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Abstract—We report on negative differential transconduc-
tance (NDT) effect in Y-branch nanojunctions which leads to
small-signal nonreciprocity of the device for certain biasing
schemes. We present the dc analysis of the device from which
we identify the bias regions where NDT effect occurs. We com-
pare experimental dc measurements with results of Monte Carlo
simulations, which yields very good qualitative and quantitative
agreement. We perform a high-frequency analysis of the NDT
effect up to 110 GHz which shows that the effect discussed is still
present at such high frequencies.

Index Terms—Active, gain, HF measurements, nanotechnology,
negative differential conductance (NDC), nonlinear, room temper-
ature, two-dimensional electron gas (2DEG), Y-branch junction.

I. INTRODUCTION

THANKS TO advancements in nanotechnology and
growth of III-V semiconductor heterostructures hosting

a two-dimensional electron gas (2DEG), the fabrication of
low-scattering rate, ballistic, and quasi-ballistic devices has
become possible. They have attracted a lot of attention, mainly
due to their novel nonlinear properties not observed in classical
(diffusive) devices. When the size of a device is decreased
below the electron mean free path , the probability of
scattering of electrons with randomly distributed impurities
or phonons is smaller than elastic scattering with the device
boundaries. “Ballistic” or “quasi-ballistic” low-scattering de-
vices allow to explore new physical phenomena associated
with small dimensions and check the possibility of controlling
the electronic properties by the shape of the device. Another
advantage of low-scattering devices is the high cutoff frequency

given by the ratio where is the device size and is
the transfer velocity. For purely ballistic transport (no inelastic
scattering) the transfer velocity would be equal to the thermal
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electron velocity in the 2DEG [2]. Given state of the art
InP-based InAlAs/InGaAs heterostructure used in this work,
where electron mean-free-path is larger than 100 nm at
room temperature [3], the expected value for is in the THz
range for devices smaller than [4].

Different types of nanodevices yielding nonlinear electronic
transport properties have been described in the literature. These
include the four-terminal ballistic rectifier [5]–[7], three-ter-
minal ballistic junctions [8], [9], two-terminal ratchets, [10] and
self-switching-diodes [11]. However, Y-shaped three-nanowire
junctions have been studied the most extensively and a number
of analog and digital applications have been proposed. Non-
linear characteristics of Y-branch junctions (YBJs) can be used
for generating dc voltage and higher order harmonics from a
high-frequency (HF) signal [12]–[17]. YBJ-based logic gates
and inverters have been widely analyzed [18]–[21], as well as
the self-switching phenomenon [1], [8], [22]–[26]. In his theo-
retical paper Xu [27] analyzed the idea of transistor behavior
of YBJs where the current flowing between two branches of
the YBJ can be controlled by the potential of the third branch,
while Wesström [1] predicted theoretically that a negative dif-
ferential conductance (NDC) effect should be observed in YBJs
for certain biasing schemes. The NDC effect was previously
reported for different one-dimensional (1-D) structures based
on 2DEG [28], [29] and cross junction of nanowires [30].

In the present paper we report on experimental studies of neg-
ative differential transconductance (NDT) effect in YBJs and its
HF properties. We associate the NDT effect with transconduc-
tance, when the current between two branches is modified by
the potential in the third branch as shown by Xu [27]. We use a
nonreciprocity function to analyze the behavior of the structure,
following the formalism proposed by Nemnes et al. [31] for nan-
otransistors. Broadband HF measurements are performed in the
range from 300 kHz up to 110 GHz, showing that the NDT ef-
fect and nonreciprocity decrease with increasing frequency but
persist up to 110 GHz. Monte Carlo (MC) simulations, specially
appropriate to analyze ballistic nanodevices [4], are performed
in order to complement the experimental characterization and
provide a physical explanation for the observed effects.

II. TOPOLOGY AND SAMPLE PREPARATION

The devices were fabricated based on a -doped
Al In As Ga In As heterostructure. A high In
content in the channel was chosen to enhance electron mobility
(electron effective mass in Ga In As is ).
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Fig. 1. (a) Topology of the double Y-Branch junction with coplanar waveguide (CPW) accesses (SEM picture). (b) Zoom of one of the YBJs. (c) Top-view MC
geometry of the single YBJ used in the simulations. MC YBJ dimensions correspond to the physical dimensions of the real YBJ. The angle between branches 1
and 3 is around 60 .

A -doping level of 4.5 10 cm was used to provide
a significant carrier density in the channel. A sheet carrier
density cm and a Hall mobility

cm Vs were measured at room temperature.
These high values of and contribute to reduce the square
resistance of the layer structure, which allows to minimize
the mismatch to 50 measurement equipment (by lowering
both the device resistance and parasitics of access reservoirs).

In our device, two independent Y-branch junctions are con-
nected in parallel to decrease the input impedance of the de-
vice (see Fig. 1). Coplanar waveguide (CPW) access geometry
was used for access to ground–signal–ground (GSG) microwave
on-wafer probes. Two symmetrical YBJs were defined by means
of electron beam lithography and dry plasma etching. One of the
YBJ’s branches (called left) was connected to left signal line

, the other (called right) to the ground plane of CPW ,
and the stem branches were connected to right side signal line
of CPW . We propose to use two YBJs in parallel, which
allow to preserve symmetry, important in HF measurements,
and lower the mismatch between the device and 50 measure-
ment equipment.

III. MONTE CARLO MODEL

To better understand the physical phenomenon of NDT
observed, MC simulations with the model developed at the
University of Salamanca [4], [32] were done simultaneously
with measurements. The top view of the MC topology of the
single YBJ used in simulations is shown in Fig. 1(c). The di-
mensions of the MC topology correspond to the physical values
of the real YBJ [Fig. 1(b)]. The MC model is a semiclassical
ensemble MC self-consistently coupled with a 2-D Poisson
solver. The surface charges appearing at the semiconductors

in contact with dielectrics are also considered in the model
[33]. The validity of this approach has been checked in pre-
vious works by means of the comparison with experimental
results of static characteristics, small signal behavior and noise
performance of a 0.1 m gate AlInAs/GaInAs lattice-matched
HEMT (InP based) [33], [34], as well as ballistic rectifiers [35],
T-shaped and Y-shaped ballistic junctions [4]. Since contact
injection is a critical point when dealing with ballistic transport,
the velocity distribution and time statistics of injected carriers
is accurately modeled following [36]. The values of the model
parameters used in the simulations are background and ohmic
contact doping cm , surface charge
density cm , and sheet electron density in
active 2DEG layer cm .

IV. DC ANALYSIS

The currents at the terminals and have
been measured for the applied bias ranges V,

V, with the third terminal potential set to
ground V. Three-dimensional (3-D) representations
of the measured currents are shown in Fig. 2(a) and (b) to-
gether with MC simulations (c)-(d). Very good qualitative and
quantitative agreement is observed between measurements and
simulations. A slight difference is observed in the zones of
hill-like feature (around V and V for and

V and V for ), where measurements show
a more sloppy behavior than MC simulations, for which the
features are less steep.

The intersection of the surfaces of from Fig. 2(b) and (d)
with the surface parallel to the axes plane at the level

gives the characteristic diode-like versus curve as
marked with the thicker isoline on the graphs. The intersection
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Fig. 2. Currents as a function of applied bias voltages V , V . (a) and (c) I ,
(b) and (d) I . (a) and (b) correspond to experimental measurements, (c) and (d)
to MC simulations.

Fig. 3. Isoline F (V ; V ) where current in terminal 2 I is zero (dotted line).
The curve is identical to that obtained by measuring the floating potential V at
terminal 2 when sweeping the voltage V applied to terminal 1 (V = 0). Such
diode-like behavior is known in YBJs [27]. The top-left inset shows the current
flowing between branches 1 and 3 under such conditions. The bottom-right inset
shows the voltage in branch 2 when branches 1 and 3 are biased in push–pull
configuration. Measurements and MC results show a remarkable agreement.

curves are shown in Fig. 3 in cartesian plot. Such diode-like
versus curve can be also obtained by measuring the floating
potential at terminal 2 when biasing the junction in push-fix
fashion, i.e., sweeping potential at terminal 1 with terminal 3
connected to ground ( V, V) [17], [27],
[37]. The push-fix curves from measurements and MC show
very good agreement, even if the MC curve is slightly less non-
linear at low bias.

If the YBJ is biased in push–pull mode the clas-
sical bell shaped curve [38] of the stem potential is obtained
as shown in the bottom-right inset of Fig. 3. The push–pull
curve has two regions: for low bias up to V
it shows a quadratic behavior and for the higher bias regions

Fig. 4. Currents I , I , I as a function of V for: (a) V = 1 V, (b) V =
0:5 V, (c) and V = 0:1 V. NDT is observed in �I =�V for V � �1 . . . 0 V
in (a) and forV � �0:7 . . . 0V in (b). (c) corresponds to the expected behavior
in linear case.

a linear dependence is observed. The low bias region corre-
sponds to a linear ballistic or quasi-ballistic transport regime as
can be seen from the current plots of the inset in the upper-left
corner of Fig. 3, where the current is linear versus applied bias.
The high-bias region corresponds to a current saturation regime
where intervalley scattering limits the currents because of the
lower mobility of electrons in higher valleys. Intervalley transfer
creates an accumulation domain in the branch with higher po-
tential, what results in diffusive transport and linear dependence
of versus for high bias. The detailed explanation of the
effect was facilitated by MC simulations of T-shaped nanojunc-
tions by Mateos et al. [37]

In Fig. 4(a) the currents in the YBJ are shown for constant
V bias and V sweep. The top abscisa

scale of Fig. 4(a) shows the bias difference between
terminals and . The NDT effect is observed for negative
values of . This effect is also observed for other bias values
of as in Fig. 4(b), where the currents are shown for constant

V. The origin of the NDT effect is the saturation of
the I–V curves of the different branches. As long as currents are
not saturated [low bias, Fig. 4(c)], an increase of for constant

V leads to an increase of and a decrease of
and (as expected in a purely linear case in which branches
act as resistors). When is high enough [Fig. 4(a) and (b)],

is close to saturation (high resistance), so that an increase
of (in the range V V) does not lead to a
decrease of . On the contrary, increases due to the strong
decrease of , not compensated by the increase of
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Fig. 5. Graphical representation of currents I , I , I in the YBJ of Fig. 4(a)
for V � �1 . . . 0 V and V = 1 V.

. This happens because this is the bias range where
branch 3 exhibits the lowest resistance. Indeed, when the current
in the third branch is close to zero [ V in Fig.
4(a)] the differential transconductance takes its
maximum value.

The schematic representation of currents in the YBJ for
values of around V shown in Fig. 5 can help to
understand this behavior. For V [Fig. 5(b)] the
third branch current is equal to zero, thus the potential in
the center of the junction must also be equal to zero since
terminal 3 is grounded V . When is increased
[ V, Fig. 5(c)] also increases. As a consequence

decreases significantly due to the low resistance of branch 3
under these conditions (small voltage drop along it). should
also decrease according to a linear behavior but, being both

and close to saturation (large ), increases
due to the pronounced decrease of . The opposite behavior
takes place for V [see Fig. 5(a)]. An equivalent
situation is found for around 0.23 V, for which (see
Fig. 3). In this case V. By decreasing , now it
is which decreases strongly and leads to the increase of .
Thus, the third branch is acting as a control terminal for the
current flowing through terminals 1 and 2 [27], [31].

Differential dynamic conductances were calculated from cur-
rents , ,2. Calculated
conductances form the admittance matrix

(1)

Calculated and simulated admittances are shown in
Fig. 6(a)–(d) and (e)–(h), respectively. In the classical case
conductances and should have negative sign because of
the current orientation chosen. However in our case for some
bias regions these differential conductances have positive sign,
i.e., the absolute value of current in th branch increases for
increasing potential in th branch. Those regions correspond
to NDT. The particularly interesting feature of the NDT effect
found in Y-branch junctions is that one can obtain both positive
and negative values of transconductance (always with positive
current) by just changing the bias range.

The most interesting result related to the NDT effect is the
small-signal nonreciprocity of the device, i.e., for a given bias
point , the differential transconductances and
have different values. In the classical case where no magnetic
field and no active elements exist, both parameters should
take the same value. However, in our case they take the same
value only for some bias conditions, what indicates that in
the regions where some active element must be

Fig. 6. Differential conductances as a function of the applied bias voltages V ,
V calculated from measurements (a)-(d) and MC simulations (e)-(f), respec-
tively:(a), (e) y ; (b), (f) y ; (c), (g) y ; (d), (h) y . Dotted lines represent
the regions where I = 0. Thick solid isolines represent the regions where
y = 0.

Fig. 7. Absolute value of dc nonreciprocity g of the YBJ for the different bias
points extracted from: (a) measurements and (b) MC simulations. The dashed
line represents the regions where I = 0, dash-dotted where I = 0, and dotted
where I = 0.

present in the device. To characterize this behavior we define
the “nonreciprocity” function as a measure of
nonreciprocity [31]. The absolute values of extracted from
measurements and MC simulations are shown in Fig. 7(a) and
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Fig. 8. Real part of dynamic conductances y (f) (first row) and y (f) (second row) for 0.32, 55, 82.5, and 110 GHz. In the third row, the absolute
values of the corresponding differences g (f) = y (f) � y (f) are shown.

(b), respectively. An excellent qualitative agreement between
the measurements and MC simulations is observed, however
the absolute values of extracted from dc measurements are
almost two times those extracted from MC simulations. As will
be discussed in the HF measurement section, in the physical
device some effects might exist which are not included in the
MC model, e.g., trapping of charge on etched edge defects.
Such charge effect could strengthen the NDT effect at very low
frequencies and dc.

Note that even if the YBJ shows nonreciprocity, the prop-
erty is fulfilled, which indicates that
branches 1 and 2 do play the same role (due to the symmetry
of the structure) as long as their respective bias voltages are
exchanged.

V. HF MEASUREMENTS

Small-signal broadband measurements of S-parameters
were done between and for the frequency range
300 MHz–110 GHz and the bias range of and as in the dc
case. A deembedding procedure [17] was done to remove the
effect of bonding pads on measurement data and deembedded

-matrices were then transformed to frequency-de-
pendent admittance matrices .

The extracted admittances , and corre-
sponding are shown in
Fig. 8 for 0.32, 55, 82.5, and 110 GHz. Comparing the low fre-
quency extracted data (first column of Fig. 8, GHz)
with the dc values [Fig. 7(a)], a very good agreement is ob-
served, apart the regions where NDT effect exists. In fact when
comparing the extracted values of for dc and HF at

GHz, the dc values are almost double. However, the exper-
imental values of at GHz are very similar
to the MC results [see Fig. 7(b)], what would indicate that NDT
effect is strengthened at dc by some very low frequency phe-
nomenon which already disappears at 0.32 GHz and it is not in-
cluded in the MC model. Phenomena like charge traps at etched
edges could have such a behavior.

As can be seen from consecutive graphs in Fig. 8, the NDT
effect diminishes with frequency. As we approach 110 GHz,
the difference between and becomes lower
and lower and the device becomes more and more reciprocal
(see last column of Fig. 8).

In Fig. 9, the extracted nonreciprocity is shown as
a function of frequency for V and V. The
HF behavior of can be modeled using the standard
formula [39]

(2)

where is the frequency, the
low-frequency value of , the characteristic time of
the process, and . The magnitude and phase of mod-
eled are shown for different bias points in Fig. 9
as lines. Very good agreement is observed between extracted
data and the analytical model. In Fig. 10 the frequency depen-
dence of the real part of admittance is shown for

V and V. Lines in Fig. 10 represent
the modeled curves obtained by taking into account that for
the given frequency range is frequency independent
and calculating with the
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Fig. 9. HF behavior of nonreciprocity g (f) extracted from measurements
(symbols) and modeled (lines) for V = 1 V and V = 0, �0:2, �0:6 and
�0:8 V. For clarity g (f) extracted from measurements is shown only for
V = 1 V, V = �0:2 V.

Fig. 10. HF behavior of dynamic conductances y (open symbols) and
y (full circles) for V = 1 V and V = 0, �0:2, �0:6, �0:8 V (for
y (f)) and V = �1 . . . 0 V (for y (f), for this V bias range the
values y (f) are constant).

model of . For the case V, V,
for which NDT is present, the value of the characteristic time
is s, which provides a cutoff frequency

GHz.
As observed in Fig. 10, the NDT effect (even persisting up to

110 GHz) decreases with frequency well below the theoretical
THz-range cutoff frequency expected for purely ballistic de-
vices, while in the absence of NDT no decrease in the magni-
tude of the admittance parameters is observed in the measured
range. This behavior can be explained by the current-saturation
nature of the NDT effect. Current saturation occurs due to in-
tervalley scattering of high-energy electrons to lower mobility
valleys, what increases the transit time and decreases the cutoff
frequency. The same frequency behavior has been found in MC
simulations, which confirms that the cutoff of the NDT effect

is an intrinsic phenomenon not related to extrinsic parasitic el-
ements of the YBJ. The intrinsic nature of the decrease of the
NDT with frequency is also confirmed by the fact that the non-
reciprocity function exhibits a similar
frequency dependence [see bottom row of Fig. 8]. Since
is the difference between and the effect of par-
asitic capacitances [40] cancel each-other by subtraction, and
thus purely reflects the intrinsic frequency response of
the devices.

VI. CONCLUSION

Theoretical, experimental, and MC simulation studies of
NDT effect in a double YBJ structure were done in dc and
HF up to 110 GHz. Very good qualitative and quantitative
agreement between experiments and simulations was observed.
The NDT effect is found to be the result of current saturation
and transconductance effects when the currents in two of the
branches are modified in a different way by the potential applied
to the third one due to the nonlinearity of the structure. A nonre-
ciprocity function was proposed to analyze the HF behavior of
the NDT effect and it was observed that nonreciprocity persists
up to 110 GHz. With the current topology our device does not
show any gain, since it is not matched to signal source and load.
Further studies are scheduled to develop nonlinear dc models
of NDT and analyze the influence of the source impedance on
the HF properties of the effect.
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