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Intrinsic feedback and bistable switching in Y-branched nanojunctions
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We present intrinsic feedback and nonlinear switching in Y-branched nanotransistors. For this type of
mesoscopic transistor the gate efficiency depends on the density of states in the gate electrode which is altered

by voltage shifts at the drain. This nonclassical property of a Y junction introduces positive voltage feedback

which leads to pronounced nonlinearities and is exploited to demonstrate highly efficient gating and bistable

switching. Our results demonstrate that the efficiency of nanoscaled transistors can be enhanced dramatically

by exploiting quantum effects.
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Nonlinear transport characteristics of mesoscopic conduc-
tors have attracted enormous scientific interest in recent
years. For instance, unidirectional current flow has been
studied in two-terminal tunneling ratchets' and self-
switching devices.? Of particular interest are three-terminal
junctions which show a large variety of nonlinear transport
phenomena. The most prominent example is the ballistic rec-
tification effect® which has been observed in Y-branched
nanojunctions up to room temperature* and has initiated in-
tensive theoretical studies.’”’ Moreover, if combined with
side gates the Y-branched nanojunctions allow for gain®® and
even bistable switching in the presence of external voltage
feedback.!”

Switching in Y-branched nanojunctions is enhanced by a
self-gating effect®!! which is not expected in macroscopic
conductors. This leads to an important issue in mesoscopic
physics; namely, the gating of charged carriers in nanoscaled
conductors. While the transport in conventional transistors is
controlled very precisely by external gate voltages, classi-
cally unexpected features can occur in mesoscopic pendants
and the quantum capacitance needs to be considered.'? In
fact, the capacitance of mesoscopic conductors depends on
the density of states (DOS) of the “mesoscopic capacitor
plates” as well as on the reflection probability between the
plates when a leaky system is considered.!3 Taking into ac-
count a local partial density of states this semiclassical result
has been extended to describe not only the linear but also the
second-order nonlinear capacitance of leaky
nanocapacitors'4!> which are characterized by a voltage-
dependent capacitance.'® Hence, it is clear that the capaci-
tance of mesoscopic conductors, and as a result also the cur-
rent flow in these structures, depend sensitively on the
particular bias condition and nonlinear effects as well as bi-
stabilities are expected to occur.

In this Brief Report we investigate the role of quantum
capacitance on the nonlinear transport in Y-branched nano-
junctions. We have chosen three terminal junctions because
they represent a very attractive model system to control the
current flow between two terminals via the voltage applied to
the third terminal acting as gate. Moreover, this system pro-
vides an internal feedback coupling mediated by the capaci-
tive coupling between the branches of the Y junction.® The
internal feedback coupling allows for the observation of pro-
nounced nonlinear transport phenomena such as a resonan-
celike transfer characteristic at the transition from capacitive
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gating to a space-charge enhanced control of the source cur-
rent. The underlying concept could be the basis for an ad-
vanced transistor concept which utilizes the influence of the
output voltage on the DOS in the gate electrode to dynami-
cally increase the gate efficiency. We show that for an asym-
metric Y junction the internal feedback mechanism results
even in bistable switching.

The Y junctions are based on a modulation-doped GaAs/
AlGaAs heterostructure with a high mobility two-
dimensional electron gas (2DEG) located 80 nm below the
surface. The 2DEG is characterized by a mobility u=0.8
X10° cm?*/Vs and a electron density of n=3.6
X 10" ¢cm™ determined at T=4.2 K. High-resolution
electron-beam lithography and chemical etching were used
to realize the Y junctions. Figure 1(b) shows a scanning elec-
tron microcopy (SEM) image of a Y junction which is sepa-
rated by 90-nm-deep etched trenches from the left and the
right side gates. The transport measurements were performed
at T=4.2 K. As sketched in Fig. 1(b) bias voltages V,,,,; and
Vipias.,r Were applied in series with resistors R;,=10 M and
R,,=100 kQ to the left and right branch, respectively, with
the stem of the Y junction connected via a resistor R;
=12 kQ to ground. Voltages V,; and V,, applied to the left
and right side gates were used to tune the Y junction asym-
metrically into a regime were the right branch is not conduc-
tive for V), >0 while finite conductance was measured for
the left branch. Gating of the device section connecting the
stem with the left branch was investigated by detecting the
voltages Vj,; (output signal) and V,, at the left and right
branch as a function of the bias voltage V., (input signal)
with Vs, acting as parameter. The current in the stem (),
left branch (), and right branch (I,) was determined by the
voltage drop along the respective external resistor.

Figure 1(a) shows the transfer characteristic of a symmet-
ric Y junction for several bias voltages V., ranging from 0
to 1.8 V. For V,;,,,=0 the voltage at the left branch equals to
zero when positive voltages are applied to the right branch
(Vhias.,=>0) while it becomes negative for V,,,, , falling be-
low —100 mV, i.e., rectification of the input voltage is ob-
served. Such a rectification behavior has been predicted and
observed for three terminal ballistic junctions.>!” The de-
crease in the output voltage V,,; with decreasing input voltage
Viias,<—100 mV is associated with the inset of electron
flow from the right branch into the branching section. For
Viiasy=0.2 'V the output signal is shifted to more positive
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FIG. 1. (a) Transfer characteristics of a symmetric Y junction.
(b) SEM image of a symmetric Y junction and a schematic view of
the measurement setup.

values with V,;=0.2 V, ie., [;=0, in the voltage range
=70 mV <V, »<10 mV. The decrease in the output volt-
age V,, for Vi, »<<=70 mV is again attributed to the injec-
tion of electrons from the right-branch section. Input volt-
ages Vy;,s,>> 10 mV lead to an inverterlike behavior due to a
capacitive coupling between the right branch and the branch-
ing section. Interestingly, the input voltage range associated
with /;=0 becomes smaller with increasing V., and dimin-
ishes completely for V;,,>0.4 V. In fact, a pronounced
voltage peak evolves in the V,(V,,,,) characteristic at
Viias, =V, where the regimes controlled by the capacitive
gating and the injection of electrons, respectively, merge. An
important aspect of the strong nonlinear transfer characteris-
tic is the input voltage dependent slope 7,=dV};/dV,, , in
the capacitively controlled gating regime: 7, at first increases
slightly with decreasing V,,,, . before a strong increase sets
in close to V,, [labeled P in Fig. 1(a)].

It is important to note, that the input voltage for which
injection sets in, i.e., Vs depends on the maximum output
voltage, Vi 4. Of the respective input-output trace. In fact,
V, increases with V.. in a parabolic way which is de-
picted in Fig. 2(a) where V), is plotted as a function of V4
for different V,,,, ;. The dependence of V, on V.., can be
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FIG. 2. (Color online) (a) Voltage V,, at which the maximum
(Vitmay) in the Vi (Vi) trace occurs as a function of V.. (b)
Qualitative illustration of the electrostatic potential along the right
branch-stem (thick lines) and left branch-stem (thin lines) sections
of the Y junction for two voltages, Vp; 1, Vo with Vi <V,
applied to the left branch. An increase in V,,; leads to a reduction in
Ejrmax Which in turn lowers V.
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approximated in the relevant voltage interval by
Vo(Vi) = Vo + aVy + BV, (1)

with the fitting parameters V,,O=—63 mV, a=-14%X1072,
and B=2.4X 1072 V~!. The voltage V), is associated with the
onset of electron flow from the right branch into the branch-
ing section when the chemical potential wu,, in the respective
reservoir equals the maximum E;, ., of the conduction band
along this section. Thus, our observation indicates that the
output voltage at the left branch influences the potential
along the right branch. In order to illustrate this interpreta-
tion qualitatively, we plotted the electrostatic potential along
the device section between the branches and the stem of the
Y junction in Fig. 2(b) for two voltages, V,,;, applied to the
left branch. The potential Ej, ., which determines the
threshold for current injection is influenced by V,,; due to the
coupling of the branches. In particular, E,, .., and as a con-
sequence V), decrease when V,; becomes more positive.
The input voltage-dependent slope 7, of the transfer char-
acteristic in the gating regime in combination with the influ-
ence of the output voltage on the barrier along the right
branch result in an internal feedback mechanism which sig-
nificantly affects the switching properties of nanoscaled Y
junctions. In order to explain this feedback mechanism we
consider that the electrochemical capacitance C of a nanos-
caled leaky capacitor depends on the density of states,
dN,/dE and dN,/dE, of the mesoscopic capacitor plates as
well as on the reflection probability R between the plates

C=RI(Cy'+ D' +D3") (2)

with the geometrically defined electrostatic capacitance C,
and the quantum capacitance D;=e’dN;/dE of the capacitor
plate i.'3 According to Eq. (2), C depends for a given C,, and
R on the density of states in the capacitor plates. By adopting
this concept to the Y junction, it is possible to describe the
voltage dependent slope 7,. Here the slope 7, is a measure
of the gating efficiency which in turn depends on the elec-
trochemical capacitance C, between the right branch and the
branching section. Thus, in the present configuration a reduc-
tion in the gate voltage results in a higher electrochemical
potential, and DOS, in the right branch which enhances the
gating efficiency. As a result, the slope of the input-output
trace rises when V),;,, . approaches V.. So far, only a shift of
the chemical potential in the right branch due to a change in
the gate voltage has been considered. However, an increase
in V), is associated with a lowering of the conduction band
along the right branch [Fig. 2(b)]. As a result the DOS (as
well as 7,) increases for V), ,=const.. This is an important
feature since it means that the capacitive coupling between
the gate and the channel is influenced by the output signal at
the drain (V,,;) which introduces a positive internal feedback
mechanism. We will show below that the internal feedback
can lead to bistable switching in an asymmetric Y junction.
For a symmetric Y junction, both the DOS in the gating
branch and the reflectivity R between the gate and the chan-
nel have an effect on the switching characteristics according
to Eq. (2). In fact, gate leakage which is associated with R
<1 leads to a breakdown of the feedback circle.
Phenomenologically, the V,(V,,,,,) dependence can be
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FIG. 3. Diagrams illustrating schematically the electrical char-
acteristics of a symmetrical Y junction for three different values of
V- (@) injection regime, (b) gating regime near the transition to the
injection regime, and (c) gating regime. Black arrows illustrate the
motion of electrons with their width being a measure of the magni-
tude of the attributed current.

described by a model based on the schematic illustrations
given in Fig. 3 for three bias voltage configurations. Black
areas indicate the penetration of electrons from the 2D res-
ervoirs into individual sections of the Y branch, where the
penetration depth depends on the chemical potential of the
electrons in the particular reservoir. Panel (a) of Fig. 3 cor-
responds to a bias regime associated with V,;,, .<V,,. Due to
the negative potential applied to the right-branch reservoir
hot electrons are injected into the Y branch and traverse the
branching section in a quasiballistic way before they drain
off into the stem. Only a small portion of the injected elec-
trons are attracted by the positive bias voltage into the left
branch. The transition from the injection regime into the gat-
ing regime changes the electrical characteristics substantially
and results in a situation illustrated in Fig. 3(b) for Vj;,.,
=V, [see also Fig. 2(b)]. The right branch is electrically
isolated from the Y junction since the barrier height Ej, ..
exceeds the chemical potential of the respective reservoir. In
addition, the transition from injection to gating leads to a
change of sign in I, to match that of /; for Vi, ,>V,. In the
gating regime [F1g 3(c), Vipigs,>V,] the conductance Gy
between the stem and the left branch is controlled capaci-
tively by the voltage applied to the right branch. The corre-
sponding gating efficiency 7, increases strongly when elec-
trons penetrate from the reservoir into the right branch
section. For the case of V), .>V, the right branch is de-
pleted and gating is due to the long-range Coulomb interac-
tion between the electrons in the right-branch reservoir and
carriers in the branching section. With decreasing V,,, elec-
trons start to significantly penetrate into the right branch
which reduces the distance between the gating electrons and
the branching section. This penetration of electrons and the
associated space-charge effect lowers significantly the cur-
rent flow into the left branch due to a short-range Coulomb
interaction.

Taking the bias voltage-dependent penetration of elec-
trons into account we introduce a model which relates the
strong increase in V), for V), .=V, to a dramatic enhance-
ment of 7, and the capacitance C,, between the right-branch
reservoir and the Y junction, respectively. In the gating re-
gime with negligible current /, we neglect the voltage drop at
Ry, and set V=V, .. The voltage at the left branch is then
related to I; by

Vi = Viiasi = Rotli = Vipias i = RpiG (Vi = Vi), (3)

where V,, denotes the voltage at the stem reservoir. Gy; in
turn depends on the voltage at the right branch and can be
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expressed using a switching parameter y (Ref. 8)

Gy= (172)(1 - Y)

= (I/Z)G{l + tanh[ 77hr( Vhr - Vth)/ Vs + cwp/Vs]} (4)

with G, the maximum conductance between the stem and the
left branch, and the switching parameter, V,.!" The constant

¢y, considers the influence of the side gates on the working
point of the Y junction and V,;, denotes the threshold voltage
above (below) which V,, enhances (reduces) the conductance
defined initially by the side gates. As sketched in Fig. 3 the
penetration of electrons into the right branch changes with
V,, which is supposed to influence C,,.'* Therefore, the
switching efficiency 1, C,,. increases strongly for V,,
—V,. In a phenomenological approach we express the cor-
responding efficiency 7, by

75/ [Vir =V, (Vi) 1+ 7 (5)

where 7,, (7;,) considers the short-range (long-range) Cou-
lomb interaction. We solved these equations numerically
with V;=0 and calculated V), as a function of V,,. The
calculated values are plotted in Fig. 4(a) for three values of
7./ V,. Neglecting the short range coupling (7,,/V,=0, dot-
ted line) the very steep flank observed experimentally in the
proximity of V), is absent. In contrast, the slope of the traces
associated with 7 /V,>0 increases strongly for V,, ap-
proaching V,. The best agreement with the experimental data
was found for G=4.0% 1077 QO 5l V=45%1072,
7,/ V,=6.1 V7', V,;,=56.1 mV, ¢,,/V,=-10.

An interesting feature of Eq. (5) is the dependence of 7,
on V,, through Eq. (1) which introduces the positive intrinsic
feedback in the gating regime. In order to understand this
feedback mechanism one has to consider that the input volt-
age V,, controls the output signal V,,; with a gating efficiency
7., depending on V,,,— V- The backcoupling of V,;, lowers V,
(Fig. 2) and, as a consequence, V;; changes in a strongly
nonlinear way when V,, is varied. We predict that intrinsic
feedback leads to bistable switching in case the condition
dVy/dVy, XdV,/dV,=-1 is satisfied. It is useful to com-
pare the above theoretical considerations with the experi-
mental data. From Fig. 4(a), I,/1, and V,,; are plotted versus
Viyias, We extracted a maximum voltage gain of
(dViyl dVy,) mar==50 at V,;=0.7 V. Furthermore it is pos-
sible to calculate the intrinsic feedback parameter
dv /dVb1|V —07 v=0.020 wusing Eq. (1), ie., [(dVy
/dV,,,)|VM_07 v X (dV,1dV ) par]==1 which should lead to
bistable switching. However, bistable switching is absent for
the symmetric Y junction since the syncopate between the
right branch and branching section becomes leaky for V,,
<V,. This limits not only C,, and the gating efficiency, 7,
but also the maximum achievable voltage gain dV,,/dV,,,
respectively.'

In order to observe bistable switching, we realized an
asymmetric Y junction with a small constriction close the
branching section [cf. Fig. 5 (inset)]. This Y junction is char-
acterized by an extraordinarily good transfer characteristic
and shows a differential voltage gain of up to —580 as de-
picted in Fig. 4(b) for V,,,,,=1.6 V. In addition, the ratio
1,/1; representing a measure of the gate leakage is strongly

Dor = Nsr t My =
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FIG. 4. (Color online) (a) Transfer characteristics of a symmet-
ric and (b) an asymmetric Y junction, respectively. The dashed ver-
tical lines indicate the input voltage for which the transition from
the gating regime to the injection regime occurs. An absence of gate
leakage currents would mean V=V, . which is indicated by the
dashed lines in the lower panels. (a) The Vj,/(Vy,) trace of the
symmetric Y junction shows a pronounced nonlinearity associated
with a maximum voltage gain of —30. The onset of leakage current
is reflected in the increase in ratio /,//; and the deviation between
V- and Vi, . Calculated values according to Egs. (3)—(5) are plot-
ted for three values of the internal switching efficiency 7"/ V,. Best
agreement between experiment and theory is obtained for 7"/ V;
=4.5X 1072, (b) The input-output characteristic of the asymmetric
Y junctions exhibits a significantly higher voltage gain g,,,.
=-580. Due to the constriction close to the branching section and
the associated tunnel barrier (cf. Fig. 5, inset), the leakage current
from the right branch into the branching section is significantly
reduced which is reflected in a lower I,/1; ratio and V;,, =~V .

reduced. This is also reflected in the V,,(V,,,,) trace deviat-
ing only slightly from the ideal V=V, , line in the lower
panel of Fig. 4(b). Furthermore, leakage currents set in not
before the gate voltage falls below the regime of maximum
differential gain so that the asymmetric Y junction should
show a bistable switching behavior. In fact, the input-output
trace shown in Fig. 5 demonstrates that bistable operation of
the Y junction is possible without any external feedback cou-
pling. The data was obtained at 4.2 K for V,,,,,=2.5 V and
a voltage sweep rate of 25 ueV/s. The depicted transfer
characteristic clearly reflects the bistable behavior of the
asymmetric Y junction by the abrupt switching from one
stable state to the other associated with a pronounced hyster-

PHYSICAL REVIEW B 81, 153411 (2010)

L1

-0.176

225

2.00
< 175
=150
1.25
1.00
0.75

-0.174
Viasr (V)

bias,r

-0.172 -0.170

FIG. 5. Bistable switching of an asymmetric Y junction. The V,,
VS Va5, Characteristic shows a clear bistable switching behavior
associated with an hysteresis of 2 mV between the up and down
sweep. Inset: SEM image of an asymmetric Y junction.

esis of 2 meV between the up and down sweeps. The present
bistable switching behavior needs to be distinguished from
bistable switching observed for a Y junction in the presence
of an additional external feedback.'” In contrast to this type
of bistable switching which requires an external connection
between one side gate and the opposing branch of the Y
junction, the present approach relies only on the internal
feedback mechanism which is very advantageous in light of
device integration. However, the strength of the internal
feedback is somewhat lower which explains the smaller
switching hysteresis of 2 meV if compared to 135 meV re-
ported for an externally coupled Y junction under similar
bias conditions.!® With respect to possible memory applica-
tions it is interesting to note that the bistability in the asym-
metric Y junction is stable over several hours and remains up
to temperatures of about 20 K when a transition from
bistable switching to amplification of the input voltage oc-
curs. A better temperature performance might be obtained by
reducing the width of the constriction close to the branching
section and by enhancing the internal feedback coupling due
to an improved device design.

In summary, we have demonstrated an intrinsic feedback
mechanism which allows one to tune a Y-branched nanojunc-
tion from a linear-response regime into a strongly nonlinear
regime associated with a pronounced bistable switching. Our
observation gives a distinct insight in the gating properties of
ultrasmall junctions and explores a gating mechanism based
on the quantum capacitance of nanoscaled conductors which
has high potential for future transistor concepts.

This work was supported by the European Commission
through the IST Programme Project SUBTLE and the state
of Bavaria. Expert technological assistance by M. Emmer-
ling and S. Kuhn is gratefully acknowledged.

'H. Linke ef al., Science 286, 2314 (1999).

2A. M. Song et al., Appl. Phys. Lett. 83, 1881 (2003).

3L. Worschech et al., Appl. Phys. Lett. 79, 3287 (2001).

4D. Wallin et al., Appl. Phys. Lett. 89, 092124 (2006).

SH. Q. Xu, Appl. Phys. Lett. 80, 853 (2002).

5D. Csontos and H. Q. Xu, Phys. Rev. B 67, 235322 (2003).
7A. N. Jordan and M. Biittiker, Phys. Rev. B 77, 075334 (2008).
8S. Reitzenstein et al., Phys. Rev. Lett. 89, 226804 (2002).

°D. Hartmann et al., Phys. Rev. B 75, 121302 (2007).

108, Reitzenstein et al., Appl. Phys. Lett. 82, 1980 (2003).

" Jan-Olof J. Wesstrom, Phys. Rev. Lett. 82, 2564 (1999).

128, Luryi, Appl. Phys. Lett. 52, 501 (1988).

3T. Christen, and M. Biittiker, Phys. Rev. Lett. 77, 143 (1996).
14X. Zhao et al., Phys. Rev. B 60, 16730 (1999).

5], G. Hou et al., Phys. Rev. Lett. 86, 5321 (2001).

1B, Wang er al., Appl. Phys. Lett. 74, 2887 (1999).

171. Shorubalko et al., Appl. Phys. Lett. 83, 2369 (2003).

153411-4


http://dx.doi.org/10.1126/science.286.5448.2314
http://dx.doi.org/10.1063/1.1606881
http://dx.doi.org/10.1063/1.1419040
http://dx.doi.org/10.1063/1.2344849
http://dx.doi.org/10.1063/1.1447316
http://dx.doi.org/10.1103/PhysRevB.67.235322
http://dx.doi.org/10.1103/PhysRevB.77.075334
http://dx.doi.org/10.1103/PhysRevLett.89.226804
http://dx.doi.org/10.1103/PhysRevB.75.121302
http://dx.doi.org/10.1063/1.1563311
http://dx.doi.org/10.1103/PhysRevLett.82.2564
http://dx.doi.org/10.1063/1.99649
http://dx.doi.org/10.1103/PhysRevLett.77.143
http://dx.doi.org/10.1103/PhysRevB.60.16730
http://dx.doi.org/10.1103/PhysRevLett.86.5321
http://dx.doi.org/10.1063/1.124047
http://dx.doi.org/10.1063/1.1605822

