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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 ratchets1 and self-
switching devices.2 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 effect3 which has been observed in Y-branched
nanojunctions up to room temperature4 and has initiated in-
tensive theoretical studies.5–7 Moreover, if combined with
side gates the Y-branched nanojunctions allow for gain8,9 and
even bistable switching in the presence of external voltage
feedback.10

Switching in Y-branched nanojunctions is enhanced by a
self-gating effect8,11 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.12 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.13 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
nanocapacitors14,15 which are characterized by a voltage-
dependent capacitance.16 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.8 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

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 �=0.8
�106 cm2 /Vs and a electron density of n=3.6
�1011 cm−2 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 Vbias,l and
Vbias,r were applied in series with resistors Rbl=10 M� and
Rbr=100 k� to the left and right branch, respectively, with
the stem of the Y junction connected via a resistor Rs
=12 k� to ground. Voltages Vgl and Vgr 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 Vbias,r�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 Vbl �output signal� and Vbr at the left and right
branch as a function of the bias voltage Vbias,r �input signal�
with Vbias,l acting as parameter. The current in the stem �Is�,
left branch �Il�, and right branch �Ir� 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 Vbias,l ranging from 0
to 1.8 V. For Vbias,l=0 the voltage at the left branch equals to
zero when positive voltages are applied to the right branch
�Vbias,r�0� while it becomes negative for Vbias,r 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.5,17 The de-
crease in the output voltage Vbl with decreasing input voltage
Vbias,r�−100 mV is associated with the inset of electron
flow from the right branch into the branching section. For
Vbias,l=0.2 V the output signal is shifted to more positive
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values with Vbl=0.2 V, i.e., Il=0, in the voltage range
−70 mV�Vbias,r�10 mV. The decrease in the output volt-
age Vbl for Vbias,r�−70 mV is again attributed to the injec-
tion of electrons from the right-branch section. Input volt-
ages Vbias,r�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 Il=0 becomes smaller with increasing Vbias,l and dimin-
ishes completely for Vbias,l�0.4 V. In fact, a pronounced
voltage peak evolves in the Vbl�Vbias,r� characteristic at
Vbias,r=Vp 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 �g=dVbl /dVbias,r in
the capacitively controlled gating regime: �g at first increases
slightly with decreasing Vbias,r before a strong increase sets
in close to Vp �labeled P in Fig. 1�a��.

It is important to note, that the input voltage for which
injection sets in, i.e., Vp, depends on the maximum output
voltage, Vbl,max, of the respective input-output trace. In fact,
Vp increases with Vbl,max in a parabolic way which is de-
picted in Fig. 2�a� where Vp is plotted as a function of Vbl,max
for different Vbias,l. The dependence of Vp on Vbl,max can be

approximated in the relevant voltage interval by

Vp�Vbl� = Vp0 + �Vbl + 	Vbl
2 �1�

with the fitting parameters Vp0=−63 mV, �=−1.4�10−2,
and 	=2.4�10−2 V−1. The voltage Vp is associated with the
onset of electron flow from the right branch into the branch-
ing section when the chemical potential �br in the respective
reservoir equals the maximum Ebr,max 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, Vbl, applied to the
left branch. The potential Ebr,max which determines the
threshold for current injection is influenced by Vbl due to the
coupling of the branches. In particular, Ebr,max, and as a con-
sequence Vp, decrease when Vbl becomes more positive.

The input voltage-dependent slope �g 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,
dN1 /dE and dN2 /dE, of the mesoscopic capacitor plates as
well as on the reflection probability R between the plates

C = R/�C0
−1 + D1

−1 + D2
−1� �2�

with the geometrically defined electrostatic capacitance C0
and the quantum capacitance Di=e2dNi /dE of the capacitor
plate i.13 According to Eq. �2�, C depends for a given C0 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 �g. Here the slope �g is a measure
of the gating efficiency which in turn depends on the elec-
trochemical capacitance Cg 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 Vbias,r approaches Vp. 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 Vbl is associated with a lowering of the conduction band
along the right branch �Fig. 2�b��. As a result the DOS �as
well as �g� increases for Vbias,r=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 �Vbl� 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 Vbl�Vbias,r� dependence can be

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.

FIG. 2. �Color online� �a� Voltage Vp at which the maximum
�Vbl,max� in the Vbl�Vbias,r� trace occurs as a function of Vbl,max. �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, Vbl,1, Vbl,2 with Vbl,1�Vbl,2,
applied to the left branch. An increase in Vbl leads to a reduction in
Ebr,max which in turn lowers Vp.
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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 Vbias,r
Vp. 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 Vbias,r
�Vp �see also Fig. 2�b��. The right branch is electrically
isolated from the Y junction since the barrier height Ebr,max
exceeds the chemical potential of the respective reservoir. In
addition, the transition from injection to gating leads to a
change of sign in Is to match that of Il for Vbias,r�Vp. In the
gating regime �Fig. 3�c�, Vbias,r�Vp� the conductance Gsl
between the stem and the left branch is controlled capaci-
tively by the voltage applied to the right branch. The corre-
sponding gating efficiency �br increases strongly when elec-
trons penetrate from the reservoir into the right branch
section. For the case of Vbias,r�Vp 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 Vbr, 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 Vbl for Vbias,r�Vp to a dramatic enhance-
ment of �br and the capacitance Cbr between the right-branch
reservoir and the Y junction, respectively. In the gating re-
gime with negligible current Ir we neglect the voltage drop at
Rbr and set Vbr=Vbias,r. The voltage at the left branch is then
related to Il by

Vbl = Vbias,l − RblIl = Vbias,l − RblGsl�Vbl − Vst� , �3�

where Vst denotes the voltage at the stem reservoir. Gsl in
turn depends on the voltage at the right branch and can be

expressed using a switching parameter 
 �Ref. 8�

Gsl = �1/2��1 − 
�

= �1/2�G�1 + tanh��br�Vbr − Vth�/Vs + cwp/Vs�� �4�

with G, the maximum conductance between the stem and the
left branch, and the switching parameter, Vs.

11 The constant
cwp considers the influence of the side gates on the working
point of the Y junction and Vth denotes the threshold voltage
above �below� which Vbr 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
Vbr which is supposed to influence Cbr.

14 Therefore, the
switching efficiency �br�Cbr increases strongly for Vbr
→Vp. In a phenomenological approach we express the cor-
responding efficiency �br by

�br = �sr + �lr = �sr
� /�Vbr − Vp�Vbl�� + �lr, �5�

where �sr ��lr� considers the short-range �long-range� Cou-
lomb interaction. We solved these equations numerically
with Vst�0 and calculated Vbl as a function of Vbr. The
calculated values are plotted in Fig. 4�a� for three values of
�sr

� /Vs. Neglecting the short range coupling ��sr
� /Vs=0, dot-

ted line� the very steep flank observed experimentally in the
proximity of Vp is absent. In contrast, the slope of the traces
associated with �sr

� /Vs�0 increases strongly for Vbr ap-
proaching Vp. The best agreement with the experimental data
was found for G=4.0�10−7 �−1, �sr

� /Vs=4.5�10−2,
�lr /Vs=6.1 V−1, Vth=56.1 mV, cwp /Vs=−1.0.

An interesting feature of Eq. �5� is the dependence of �sr
on Vbl 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 Vbr controls the output signal Vbl with a gating efficiency
�sr

� depending on Vbr−Vp. The backcoupling of Vbl lowers Vp
�Fig. 2� and, as a consequence, Vbl changes in a strongly
nonlinear way when Vbr is varied. We predict that intrinsic
feedback leads to bistable switching in case the condition
dVbl /dVbr�dVp /dVbl�−1 is satisfied. It is useful to com-
pare the above theoretical considerations with the experi-
mental data. From Fig. 4�a�, Ir / Il and Vbl are plotted versus
Vbias,r we extracted a maximum voltage gain of
�dVbl /dVbr�max=−50 at Vbl�0.7 V. Furthermore it is pos-
sible to calculate the intrinsic feedback parameter
dVp /dVbl �Vbl=0.7 V=0.020 using Eq. �1�, i.e., ��dVbl

/dVbr� �Vbl=0.7 V� �dVp /dVbl�max�=−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 Vbr
�Vp. This limits not only Cbr and the gating efficiency, �sr,
but also the maximum achievable voltage gain dVbl /dVbr,
respectively.13

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 Vbias,l=1.6 V. In addition, the ratio
Ir / Il representing a measure of the gate leakage is strongly

FIG. 3. Diagrams illustrating schematically the electrical char-
acteristics of a symmetrical Y junction for three different values of
Vbr: �a� 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.
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reduced. This is also reflected in the Vbr�Vbias,r� trace deviat-
ing only slightly from the ideal Vbr=Vbias,r 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 Vbias,l=2.5 V and
a voltage sweep rate of 25 �eV /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-

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.10 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.10 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.
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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 Vbr=Vbias,r which is indicated by the
dashed lines in the lower panels. �a� The Vbl�Vbias,r� 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 Ir / Il and the deviation between
Vbr and Vbias,r. Calculated values according to Eqs. �3�–�5� are plot-
ted for three values of the internal switching efficiency �� /Vs. Best
agreement between experiment and theory is obtained for �� /Vs

=4.5�10−2. �b� The input-output characteristic of the asymmetric
Y junctions exhibits a significantly higher voltage gain gmax

=−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 Ir / Il ratio and Vbr�Vbias,r.
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FIG. 5. Bistable switching of an asymmetric Y junction. The Vbl

vs Vbias,r 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.
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