing [AVy,|
leading to a pronounced maximum at AV, = 0. For the
present device we found a maximum gain of g... =
—26.3. In addition to the experimental data the curves
calculated from Eq. (3) with subsequent numerical deri-
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FIG. 3. Differential voltage gain g as a function of the gate
voltage difference AV,. The curves were calculated for gating
efficiencies between 7,/V, = 0 (no bias voltage induced gat-
ing) and 7,/V, = —0.45 V~!. The peak value of |g| increases
with increasing 7,/V,, whereas the linewidth decreases.

vation of AV, versus AV, for different gating efficiences
1,/V, =0, —0.25, —0.36, and —0.45 V~!, and constants
ng/Vy =100 V™!, G=116X10"° Q7" as well as
V,,p = 0.10 V are depicted in Fig. 3. According to our
model for 7,/V, = 0 a maximum gain of —13.7 is ex-
pected. However, the experimentally observed intrinsic
gating efficiency per switching voltage of 7,/V, =
—0.36 V! leads to a doubling of the maximum switch-
ing gain for Vi, = 1.75 V.

To clarify the role of the intrinsic switching field on the
YBS gain characteristic we have experimentally analyzed
the maximum gain for different bias voltages and com-
pared it to the calculated values extracted from Egs. (3).
In Fig. 4 these values are plotted versus Vi;,,. For bias
voltages up to 0.5 V g,..x increases almost linearly with
Viias Teflecting a linear response of the gain to side-gate
induced voltage changes. Here the side-gate controlled
switching dominates. With increasing Vi;,s = 0.5 V g«
increases superlinearly indicating that voltage differen-
ces between the branches have a significant influence on
the effective switching field.

For a better discussion of the superlinear gpax(Viias)
characteristic it is useful to compare our results with the
self-gating mechanism proposed by Wesstrom [1].
Wesstrom modified the model of Palm and Thylén [16]
by taking into account a switching field, which depends
on the potential difference between the branches. In fact,
formal similar expressions to Eqgs. (2) can be derived
using the model suggested in Ref. [1] with V,,, = 0.
Self-gating was introduced by a perturbation approach
of a Landauer-Biittiker formula for a three terminal
device adding a self-gating induced switching voltage
to the side-gate induced switching voltage. From electron
waveguide analogies a positive sign for the self-gating
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FIG. 4. Maximal differential voltage gain g, as a function
of the bias voltage Vy;,,. The data extracted from the experi-
ment (%) is plotted together with curves calculated for differ-
ent gating efficiencies 7,/V,. For 1;,/V, = 0 (no bias induced
gating) gn.. is increasing linearly with Vy;,,. However, a non-
linear behavior was found for finite self-gating efficiencies
(n,/V, <0) in agreement with the experimental data.

efficiency was predicted, which would lead to a suppres-
sion of voltage gain for the present bias regime. Our
observations show that the branches have a gate function-
ality similar to the side-gates; e.g., a more positive volt-
age at one branch relative to the other branch increases
the conductance of the latter. This can be explained in
terms of a capacitive coupling between the left and the
right branch. The bias voltage enhanced switching gain is
described by a negative sign of 7),. Another interesting
effect of this branch coupling is that the noise features in
the voltages V,,, and V;,; are found to occur phase shifted;
e.g., aclose inspection of the V,,, and V;, traces in Fig. 2(a)
shows that a slight increase in V,; at AV, =0.09 V is
correlated with a dip in V,,. Thus a YBS in the present
bias regime represents an interesting device for studies of
noise signals [17].
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