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A Study of Geometry Effects on the Performance
of Ballistic Deflection Transistor
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Abstract—We present the results of an experimental study of
dimensional ratios dependencies on the performance of a ballistic
deflection transistor (BDT) operating in a quasi-ballistic regime.
Experimental transconductance change based on geometry varia-
tions is studied for smaller and larger devices with channel width
of 300 and 500 nm, respectively. Transconductance variation for a
series of drain biases is also observed for a specific geometry and
dimension. By means of Monte Carlo modeling we report the effect
of different geometry parameters on the transfer characteristics of
BDTs. The strength of the gate control in the InGaAs channel is
analyzed.

Index Terms—Experimental measurements, Monte Carlo (MC)
modeling, nanotechnology, surface charge, transconductance.

I. INTRODUCTION

THE FAST progress in fabrication techniques and inno-
vative materials growth technologies have assisted im-

mensely in realizing nanodevices, which are functional at room
temperature. Some devices are direct manifestations of present
CMOS technology and some of them are fundamentally dif-
ferent in using novel materials and functionalities. The III–V
semiconductor heterojunction devices reaching the nanoscale
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sizes, with innovative geometries, and utilizing different trans-
port regimes are emerging as potential candidates in the next
generation of electronics [1]–[3].

There are three different transport regimes. First is diffusive,
where the channels are long enough to get electrons from one
contact to another via a random walk and multiple scattering
events (drift). Second is ballistic, where the carrier elastic mean
free path is large in comparison to the characteristic feature sizes
of the device. Third case occurs for even shorter lengths, where
the wave nature of electrons leads to quantum effects, such
as interference and tunneling. Second case is one of the most
promising transport regimes, where device operation is purely
ballistic or quasi-ballistic in nature. In these nanostructures,
electron path is largely determined by specular reflection from
device boundaries. These devices exhibit non-Ohmic behavior,
which is prominent at low temperatures and is observable even
when temperature increases. Ballistic devices have been demon-
strated to work successfully at the room temperature [4], [5].
Both, linear and nonlinear ballistic transport regimes have been
discussed earlier [6]. The Landauer–Büttiker formalism [7] has
been used to explain various nonlinear transport phenomena like
electron focusing [8]–[11], negative bend resistances [12], and
quenched and negative Hall effect [13]–[15].

Song et al. have discussed the nonlinear transport in ballistic
devices [1]. It has been shown that the broken device symmetry
is responsible for nonlinearity in these structures [2]. However,
the generally accepted Landauer–Büttiker theory is not able to
describe all the effects present in the novel ballistic structures,
including those presented here. Thus, a nonlinear extension is
needed to fully explain the ballistic transport measurements.
Various simulations and modeling tools (Billiard Model [16]
and Silvaco [17]) have been employed to investigate the carrier
transport and device performance. While many modifications
have been suggested, no single theory has been established.
In this study, we make use of a Monte Carlo (MC) simulator
[18], [19], based on a semiclassical-transport description, to
qualitatively describe the main features of the measured quasi-
ballistic effects.

The aim of this paper is to present a nanoscale ballistic de-
flection transistor (BDT) and its performance. BDT is a novel
device that is based upon an electron steering and a ballistic
deflection effect, and its artistic conception is shown in Fig. 1.
The layout of BDT can be described as a highway intersection,
with the triangle-shaped deflector sitting in the middle of the in-
tersection. As an electron approaches the intersection from the
“south,” it passes through an electric field that causes the parti-
cle’s ballistic trajectory to shift ever so slightly. Depending on
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Fig. 1. Artistic conception of the BDT and its operation.

the field’s polarity, the electron can be made to hit the median,
so it gets diverted either to “east” or “west.” Electrons flowing
to the east would register as a logical “1,” while those flowing
to the west register as a “0.” This binary numeral system of 1s
and 0s is used in all modern computers and digital electronic
circuitry with logic gates.

The BDT is a unique planar device in that it possesses both
the positive and negative transconductance (gm ) region. It also
has an extremely low gate capacitance that predicts THz per-
formance [20]. The planar nature of BDT facilitates the low-
capacitance design. This device is intended to provide a high-
speed response by supporting a continuous current flow, and
by controlling its direction. It is this approach that is believed
to greatly reduce transit times and lead to a very large cutoff
frequency ft [20]. The two drain outputs can be either comple-
mentary or noncomplementary. This facilitates a wide variety
of circuit designs [21].

This paper is organized as follows. In Section II, a brief
overview of BDT is presented and its principle of opera-
tion and theoretical explanation of its working is described.
Section III describes experimental dc characterization of BDT
in which geometrical dependence of BDT performance for big
devices is discussed, followed by a transconductance study in
smaller devices, and finally, transconductance comparison be-
tween small and large devices. In Section IV, BDT modeling is
explained using MC simulations and a finite-element analysis
(FEA) modeling, based on the Comsol Multiphysics software
package [22] followed by the analysis of the results. Finally,
Section V provides conclusions.

II. OVERVIEW OF THE BDT

A. BDT Fabrication

Our BDTs were fabricated from a modulation-doped
In0.53Ga0.47As/In0.52Al0.48As lattice-matched heterostructure
grown on a semiinsulating InP substrate. The 2DEG layer was
approximately 60 nm beneath the surface, and its room temper-
ature mobility μ and electron sheet density ne were 1.1 m2 /V·s
and 4.1 × 1015 m−2 , respectively. Schematics of our fabrica-
tion/etching process are shown in Fig. 2. For the first step of
fabrication, the electron beam lithography and ion mill etching
were used to define the geometry of 2DEG layer by etching
away the unwanted 2DEG region. The resulting mesa typically
has a step height of 130 nm so that the InGaAs layer as well
as 2DEG layer were completely etched away. After that, al-
loyed Ni/Ge/Au Ohmic contacts were formed by successive

Fig. 2. Schematics of the 2DEG patterning process used in our BDT fabrica-
tion process.

Fig. 3. (a) SEM image (with 500-nm-scale indicator) of a BDT with 500 nm
channel width and 100 nm gate-channel trench width. The top-left (VLD ) and
top-right (VRD ) ports are drain ports, bottom-left (VLG ) and bottom-right
(VRG ) ports are gates. Top port (VTD ) is a bias port that controls gain, and
the bottom (VSS ) port is the source. Bright regions and dark regions indicate
2DEG and removed materials, respectively. (b) Transfer characteristic in push–
pull gate voltage (in reference to the left gate).

metal layer deposition and forming gas annealing at 420 ◦C for
30 s. The metal layer thickness and the annealing temperature
have been optimized, giving an acceptably low contact resis-
tance (∼0.5 Ω·mm) on every run. Finally, Ti/Au probe pads are
patterned and deposited by usual lift-off technique.

B. Principle of Operation

Fig. 3(a) presents a micrograph of a fabricated BDT. It has
six voltage terminals: a grounded electron source (VSS ), left and
right gates (VLG and VRG ), and three biased drains (VTD , VLD
and VRD ). The top drain is a pull-up terminal, while the left
and right drains are output terminals. In Fig. 3(b), dependence
of ILD and IRD on voltage applied at the gates in a push–pull-
bias fashion (VLG = −VRG ) is shown. The voltages applied in
the drains are: VLD = VRD = VTD = 1 V. We observe that ILD
first increases as a function of gate voltage then decreases. This
is because first the channel is pinched off, and then, as the gate
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voltage is increased, the electrons are steered from the right
drain into the left drain, and eventually, the channel pinches off
again. At the peak between the steering region and the pinch-
off region, we have the maximum conductivity. Note that the
pinch-off gate voltage is the point defined when current starts
decreasing. The IRD has the identical response, but is mirrored
about the center axis. Subtle differences in amplitude occur
due to process variations. The positive and negative gm regions
on the characteristics enable designing circuits that are either
inverting or noninverting depending only on gate offset voltage.
The shape of the transfer characteristics makes the BDT ideal as
a frequency doubler. A gate bias that enables the input to swing
past either side of the peak output current will result in an output
signal that is twice the input frequency. A circuit utilizing this
effect can have a significant gain.

C. Theoretical Explanation of the Working

The origin of BDT comes from the nonlinear room tempera-
ture ballistic rectifier design, where a small-amplitude ac current
runs back and forth across a 100 or 200-nm device, producing
a dc voltage drop from top to bottom, as the electrons hit the
triangular deflector [1], [6]. When the electrons hit the center
obstacle, they are deflected downward. We added in-plane gates
to Song’s ballistic rectifier [1], thereby turning it into a tran-
sistor. As electrons ballistically travel from bottom to top, the
small gate voltage steers them to one or the other side of the
deflector obstacle. The VRL versus IRD characteristics can be
studied through a four-terminal resistance concept [1], [6]

RRD ,RL =
VRL

IRD
(1)

where IRD is the current in the right channel and VRL is the
voltage induced in right channel.

RRD ,RL =
VRL

IRD
=

3h(sin θe − sin θ0)
e2NTD[2NLR − 3NTD(1 − sin θ0)2 ]

(2)
where

θe = θ0 + arcsin
[
Δv

vF
sin θ0

]
. (3)

For small currents, aforementioned equation reduces to

VRL = − 3πh2

4e3NTDEF NRD
I2
RD (4)

for electrons that are directed toward the right drain, and to

VLR = − 3πh2

4e3NTDEF NLD
I2
LD (5)

for electrons directed toward the left drain. ILD is the current
in the left channel, EF is the Fermi Energy, h is the Planck’s
constant, e is the electronic charge, θ0 be the minimum angle
for an electron ejected from source to encounter scattering with
deflector, N is the number of conducting modes (LD for left
drain, RD for right drain, and TD for the top drain), Δv is the
drift velocity, and vF is Fermi velocity.

If we sum VRL and VLR , we get a net potential between the
two drains. With both gates at an equal voltage, VRL and VLR

are equal; however, as the gates change the current in each chan-
nel, a potential difference increases nonlinearly. The nonlinear
change in potential is due to a scattering mechanism, which
deflects electrons away from the center drain port. For theo-
retical explanation, our calculations assume an equal number
of conducting modes at the source and the center drain, but in
the fabricated device, this is only true when only one of the
channels is fully conducting. Thus, for an exacting equation,
the individual transmission probabilities for each port need to
be considered. Nonetheless, we see that the triangular deflective
structure further enhances the nonlinearity of the device as we
scale down the device and a larger percentage of electrons travel
ballistically, enhancing the gm of the device.

Aforementioned explanation is strictly valid for low-
temperature devices, which are purely ballistic. However, in
our case, at room temperature, the coherence phenomena play
no significant role. Landauer–Büttiker theory also cannot assist
in studying the impact of the surface charge effect, and thus, it
does not explain all the effects present in the ballistic electron
transport in BDTs. Therefore, for a room temperature device, a
different approach is imperative to explain the behavioral trans-
port. For this, MC simulations are better. Through MC, the
nonlinearity in BDT is explained in terms of the broken device
symmetry together with the space charge effects.

III. EXPERIMENTAL DC CHARACTERIZATION

Since in ballistic devices, the only scattering that electrons
experience is with the designed device boundaries, we assume
that there is an inevitable impact of the device geometry on the
BDT performance, and therefore, optimization of the geometry
is imperative for achieving both the highest gain and lowest
power dissipation at room temperature. These dependencies are
explained in the present section.

BDT shown in Fig. 3(a) is a large device and is certainly
not a ballistic one, as the channel length is comparable/larger
than the electron mean free path. This implies that the transport
here is not purely ballistic, but rather quasi-ballistic. Despite
this, the BDT still operates on the principle of deflection. The
primary ballistic interaction of electrons is with the deflector. In
this regime, most of the quantum effects like phase coherence
are negligible, but, interestingly, the billiard model still applies,
particularly in reference to the deflector.

A. Geometrical Dependence of BDT Performance
for Big Devices

We designed and fabricated two different sets of devices
with varying dimensions. Set names are given in Table I. The
schematic sketch of our BDT is shown in Fig. 4(a) showing
various important geometrical parameters. For a specific ge-
ometry with the channel width of 500 nm, we optimized these
parameters. They are “b” = 600 nm, “a” = 500 nm, “c” =
500 nm, “d” = 400 nm, “t” = 500 nm, “r” = 100 nm, and “s”
varies in accordance with “h”, where a = top-drain opening,
b = deflector width, c = channel width, d = distance between
left- or right-drain channel to deflector, t = width of the right- or
left-drain channel, r = deflector position from D-channel edge,
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TABLE I
PROPERTIES DEVICE PERFORMANCE VARIATION WITH GEOMETRY

Fig. 4. (a) Schematic of a specific geometry of BDT showing different
geometrical parameters. (b) Transconductance variation with the s/c ratio.
(c) Transconductance variation with b/a ratio.

h = deflector height, and s = distance between channel edge
and deflector.

For this specific configuration of parameters, in Table I, ILD
is compared to the top-drain leakage (ITD ) and left gate leakage
(ILG ). It is to note that the maximum values of ILD and IRD are
same. Similarly, ILG and the right-gate leakage (IRG ) also have
equal maximum values. It is observed that in all the different
sets, ITD and ILG are smaller than ILD , which is expected for an
optimum configuration. ITD is 93.5% and 95.42% smaller than
the ILD for s/c = 0.85 and b/a = 2.27, respectively, because for
optimized geometry, the loss of electrons through the top drain is
minimized. The latter indicates that the triangle deflector directs
a greater percentage of electrons to either right or left branch,
than to the top drain. The deflected electrons are accelerated
due to the force generated by the electric field produced by the
applied bias at right- and left-drain terminals.

ILG is 98.3% and 97.5% smaller than ILD for s/c = 0.85
and b/a = 2.27, respectively, because for the large devices, the
trench width between the channel and gate is 100 nm. This

Fig. 5. (a) Top-drain leakage (ITD ) with drain bias for BDT with c = 500 nm.
(b) Left drain output current with drain bias for BDT with c = 500 nm.

reduces the strength of the electric field along the gate-channel
trench and results into a reduced electron migration and the
leakage phenomenon between the channel and gates. Even for
the trench width larger than 100 nm, ILG is of the order of
10−7 A for a push–pull gate voltage sweep applied for −5 V to
+5 V.

Devices with varying geometric ratios were measured to study
gm = ΔIout/ΔVin = ΔILD/ΔVLG dependencies. It should be
noted that we calculate the transconductance by normalizing
it over the channel width. Fig. 4(b) shows that gm decreases
qudratically with the increase of s/c ratio. It is to be noted that
the channel width (c = 500 nm) is a constant parameter and only
“s” is changed to vary s/c. The s/c quadratic dependency is due
to the fact that when “s” is increased through a specific value of
s/c = 1.11, the field effect of gate bias reduces significantly due
to the increase in the effective length along “s”. But for s/c >
1.11, gm becomes constant due to the fact that the length along
“s” direction becomes large enough so that the field effect due
to gate becomes weaker.

In Fig. 4(c), it is shown that the gm increases with the b/a
ratio. In b/a, “b” remains constant at 250 nm and “a” decreases.
When the opening to the top drain is wider (“a” larger), the
elelctric field impact due to VTD becomes significant in the re-
gion between the top of the deflector and the opening; therefore,
a significant number of electrons are pulled toward the top drain.
Simultaneously, the electric field increases the ITD leakage cur-
rent, thereby, reducing left- and right-drain currents, which in
turn gives a smaller gm value. But as “a” starts decreasing, pull
toward the top drain is reduced due to narrower opening. This
reduces the electric field along the top drain, which reduces
ITD leakage. At this point, the number of physical encounters
between deflector and electron starts increasing, as a result, a
large number of electrons starts moving toward output termi-
nals. This reduction in ITD leakage and the associated increase
in the output current leads to higher gm .

In Fig. 5(a) and (b), we see the top-drain leakage and current
response for a series of drain voltages as a function of the gate
bias. We notice that the drain current increases as a function of
applied bias as well as the gm (see also Fig. 9 for c = 500 nm). It
can be seen that for the same change in VLG that the increase in
ILD is more pronounced for higher drain biases, which clearly
indicates that gm increases with the drain bias. The latter is due
to the increase in the resultant electric field along the right and
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Fig. 6. (a) Scanning electron micrograph of BDT with c = 300 nm. Trench
width is 80 nm. (b) Typical transfer characteristic of BDT with c = 300 nm.

Fig. 7. (a) I–V response as a function of drain voltage for multiple positive
push pull gate voltages (shown in reference to the left gate). Note that for positive
gate voltages the current decreases as gate voltage increases. (b) I–V response as
a function of drain voltage for multiple negative push pull gate voltages (shown
in reference to the left gate). Note that for negative gate voltages the current
increases as VLG increases.

left output channels. The top-drain leakage current also exhibits
a strong dependency on the drain bias and increases with it.
This is due to the high electron pull toward the top drain and
implies that there is a tradeoff between the output current and
the top-drain leakage.

B. Transconductance Study in Smaller Devices

In Fig. 6(a), a scanning electron micrograph of our smaller
device with the channel width of 300 nm is shown. Performance
of this BDT differs from earlier discussed BDT and the com-
parison will be discussed in the next section.

Fig. 6(b) shows typical transfer characteristics of a 300-nm-
channel BDT. Comparing Figs. 6(b) and Fig. 3(b), it can be
observed that the pinch-off voltages decrease and are 1 and
3 V, respectively. This is because the large channel width and
the trench width need more gate voltage to pinch the channel
completely, whereas a small magnitude of the gate voltage is
enough for pinching off the channel in smaller devices. The
positive and negative slopes of the drain current as a function of
the gate voltage necessitate the use of two graphs to plot drain
current versus drain–source voltage. In Fig. 7(a) the positive gate
voltages are shown, and the negative gate voltages are shown in
Fig. 7(b). We note that for the negative gate regions, as expected
from the earlier graphs, the current rises with increasing voltage.
The converse is true for positive gate voltages.

Fig. 8. Transconductance of the BDT with c = 300 nm as a function of push–
pull gate voltage for a series of drain bias applied. In inset, shown is the change
in transconductance as a function of applied drain bias and a linear fit.

In all our figures, only the left-drain response is shown, but it
is important to consider that this device has a mirrored response
on the right-drain terminal. Thus, it is possible to design differ-
ential circuits by using only one transistor. This can provide a
significant benefit for communication circuit design, as well as
potentially enable higher signaling rates by utilizing differential
signaling throughout the circuit design.

In Fig. 8, we plotted the gm for ILD as a function of the gate
voltage for a series of top-drain voltages. gm presented here
is calculated by normalizing over the channel width (300 nm).
Also, it is to be noted that gm is calculated at VLD = 0.7 V,
where ILD saturates. Drain bias affects gm performance, this
suggests that higher electric fields will produce devices with
higher performance. Device scaling will enable designs that
have higher electric fields as well as will ensure that a larger per-
centage of electrons are being transported ballistically through
the device rather than by drift. Inset in Fig. 8 shows experimental
measurements that indicate that the gm of the device increases
with applied VTD . Finally, dc measurements of 300-nm-channel
devices have verified gm values from 26 to 144 mS/mm depend-
ing upon geometry and bias. Devices with lower trench widths,
e.g., 80 nm as we can currently fabricate, should have even
higher gm through scaling.

C. Transconductance Comparison

It can be observed from Figs. 3(b) and 6(b) that for a smaller
device (channel width = 300 nm), the left-drain output current is
lower than that for the larger device (channel width = 500 nm).
This is because of the increase in carrier concentration for the
larger device. In Fig. 9, the dependency of gm with the channel
width is shown. We observe that for small devices, gm is higher
than the large ones. This is because of the fact that in small
devices, the electric field effect produced by gates is strong
enough to control and steer electrons along the channel due to
its smaller trench width of 80 nm. On the other hand, in large
devices, a trench width of 100 nm is too large for the gates to



728 IEEE TRANSACTIONS ON NANOTECHNOLOGY, VOL. 9, NO. 6, NOVEMBER 2010

Fig. 9. Comparison of change in transconductance as a function of applied
drain bias and a linear fit for BDT with c = 300 and 500 nm.

control the current transport efficiently. Also, since the channel
is wider, the electric field effect of gates becomes weaker along
the central part of the channel, which in turn, reduces the control
of the gate sweep. The latter reduces the current change with the
applied bias change, which eventually gives smaller gm values.

The aforementioned devices were larger than the mean free
path, and therefore, were not purely ballistic but quasi-ballistic.
It was seen in the earlier sections that smaller devices give
higher maximum gm values, motivating us to follow the device
scaling and look for designs that have higher electric fields,
as well as ensure that a larger percentage of the electrons are
being transported ballistically through the device. In the same
context, MC modeling is done to better understand the scaled
devices and the scaling impact on the performance. It is well
accepted that in purely ballistic devices, the only scatterings
that ballistic electrons experience are those resulting from the
designed device boundaries. By simply tailoring the boundary of
a ballistic device, the electron transport can be, to a large extent,
modified and controlled. Therefore, it becomes imperative to
study ballistic BDTs with a modeling tool, which gives a feel of
future devices and their performance.

IV. BDT MODELING

The numerical simulation of BDT is extremely useful to avoid
wasting time and resources related to the technological manu-
facturing process. In our case, a home-made ensemble MC sim-
ulator [18], [19], [23] is used to analyze the behavior of scaled
devices, as well as finite FEA modeling, based on the Com-
sol Multiphysics software package [22]. Our main objective is
to investigate and to get a better understanding of the physics
involved in performance of small BDTs.

A. Generalities of the Ensemble MC

The MC tool, based on a semiclassical-transport description,
provides insight into the processes taking place inside the de-
vice, thus allowing the determination of the optimum topologies
of ballistic heterostructure channels for high-frequency applica-
tions. In the MC method, all the random processes and fluctua-
tions at the origin are taken into account in a natural way without
any approximations, and therefore, the microscopic analysis in
the time domain is correctly described. Particularly, when the

carrier transport is ballistic or quasi-ballistic, the accuracy is
truly satisfactory.

Our MC simulator is self-consistently coupled with a 2-D
Poisson solver [18], [19]. The model includes all the neces-
sary ingredients for the accurate electric current modeling like:
accurate models for ionized impurity, alloy, polar and nonpo-
lar optical phonons, acoustic phonons, and intervalley scatter-
ing, including consideration of Γ-L-X nonparabolic spherical
valleys and the appropriate carrier-injection techniques at the
contacts. The effects of the surface charges appearing at the
semiconductor–dielectric boundaries, which are crucial when
the size is reduced to nanodimensions, are also considered. The
instantaneous current is calculated using the generalized Ramo–
Shockley theorem [24], evaluating the simultaneous contribu-
tion of all superparticles involved in the MC simulation to the
total electrode current.

Even though the structure under analysis would require full
3-D simulations to exactly reproduce its topology, our 2-D sim-
ulator is capable to explain the main characteristics of the device
under test. We focus our study on top-view simulations in which
the actual layer structure is not included, and we restrict our-
selves only to the high-mobility 2DEG channel with its specific
geometry, as it plays the key role in the BDT operation and
performance. In order to account for the fixed positive charges
of the complete structure, a net doping (Ndb ) is assigned to the
channel, but impurity scattering is switched OFF. In this way, the
electron transport through the undoped channel is well repro-
duced, since this is a “virtual” doping associated with the charges
of the cap and δ-doped layers. Details of the approximations of
our simulation approach can be found in [18], [19]. The validity
of our method has been successfully verified (qualitatively and
in some cases quantitatively) in earlier studies by direct means of
the comparison with experimental results [25]–[27]. Likewise,
it will be very interesting to compare the predicted excellent
THz-frequency operation characteristics of small BDTs with
experiments, as in earlier studies for similar type of nanode-
vices [28], [29]. To compare simulated values with real devices
we use the nonsimulated dimension of Z = ns/Ndb as 10−7 m
(for the typical sheet electron density ns = 1012 cm−2 in our
channels).

The surface-to-volume ratio in nanoelectronic devices in-
creases as the geometry is scaled down; therefore, the device
behavior is affected more by the physical properties of the sur-
faces. Sidewall surface charge causes the depletion of part of the
conducting channel (see Fig. 10). As a consequence Coulomb
repulsions, this lowers the carrier density near the interface.
A simple way to include the influence of this negative surface
charge density σ in MC simulations is to consider a model in
which σ is fixed to the experimentally extracted equilibrium
value, which remains constant along the interface, bias, and
time. The surface charge is, therefore, included as a Neumann
boundary condition in the Poisson equation. Typical estimated
values for lateral depletion in our technology with modest val-
ues of In are around (30 ± 10) nm for equilibrium bias con-
ditions [30]. To reproduce that depletion, a surface density of
σ/q = (0.3 ± 0.1) × 1012 cm−2 (for Ndb = 1017 cm−3) is used
in our MC simulations.
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Fig. 10. Geometry of the BDT used in Monte Carlo simulations. The branches
have a width c and length LC . The trenches width is denoted by Wt and filled by
a dielectric material of permittivity ε. Note that the gates are biased in push–pull
fashion: VLG = −VRG .

B. Analysis of the MC Simulation Results

In this section, by means of MC simulation, we explain the
working principle of the BDT. For that purpose, a device with
the topology shown in Fig. 10 is simulated. The dimensions
of different branches and trenches are smaller than the values
listed in Section III, but our objective is to show the geometry
dependence of the device instead of achieving a good fit to early
experiments. In fact, our results presented here are going to be
the stimulus for the next round of fabrication and testing of small
BDTs. Our BDT of reference for MC simulations is based on
four channels of c = 100 nm width and LC = 350 nm length.
The trench width Wt between the gates and the 2DEG InGaAs
conductive channel are 5 nm, whereas the material which fills
these trenches and the triangular deflector is air. As mentioned
earlier, the surface states in all the semiconductor–dielectric
boundaries repel the traveling electrons, which deplete the chan-
nel laterally. A value of σ/q = 0.3 × 1012 cm−2 with a mean
depletion width of 30 nm is used as in the BDT of reference
[30].

All simulations correspond to the room temperature opera-
tion of the BDT and for VTD = VLD = VRD = 1 V (gates are
in push–pull mode VLG = −VRG ). A typical transfer character-
istics is shown in Fig. 11(a) and it reproduces the main features
of the experimental results [see Fig. 3(b) and Fig. 6(b)], which
directly confirms the validity of our modeling. The twin-peak
behavior for the left and right drains in this case is sharper than
the experimental curves, since the devices considered here are
of smaller dimensions. The positive left-gate voltage results in a
larger current through the left output, and the positive right-gate
voltage results in a larger current through the right output with
maximum output currents of 11.5 μA occurring at gate voltages
of 1 V.

Fig. 11. (a) Transfer characteristic for the BDT of reference. The values
corresponds to the x-axis are the left gate voltage (VLG = −VRG ). (b) Pro-
files of x- and y-velocity components along the line sketched in the inset for
VLG = −0.3 V. The dotted vertical line indicates the position of the deflector.
(c) 2-D map of the carrier concentration for VLG = −0.3 V. (d) Transconduc-
tance calculated for the right-drain current in mS/mm.

In Fig. 11(c), a map of the electron concentration is shown. To
verify the transfer characteristics and understand the transport
inside the device, we have studied several microscopic results
for the particular bias condition of VLG = −VRG = −0.3 V. It
is observed that the maximum for the carrier concentration in the
central bottom branch is shifted to the right part of the channel.
This implies that more electrons hit the right boundary of the
triangular deflector and are guided to the right-drain contact. In
this situation, the concentration in the left branch is really low
and consequently the current is almost zero.

As can be seen in the real BDT devices, the drain branches
are designed with a certain angle to favor the electron trans-
port toward the outputs. The dependence on this angle will be
the objective of further simulations and is not included here. In
Fig. 11(b), we can observe the evolution of the velocity compo-
nents along the trajectory drawn in the inset for VLG = −0.3 V.
At the beginning, the x-component is zero and the y-component
progressively increases due to the energy gained from the elec-
tric field. In the proximity of the triangle deflector, both compo-
nents increase significantly due to pull-up effect toward the top
terminal. The collision with the deflector boundary and repul-
sion from the surface charges can be easily identified with the
drastic decrease of the velocity. Then, both components increase
again, when the carriers are just beyond the neighborhood of the
deflector. Finally there is a transfer from the y-component to the
x-component, according to the corresponding decrease/increase
of the y-/x-components of the electric field. The latter ensures
that the electrons are redirected to the right-drain contact. Fi-
nally, Fig. 11(d) shows the calculated gm for the right current. A
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Fig. 12. Influence on the output characteristic of different geometry param-
eters. (a) Surface charge that produces a lateral depletion of 25, 30, 35, and
40 nm. (b) Channel width c = 75, 100, and 125 nm. (c) Trench width Wt = 2,
5, 10, and 20 nm. (d) Dielectric permittivity εr = 1, 2, 5, and 10. All simulations
correspond to LC = 350 nm at room temperature. The right-drain current has
an identical response, but mirrored about the center axis because our simulated
BDT is symmetric.

maximum value of 115 mS/mm is obtained for VLG = −0.1 V
and VTD = 1 V. In case of a smaller real device, this specific
value of gm is obtained for VTD = 3.4 V. It implies that a device
of c = 100 nm gives higher gm for small applied voltages than
the c = 300-nm device.

For the gate voltage above 1 V, the channel is pinched off, and
therefore, the current decreases to zero. This effect is modulated
by the capacitive coupling of the gate together with the surface
charge effects. To study their impact on the transfer characteris-
tics of our reference BDT, we have modified several parameters,
such as surface charge, channel width, trench width, and dielec-
tric material. Fig. 12 shows all these characteristics while the
gates are biased in a push–pull fashion with the left gate used
as the reference in all the charts. Note that when a specific pa-
rameter is modified, we keep others the same as in the reference
BDT. First, a clear dependence on the surface charge is found in
Fig. 12(a). When the channel is nearly depleted by the surface
charge, the current virtually reduces to zero. On the other hand,
lowering the surface charge, e.g., by improving the fabrication
process gives increased current values. The width of the chan-
nel is also a relevant parameter [see Fig. 12(b)]. Wider channels
provide high current level, but the pinch off is shifted to the
higher gate bias, which is in accordance with our experimental
results. Note that pinch off can be understood either when cur-
rent starts decreasing or when reaches zero. When the channel
width increases, the lateral field is less effective, and therefore,
the higher gate bias is needed to start decreasing the current. As
the field effect is coupled to the channel via trench, its width
mainly controls the pinch off [see Fig. 12(c)]. As expected, wide
trenches result into a poor control in the channel conductance.
Till now, we have used air (εr = 1) as the channel-gate insulator,

but Fig. 12(d) shows the device behavior and its functionality
when various insulating materials fill the trenches. As expected
from the earlier explanation, the higher permittivity results in a
significant reduction in the pinch off voltage due to the better
gate coupling. Promising candidates for this purpose could be
high εr dielectrics like HfO2 or SiO2 .

Nevertheless, it seems from the experiments that the gate con-
trol through a trench of 100 nm is much stronger than in our
simulations. For that reason, we must conclude, based on all
earlier results, that neither the simple model for gate control nor
a constant surface charge model is able to reproduce and cor-
rectly explain the experiments. However, we know, based on the
earlier studies for similar structures [26], [27], that this constant
surface charge model is not enough to reproduce some exper-
imental measurements, resulting inefficient in structures with
thin layers. A newly developed model, called the self-consistent
charge model [26], [27], [31], [32], has been proposed to account
for bias and geometry dependencies of surface charge effects. In
that model, the surface charge density is dynamically adjusted
according to the neighboring electron distribution (suppressing
the surrounding electron density). Allowing a self-consistent
surface charge approach, a more realistic depletion region can
be obtained depending on the device geometry and bias depen-
dencies. In addition, as suggested by Hieke et al. [33], negative
gate voltages seem to be more dominant than positive ones,
providing an asymmetry in the gate efficiency. Thus, more elab-
orated models for the surface charge, like the self-consistent
charge model, and gate control (analytical dependence of the
surface charge with the gate bias [33]) are needed to reproduce
the experimental values. This will be the next objective for our
MC simulations.

C. FEA Modeling and Simulation

FEA modeling and simulation have also been applied to the
BDT studies. The main advantage of the FEA approach is that
it takes far less computer time compared to the MC simulation.
In the FEA case, carrier transport is modeled using a simple
conductive medium model, solving the equation

−∇(σ∇V ) = 0 (6)

where σ is the electrical conductivity and V is the electric po-
tential. The deflector redirects the current flow, and serves as
a function similar to that in the MC simulations. This simple
approach has been applied to modeling of top-drain leakage
current ITD and the left-drain current ILD versus the deflector
position, and the obtained results were qualitatively similar to
experimental studies [17].

The effect of applied gate voltage is modeled in the FEA sim-
ulations by the enhancement and depletion of the BDT channel.
Gauss’s law can be combined with the Fermi–Dirac probability
distribution function, to determine the spatially varying density
of carriers. The resulting nonlinear equation is

∇ε0εr∇V = ρ(V ) (7)

where V is the electric potential, and ρ is the charge density that
depends on potential according to the Fermi–Dirac statistics.
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Fig. 13. (a) Right- and left-drain currents as a function of left-gate voltage,
computed using the FEA simulation for the BDT drawn in (b), where the trench
between gate and channel is 85 nm, the channel is c = 340 nm wide, and a
60-nm edge depletion is assumed for this type of device, giving a surface charge
density of σ/q = 0.6 × 1012 cm−2 with Ndb = 1017 cm−3 as was used in the
MC simulations (see Fig. 10).

The carrier density found by solving (7) is then used to compute
a spatially varying σ.

Using a symmetric FEA model, it would be impossible for the
simulation to reproduce pinch off of the channel, where the total
device current goes toward zero with increasing gate voltage, as
is seen in the experimental data. Due to the asymmetry, one side
has to be always enhanced. However, Hieke et al. [33] observed
experimentally that using applied gate voltages to control the
conductivity of a quantum wire, the negative gate voltage has
a dominant effect when compared to the positive gate. In anal-
ogous way, it is possible for our BDT FEA model to predict a
pinch off of the channel as a similar asymmetry, assuming that
Schottky-type contacts exist at the boundary of the 2DEG and
the surface of the trench [33]. The gate-to-surface diode on the
negative gate is forward-biased, while on the positive gate it is
reverse-biased, and the opposite holds for the channel-to-surface
diode.

Fig. 13(a) presents the left and right-drain currents as a func-
tion of gate voltage, modeled using the FEA simulation outlined
earlier. The specific simulation parameters are listed in the figure
caption. Here we only note that the FEA depletion/enhancement
model can produce results qualitatively very similar to both our
experimental BDT transfer curves and the MC model. Our fu-
ture research will explore how to model geometry-dependent
device performance in the quasi-ballistic transport regime.

V. CONCLUSION

We investigated the experimental dependencies of the ge-
ometries on the performance of BDT for quasi-ballistic regime.
Experimental transconductance change based on geometry vari-
ations was also studied for smaller and larger devices with the
channel width of 300 and 500 nm, respectively. Transconduc-
tance variation for a series of drain biases was observed for a
specific geometry and device dimensions. By means of extended
MC modeling and FEA simulations, we managed to analyze the
effect of different geometry parameters on the BDT transfer
characteristics and the impact of surface charges. The strength
of the gate control in the BDT 2DEG channel was also analyzed.
Finally, we proposed different models for taking into account

the surface charge density and this way quantitatively explaining
our experimental data. We have proved that the surface charge
at the surrounding edges of the simulated devices significantly
influences electron transport.

ACKNOWLEDGMENT

The authors would like to thank T. González and J. Mateos
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